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Abstract

Background: Microarray experiments produce expression measurements in genomic scale. A way to derive functional
understanding of the data is to focus on functional sets of genes, such as pathways, instead of individual genes. While a
common practice for the pathway-level analysis has been functional enrichment analysis such as over-representation
analysis and gene set enrichment analysis, an alternative approach has also been explored. In this approach, gene
expression data are first aggregated at pathway level to transform the original data into a compact representation in
which each row corresponds to a pathway instead of a gene. Thereafter the pathway expression data can be used for
differential expression and classification analyses in pathway space, leveraging existing algorithms usually applied to
gene expression data. While several studies have proposed the pathway-level aggregation methods, it remains unclear
how they compare with one another, since the evaluations were done to a limited extent. Thus this study presents a
comprehensive evaluation of six most prominent aggregation methods.

Results: The compared methods include five existing methods—-mean of all member genes (Mean all), mean of
condition-responsive genes (Mean CORGs), analysis of sample set enrichment scores (ASSESS), principal component
analysis (PCA), and partial least squares (PLS)-and a variant of an existing method (Mean top 50%, averaging top
half of member genes). Comprehensive and stringent benchmarking was performed by collecting seven pairs of
related but independent datasets encompassing various phenotypes. Aggregation was done in the space of KEGG
pathways. Performance of the methods was assessed by classification accuracy validated both internally and
externally, and by examining the correlative extent of pathway signatures between the dataset pairs. The
assessment revealed that (i) the best accuracy and correlation were obtained from ASSESS and Mean top 50%,

(ii) Mean all showed the lowest accuracy, and (i) Mean CORGs and PLS gave rise to the largest extent of
discordance in the pathway signature correlation.

Conclusions: The two best performing method (ASSESS and Mean top 50%) are suggested to be preferred. The
benchmarking analysis also suggests that there is both room and necessity for developing a novel method for
pathway-level aggregation.

Background

Microarray gene expression experiments produce high
dimensional expression measurements in genomic scale,
typically expression levels of more than ten thousand
genes. While the high dimensionality offers an opportunity
for a comprehensive interrogation of transcriptome, it also

Correspondence: swhwang@kribb.re kr
Korean Bioinformation Center, Korea Research Institute of Bioscience and
Biotechnology, Daejeon, Korea

( ) BiolVled Central

poses a challenge to researchers seeking to extract func-
tional understanding and interpretation of the data, which
go beyond a mere identification of differentially expressed
genes (DEGs). A way to derive such a functional interpre-
tation is to focus on functional sets of genes, such as biolo-
gical pathways, instead of individual genes. A common
practice for the pathway-level analysis has been the func-
tional enrichment analysis, for which two types of meth-
ods are widely used. One is called over-representation
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analysis in which DEGs are first identified from the data
and their prevalent pathway annotations are then identi-
fied, whose best known example is DAVID [1]. The other
is called gene set analysis in which differential expression
statistics of all genes are first computed and each pathway
is then examined to see whether its member genes collec-
tively show significant differential expression, whose best
known example is Gene Set Enrichment Analysis (GSEA)
[2]. A common theme underlying the two types of func-
tional enrichment analysis is that individual genes are first
tested for differential expression and the resultant gene-
level results are then combined at the pathway level for an
identification of differentially regulated pathways.

An alternative approach is also possible, where gene
expression data are first aggregated at pathway level to
yield a compact representation of the original data, in
which each row in the data matrix now corresponds to a
pathway instead of a gene. Thereafter the pathway-level
aggregated expression data, or simply, pathway expression
data, are directly analyzed to identify differentially
expressed pathways. A notable advantage of the aggrega-
tion-based approach is that it can be applied to a wider
range of analysis tasks than the conventional functional
enrichment analysis. This is because, once gene expression
data are aggregated at pathway level, the pathway expres-
sion data can not only be used for identifying differentially
expressed pathways, but also for classification or clustering
of samples in the space of pathways [3,4], leveraging exist-
ing algorithms usually applied to gene expression data.
Transforming the expression data from gene space to
pathway space is also expected to yield a more robust
representation of the data in which intrinsic technological
and biological variances across samples are reduced [5]. In
other words, while expression of individual genes in a
pathway may vary considerably across samples with simi-
lar phenotypic characteristics, expression of the pathway
as a whole may become consistent across the samples.
Noting the advantages in interpretability, compactness,
utility, and anticipated robustness, several studies have
proposed pathway-level aggregation methods of gene
expression data [3,5-10].

With the availability of all these pathway-level aggrega-
tion methods, it becomes important to comprehensively
evaluate how these methods compare with one another.
Although each of the original reports has presented an
evaluation of its performance for a demonstration of its
improvements over existing methods, the evaluations were
done only to a limited extent and thus inadequate to make
general recommendations. Most notably, there were the
following two major limitations.

The first limitation is that, in the studies in which classi-
fication accuracy was assessed in the pathway space
[3,5,8,9], external validation of accuracy on related but
independent test datasets was either skipped (employing
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internal cross-validation only) [5], or insufficiently done
on a limited number of datasets (only two pairs of training
and test datasets) [3,8,9]. Although internal cross-valida-
tion is a convenient solution to assess a classifier’s perfor-
mance within a single dataset, it leads to optimistically
higher estimates of performance than what would really
be expected in a new dataset with identical phenotypic
classes [11,12]. Thus, in any classification studies, it is
increasingly being recognized that it is crucial to externally
validate the performance of a classifier constructed from a
dataset on an independent test dataset for a realistic esti-
mation of classification performance and generalizability
[11,12]. In addition, to ensure a comprehensive evaluation,
the training and the external validation need to be per-
formed on multiple pairs of training and test datasets that
encompass a wide range of phenotypes with varying extent
of relative subtlety in the biological differences between
phenotypic classes.

The second limitation is that all the original reports did
not evaluate the extent to which the differential expression
signature of pathways is correlated between datasets with
identical phenotypic classes. As described earlier, an
expectation with the pathway-level aggregation has been
that, although differential expression signature of genes
may show some discrepancy between related datasets, dif-
ferential expression signature of pathways may become
more congruent with each other. Despite the importance
as an evaluation metric, the correlative extent of pathway
signature has not been evaluated in the original reports.

To address the aforementioned limitations towards a
reliable assessment, this study presents a comprehensive
evaluation of six most prominent pathway-level aggrega-
tion methods of gene expression data—five existing meth-
ods and a simple variant of an existing method. Datasets
collected for benchmarking consist of seven pairs of two-
class gene expression datasets (fourteen datasets in total)
of various phenotypes. The gene expression datasets were
aggregated in the space of KEGG pathways. The perfor-
mance of the pathway-level aggregation methods was
assessed by classification accuracy validated both internally
and externally, and by correlation of pathway signatures.

Results

Description of six compared methods of pathway-level
aggregation

This study compared six of the most prominent methods
for pathway-level aggregation of gene expression data. For
an illustrative purpose, an example of a gene expression
profile and corresponding pathway expression profiles
aggregated by the six methods is provided as heatmaps in
Figure 1. The six methods can be grouped into three gen-
eral categories: mean-based (mean of all genes, mean of
condition-responsive genes, and mean of top 50% of
genes), projection-based (principal component analysis
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(B) Pathway expression profile aggregated by six methods
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Figure 1 lllustration of pathway-level aggregation of gene expression data. (A) A gene expression data in which the effect of smoking on
bronchial epithelium was investigated by comparing current smokers and never smokers (the Beane dataset in Table 1). To save space,
expression levels of 76 selected genes are shown, which are the member genes of two major pathways mediating the effect of smoking. (B)

Corresponding pathway expression profiles aggregated by the six compared methods. With this compact representation of the original gene-
level data, it becomes easier to recognize that the two pathways are up-regulated by smoking.




Hwang BMC Genomics 2012, 13(Suppl 7):526
http://www.biomedcentral.com/1471-2164/13/57/526

and partial least squares), and others (analysis of sample
set enrichment scores). Description of each of the methods
is given below. Mathematical description of the methods is
provided in Additional file 1.

Mean of all genes (Mean all)

In this most straightforward method, which has appeared
in the literature many times in one form or the other
[4,9,10,13,14], the gene expression data are first z-scaled
for each gene across the samples into zero mean and unit
variance. Then the expression profiles of all member genes
in a pathway are combined by taking their mean.

Mean of condition-responsive genes (Mean CORGs)

In this method [8], expression profile of a pathway is
represented by the mean expression of key member
genes, called CORGs (condition-responsive genes),
instead of all the member genes. The CORGs are defined
as the genes that, upon aggregating their expression pro-
files by averaging, yield a pathway expression profile that
is the most discriminative between the two classes in the
data. Identifying the CORGs of a pathway in a given two-
class dataset begins with ¢-test on z-scaled expression
data of genes belonging to the given pathway. Then,
overall direction of expression change (that is, up or
down) in the pathway is determined as the sign of the
mean t-statistic values of all its member genes. Next, all
the member genes are sorted by their ¢-statistic values in
accordance with the overall regulatory direction of the
pathway; the most strongly up-regulated genes are
arranged to the top for an overall up-regulated pathway,
whereas the most strongly down-regulated genes are
arranged to the top for an overall down-regulated path-
way. Then, the CORG set is initially set to contain only
the top ranked gene, and iteratively expanded. At each
iteration, the gene of the next rank is added to the candi-
date CORG set, pathway expression profile is obtained
next by taking the mean of expression profiles of the can-
didate CORGs, and t-test is then performed to give the
pathway’s t-statistic. The iteration stops when the path-
way’s t-statistic no longer improves, at which point the
final CORG set is obtained. Although this method has
been called as PAC (Pathway Activity inference using
Condition-responsive genes) in the original article, it will
be referred to as Mean CORGs in this report in order to
emphasize the mean-based nature of the method as well
as to avoid confusion with PCA (principal component
analysis) which is one of the methods evaluated in this
article.

Analysis of sample set enrichment cores (ASSESS)

The ASSESS method [3] can be considered as a sample-
level extension of Gene Set Enrichment Analysis (GSEA)
[2]. As in the GSEA method, ASSESS calculates enrich-
ment score of each pathway. The difference is that, while
GSEA gives only an overall enrichment score of a pathway
between two classes of samples, ASSESS provides an
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enrichment score of the pathway for each sample. To this
end, ASSESS employs random walk computations twice.
The first use of random walk is applied at the level of indi-
vidual genes. Given an expression level of a gene in a sam-
ple, the sample’s log likelihood ratio of belonging to one
class instead of the other is calculated. To calculate the log
likelihood ratio, it is needed to first calculate two probabil-
ities that the expression level of a gene in a sample is
representative of class 1 or class 2. Random walk is used
for this probability calculation. More detailed description
of the first use of random walk can be found in the origi-
nal publication [3]. Then the second use of random walk
is done at the level of each pathway. Using the log likeli-
hood ratio values obtained for its member genes, it com-
putes enrichment score of a pathway in a sample by the
maximum deviation of the random walk from zero, as in
GSEA.

Principal component analysis (PCA)

PCA has long been applied to the analysis of gene expres-
sion data, especially for an exploratory data visualization
to discriminate between sample groups. In this usage of
PCA, correlation matrix is first computed from z-scaled
gene expression data. Each element in the correlation
matrix represents a measure of dependencies between cor-
responding gene pairs, with zero indicates independence.
Then, through eigen-decomposition of the correlation
matrix, major directions in the data with the largest varia-
bility are identified as eigenvectors corresponding to the
largest eigenvalues of the correlation matrix. Or, equiva-
lently, the eigenvectors and eigenvalues of the correlation
matrix can also be found by singular value decomposition
(SVD) of the gene expression matrix itself. The eigenvec-
tors are called the principal components (PCs), or meta-
genes in gene expression studies. Finally, the gene
expression data are projected onto a small number of PCs,
usually two or three, and the projections are used for an
exploratory visualization of the data. The matrix of PCs is
commonly referred to as loadings, in which each column
gives the location of each PC axis relative to the original
system of axes. The matrix of projections is also com-
monly referred to as scores, in which each column gives
the location of samples with respect to each PC axis.

In addition to its use in the exploratory data visualiza-
tion, PCA has also been used as a pathway-level aggrega-
tion method in several studies [6,7,15]. In this usage, PCs
are found by applying PCA to the matrix of z-scaled
expression levels of member genes in a given pathway,
instead of all genes represented in the microarray. Projec-
tion of the gene expression data of the pathway onto the
first PC is taken as the expression profile of that pathway.
In this application of PCA as a pathway-level aggregation
method, it is worth mentioning that there exists an issue
called sign ambiguity [16], which is an inherent but often
overlooked aspect of PCA despite its wide usage in
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bioinformatics. The sign ambiguity refers to an intrinsic
property of PCA and SVD in which the orientations of
PCs, or equivalently, those of singular vectors, cannot be
mathematically determined. To see why, consider the
decomposition of a data matrix X, X = UZV?, in which X
is a diagonal matrix and the columns of U and V are the
left and right singular vectors, respectively. In this decom-
position, the orientation of any right singular vector can
be flipped as long as the orientation of the corresponding
left singular vector is flipped as well. In other words, the
following equality holds for any column index &k;
okukvz = oy, (—uy) (—Vk)T. Although any implementation
of PCA and SVD assigns singular vectors with specific
signs, the assignment of sign is essentially random [16].
What this entails in the context of pathway-level aggrega-
tion is that, for a pathway expression profile obtained
from PCA, positive and negative expression values may
not necessarily mean an up-regulation and a down-regula-
tion of the pathway, respectively. Thus, the sign of PC
scores lacks meaningful biological interpretation. While
the sign ambiguity problem has not been recognized in
some studies that used PCA as a pathway-level aggrega-
tion method [6,7], it was considered in other related stu-
dies [15,17] by correcting the signs of PC scores so that
the PC scores are positively correlated with the average
gene expression profile of the given module. This simple
approach for sign correction was adopted for the analysis
shown in this report.

Partial least squares (PLS)

PLS is a regression method that combines properties of
multiple regression and PCA. Data for PLS analysis con-
sist of a data matrix X and a response matrix Y, which
contain values of the independent and the dependent
variables, respectively. In brief, PLS seeks to find latent
variables (as opposed to observed variables) that best
summarize the variance in the original data X and are
the most relevant for the response Y as well. Unlike the
standard multiple regression which builds a regression
model between the original data X and Y, PLS seeks to
build a regression model between the latent component
scores of X and those of Y. Unlike PCA which chooses
the PCs so that only the variability within X is best
described, PLS chooses the latent components so that
covariance between X and the response Y is best
described. A previous study [6] has used PLS as a path-
way-level aggregation method. In this approach, data
consist of a matrix X of z-scaled expression levels of a
given pathway’s member genes and a class vector Y.
Each element in the class vector simply indicates class
membership of the corresponding sample. Score vector
of the first latent component is taken as the expression
profile of that pathway. As in the case of PCA, the sign
of the latent components needs to receive further
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consideration. In the previous study [6], a dummy cod-
ing scheme was used to represent the class vector, 0 for
a control sample and 1 for a case sample. However, the
sign of the latent components obtained under this cod-
ing scheme lacks meaningful biological interpretation.
Since 1 is a larger numeric value than 0, regression on
these two dummy numeric values makes the resultant
pathway expression levels larger in case samples and
smaller in control samples. Thus subsequent differential
expression analysis at pathway level would falsely iden-
tify all pathways as being up-regulated. Thus, for the
analysis shown in this report, the sign of the latent com-
ponent scores was corrected so that the scores are posi-
tively correlated with average gene expression profile of
the given pathway—the same correction scheme used for
PCA. This correction scheme is also equivalent to the
use of 0/1 coding for an overall up-regulated pathway
and 1/0 coding for an overall down-regulated pathway.
Mean of top 50% of genes (Mean top 50%)

In addition to the five existing methods described above,
a simple variant of the first method (mean of all genes)
was proposed in this report. In this modification, path-
way expression profile is calculated by averaging only
the top half of the member genes with larger ¢-statistics,
instead of all member genes.

Collection of benchmarking datasets

For a comprehensive evaluation, a total of seven pairs of
independent datasets of various phenotypes was col-
lected, fourteen in total (Table 1). Each dataset will be
referred to by the name of the first author in the corre-
sponding article, or by the name of cohort. In all the
datasets, class 2 represents a more malignant sample
group than class 1. Thus class 2 was designated as the
case group and class 1 as the control group.

Internal cross-validation accuracies in each dataset
The ability of pathway expression profile for discrimi-
nating two sample groups was first assessed by 5-fold
cross-validation within each dataset (Figure 2). Balanced
accuracy was examined as a function of feature set size
(from top one to ten pathways, ranked by t-test on path-
way-level aggregated data), instead of at a fixed arbitrary
number of features, or an optimized number of features
that results in the best performance in the validation
dataset [8]. The adopted examination scheme allows a
transparent benchmarking of the compared methods
over an unbiased operative range, and is an often
adopted scheme in similar benchmarking analyses [8,31].
Several observations can be made from Figure 2. First, the
classification accuracy varied across datasets, which reflects
the relative subtlety in the biological differences between
two classes in each dataset. The highest (around 70%-
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Table 1 Seven pairs (fourteen in total) of independent microarray datasets used for benchmarking
Phenotype Dataset name and Class 1 (control group)  Class 2 (case group) Data Platform
reference samples samples source
Effect of smoking on bronchial epithelium Never smokers Current smokers
Beane [18] 21 52 GSE7895 U133A
Vanni [19] 22 37 GSE10135 U133
Plus 2
Subtypes of non-small cell lung cancer AD (adenocarcinoma) SCC (squamous cell
(NSCLC) carcinoma)
Bild [20] 58 53 GSE3141 U133
Plus 2
Lee [21] 63 75 GSE8894 U133
Plus 2
Subtypes of primary high grade glioma AA (anaplastic GBM (glioblastoma
astrocytoma) multiforme)
Phillips [22] 21 56 GSE4271 U133 Set
Sun [23] 19 77 GSE4290 U133
Plus 2
Estrogen receptor (ER) status in breast ER-negative ER-positive
cancer
Chin [24] 46 84 E-TABM-158  U133A
Minn [25] 42 57 GSE2603 U133A
Breast cancer grade Grade 1 Grade 3
Desmedt [26] 30 83 GSE7390 U133A
Sotiriou [27] 28 32 GSE2990 U133A
Lung cancer grade Grade 1 Grade 3
Dana-Farber [28] 13 37 Author's U133A
website
Michigan [28] 26 66
Clear cell renal cell carcinoma (CCRCC) vs Normal kidney Tumorous kidney
Normal kidney
Jones [29] 23 32 GSE15641 U133A
Kort [30] 12 10 GSE11024 U133
Plus 2

Each of the datasets was referred to in the main text by the dataset name, which is the first author’s name or cohort name. Numbers in the table indicate the

number of samples.

100%) accuracies were obtained in the comparison of
tumorous kidney and normal kidney (Figure 2D), which are
markedly distinctive disease states. Somewhat lower accura-
cies were obtained in the remaining datasets. The lowest
accuracies (around 55%-80%) were obtained in the Sun
dataset (Figure 2C, right) which compared glioblastoma
multiforme (GBM) and anaplastic astrocytoma (AA)—the
two subtypes of high grade gliomas and also known as
grade IV and III astrocytoma, respectively. Second, there
were noticeable fluctuations in accuracies along the feature
set sizes, and their extent appeared to vary across datasets.
For example, the smoking dataset of Vanni showed the lar-
gest fluctuations (Figure 2G) whereas the kidney dataset
showed the smallest fluctuations (Figure 2D). With respect
to aggregation methods, it appears that there are more pro-
nounced fluctuations in some of the methods (Mean
CORGs, PCA, and PLS) than in the rest (Mean all, Mean
top 50%, and ASSESS). Third, some of the methods can be

recognized to yield lower accuracies than the others. For
example, PCA never achieved the highest accuracies across
all datasets and feature set sizes.

External validation accuracies in each pair of datasets

Having examined the classification accuracies by cross-
validation on the same datasets from which the classifiers
were derived, the accuracies were then re-assessed by
externally validating on independent datasets with identi-
cal phenotypic class labels. As in the internal validation,
there were noticeable fluctuations in accuracies along the
feature set sizes, and their extent appeared to vary across
datasets. For example, the smoking datasets showed the
largest fluctuations (Figure 3G), the kidney datasets
showed the smallest fluctuations (Figure 3D), and the
lung cancer subtype datasets showed medium fluctua-
tions (Figure 3F). As in the internal validation, it appears
that there are more pronounced fluctuations in some of
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Figure 2 Internal cross-validation balanced accuracy in the fourteen datasets. Balanced accuracy is plotted as a function of the number of
top pathways added to the classifier, ordered by t-test on pathway-level expression data aggregated by the six compared methods.
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the methods (Mean CORGs, PCA, and PLS) than in the
rest (Mean all, Mean top 50%, and ASSESS). Apart from
the aforementioned qualitative observations, the presence
of the dataset-dependent and feature set size-dependent
fluctuations in accuracies makes it difficult to further

compare quantitatively the relative performance of the
six methods. For example, while it should be relatively
straightforward to compare the methods in the breast
cancer ER subtype dataset which showed relatively small
fluctuations (Figure 3A), it would be difficult to do so in
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Figure 3 External validation balanced accuracy in the seven pairs of datasets. The general format of the plots is the same as in Figure 2.
The arrow (- >) in the plot title designates the training and test datasets. For example, “Chin - > Minn" denotes that the classifier was trained on

the smoking dataset which showed a high extent of fluc-
tuation (Figure 3@G). To facilitate further comparison, a
summarized view of accuracies across all the datasets was
thus obtained using a rank-based method, as described in
the next section.

Overall accuracy ranking combined across the datasets

To simplify the comparison of the methods, it would
be helpful to summarize the accuracy results by con-
verting them into a ranking of the six methods in each
dataset and combining the rankings from all the
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fourteen datasets. To this end, we used RankAggreg
package [32] which produces a combined ranked list
when given with several ranked lists. The rank combi-
nation was done for the external validation results as
well as for the internal validation results. The com-
bined ranking of the six methods at each feature set
size is shown in Figure 4.

With such ranking-based summarized representation,
relative performance of the six methods becomes more
evident. In the internal validation (Figure 4A), Mean top
50% achieved the highest accuracy ranks across all fea-
ture set sizes, whereas PCA achieved the lowest accu-
racy ranks. Overall, the combined accuracy ranking
showed only a small extent of fluctuation in the internal
validation, despite the fluctuations in accuracy values
within individual datasets. In the external validation
(Figure 4B), there were considerable fluctuations in the
combined accuracy ranking. Nevertheless, relative per-
formance of the six methods was distinguishable despite
the fluctuations. By comparing Figure 4B with Figure
4A, it can be observed that the external and the internal
validation results are generally similar. First, on average,
Mean top 50% achieved the highest accuracy rank in
both the external validation (average rank of 1.7) and
the internal validation (average rank of 1.0). Second,
PCA ranked the second lowest in the external validation
(average rank of 4.9) and the lowest in the internal vali-
dation (average rank of 5.8). Third, Mean CORGs
achieved a medium accuracy rank in both validations.
Fourth, ASSESS achieved the second highest accuracy
rank in both validations. On the other hands, disparate
observations can also be made between the external and
the internal validation results. For example, although
PLS ranked consistently near the bottom in the internal
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validation, it showed a steady decrease in accuracy rank
in the external validation as more pathways are added
to the classifiers, yielding a medium average rank of 3.3.
While the results from the internal and external valida-
tion showed both similarities as well as discrepancies,
the results from the external validation should receive
more weight since the external validation is a more rea-
listic way to estimate the true performance and general-
izability of a classifier, as argued in the Introduction
section. Therefore, in subsequent sections, further exam-
inations of the classification performance were made to
the externally validated results only.

Overall distribution of accuracies pooled across the
datasets and feature set sizes

To further summarize the external validation results
shown in Figure 3, overall distribution of accuracies was
obtained for each of the six methods by pooling their
accuracies obtained under all the fourteen datasets and
ten feature set sizes, and represented as boxplots (Figure
5). With respect to median accuracy, three methods
(Mean top 50%, ASSESS, and PLS) similarly showed a
higher accuracy (around 80%), whereas Mean all and
PCA showed a lower accuracy (around 70%). With
respect to dispersion, four methods (Mean all, Mean top
50%, ASSESS, and PCA) showed a similar extent of dis-
persion, whereas Mean CORGs and PLS showed a high
extent of dispersion, with a small lower quartile value
(around 50%). Considering both the median accuracy
and the dispersion, Mean top 50% and ASSESS thus
showed a similarly good performance across all the data-
sets and feature set sizes. Although PLS showed a good
median accuracy, its accuracies varied the most across
the datasets and feature set sizes.

(A) Internal cross-validation
1- 1.0

Internal cross-validation. (B) External validation.

Method

—— Mean all

3 - .—o—o—\ —e— Mean top 50%
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Figure 4 Overall accuracy ranking of the methods combined across the datasets. Combined accuracy ranking of each method is plotted
as a function of the number of top pathways. The numbers in the right of the plots are the average rank across the ten feature set sizes. (A)
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Figure 5 Overall distribution of accuracies across all the
datasets and all feature set sizes. The distribution was obtained
from the external validation results. Median accuracies are joined by
grey line.

Overall distribution of accuracies in each phenotype

The external validation results shown in Figure 3 were also
summarized for each of the six methods by pooling their
accuracies at all feature sizes and two independent data-
sets in each phenotype (Figure 6). A main observation is
that the relative performance of the methods varies across
phenotypes. While the median accuracies of all the meth-
ods are relatively similar in some phenotypes (Figures 6B,
D, and 6F), there are large differences in other phenotypes
(Figures 6E and 6G). What this observation entails is that
the performance evaluation should be performed in as
many phenotypes as possible, as done in this study.

Between-dataset correlation of differential expression
statistics of pathways

Comparison of the methods can also be performed by
evaluating the extent to which the differential expression
statistics of pathways are correlated between independent
datasets. To this end, Student’s ¢-test was performed on
pathway expression profiles to obtain ¢-statistics of each
pathway in each of the datasets. In total, seven pairs of
pathway signatures were obtained per method. Thus, for
a given phenotype, one can correlate a pathway’s ¢-statis-
tic in one dataset with its ¢-statistic in the other dataset.
To obtain a summarized view, a scatterplot of ¢-statistics
was prepared for each method by correlating ¢-statistic
values of all the pathways between seven pairs of datasets
(Figure 7). Thus each plot contains 1,141 data points
(163 pathways times 7 phenotypes). Two main observa-
tions can be made from the scatterplots. First, lower
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correlations were observed under three methods (Mean
CORGs, PCA, and PLS) than the rest (Mean all, Mean
top 50%, and ASSESS). Second, the three methods with
lower correlations have many discordant pathways whose
t-statistics are large in magnitude and in the opposite
sign between the two independent datasets (quadrants II
and IV). It is these discordant pathways that, when used
as a feature, dropped the external validation accuracy and
caused the observed fluctuation of accuracies shown in
Figure 3.

To further examine the discordant pathways, an exem-
plar pathway was selected among the top 10 feature
pathways used in the classification analysis. Since the
lung cancer grade datasets showed lower accuracies
(Figure 6E) under the three methods (Mean CORGs,
PCA, and PLS) than the rest, an exemplar pathway was
selected from the feature pathways in the lung cancer
grade datasets. One of the most discordant pathways
with the largest magnitude of ¢-statistic values was
MAPK signalling pathway, whose 244 member genes are
represented in the microarray data. In Mean CORGs, it
was the most up-regulated pathway in one dataset
(Dana-Farber) but fifth most down-regulated pathway in
the other (Michigan) (data not shown). In PLS, it was
also the most up-regulated pathway in the Dana-Farber
dataset but ranked the twenty-first as a down-regulated
pathway in the Michigan dataset (data not shown). Its
t-statistics in the lung cancer grade datasets are indi-
cated as large red circles in Figure 7, and its member
genes’ expression profile along with its pathway expres-
sion profiles aggregated by the six methods are shown in
Figure 8. Three observations can be made from Figure 8.
First, differential expression between the grade groups
becomes more evident with pathway expression profiles
(Figure 8B) than gene expression profile (Figure 8A).
Second, the direction of pathway-level expression change
is discordant between the two cohort datasets. In the
grade 3 samples, the MAPK signalling pathway is up-
regulated in the Dana-Farber cohort (Figure 8B, left) but
down-regulated in the Michigan cohort (Figure 8B,
right). Third, the extent of differential expression of the
pathway is more pronounced under Mean CORGs and
PLS, as all the samples within each grade group show
relatively homogeneous expression levels.

Discussion

This study evaluated and compared the six methods of
pathway-level aggregation of gene expression data—five
existing methods (Mean all, Mean CORGs, ASSESS, PCA,
and PLS) and a simple variant of an existing method
(Mean top 50%). Four of the compared methods are either
conventional dimensionality reduction methods (PCA and
PLS) or simple heuristics (Mean all and Mean top 50%).
These four methods were not specifically developed to
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address the pathway-level aggregation problem itself. It
may be argued that the former lacks a solid biological
basis and the latter a formal basis. The other two methods
(Mean CORGs and ASSESS) were specific to the pathway-
level aggregation problem. The evaluation was performed
with respect to classification accuracy, validated both
internally and externally, and by examining the correlative
extent of pathway signatures between seven pairs of
related but independent datasets. The results show that
there are considerable differences in performance between
the methods. Three main findings from this study are
described below. First, with respect to the external valida-
tion accuracy, the six methods can be ranked from
the best to the worst as Mean top 50%, ASSESS, PLS,
Mean CORGs, PCA, and Mean all (Figure 4B). The

dimensionality reduction methods were overall inferior to
others. Second, the overall distribution of accuracies is
skewed down in Mean CORGs and PLS (Figure 5), indicat-
ing that there are many instances in which these two
methods did not perform well. Third, the reason why
these two methods perform poorly in such instances is that
they tend to produce pathway expression signatures that
are discordant between related but independent datasets,
as shown in the pathway ¢-statistic correlation (Figure 7).
The between-dataset discordance arises due to the algo-
rithmic characteristics of the two methods. In Mean
CORGs, the pathway’s overall direction of expression
change is first determined as the sign of mean ¢-statistic
values of all its member genes. Then, only the key member
genes that contribute the most to the pathway-level
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Figure 7 Between-dataset correlation of pathway t-statistics. In each scatterplot, Pearson correlation coefficient and linear regression line are
shown. Quadrants are indicated as Roman numerals. Pathways in the quadrants Il and IV are the discordant pathways. A large red circle denotes
an exemplar pathway (MAPK signalling pathway) which is further discussed in the main text. For ASSESS, four outlier data points (with absolute
t-statistics of 40 - 70) were removed to keep all six plots under a comparable scale.

t-statistic are selected. Thus, if the pathway’s overall
expression change is in different directions between data-
sets even by a small magnitude, the discordance in the
resultant pathway expression profiles becomes inflated.
Similarly, in PLS, the sign of the latent components was
corrected so that the component scores are positively cor-
related with the average gene expression profile of the
given pathway. Thus, the pathway expression profile aggre-
gated by PLS becomes discordant in the opposite direction
as well.

The third observation described above suggests that, in
order to yield a pathway expression profile that is concor-
dant between independent datasets and predictive of a phe-
notype as well, a successful pathway-level aggregation
method should not strictly depend on the overall direction
of expression change of a pathway, as measured by the
mean of z-scaled expression levels of its member genes.
Although it is the simplest and the most widely used prac-
tice that regards a pathway being up-regulated if the mean
expression is positive and down-regulated if negative, such
a rationale lacks solid biological support. It has been argued
that, in physiological processes such as biological pathways,
homeostatic transcriptional responses may occur so that

an up-regulation of one component in a pathway leads to a
down-regulation of another component in that pathway in
an attempt to compensate [33]. If so, overall direction of a
pathway’s expression change is determined by the relative
magnitudes of the two opposing components. If, for some
reason, the relative magnitudes of the two components are
reversed between independent datasets, the overall direc-
tion of a pathway’s expression change would become dis-
cordant in the opposite direction. Furthermore, simply
averaging the expression changes of all the member genes
as if they were independent and uniform objects may not
lead to an adequate measure for representing a pathway’s
expression behavior in a biological context, considering
that differential expression of downstream genes in a path-
way may not influence the pathway’s overall activity as
much as that of its upstream genes [34]. Thus, I speculate
that a successful pathway-level aggregation method needs
to consider the issues such as the homeostatic response of
a pathway, the positions of genes in the pathway topology,
as well as the types of interaction linking the member
genes. The last two issues have also been mentioned in a
review paper describing topology-based pathway enrich-
ment analysis methods [35].
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Figure 8 Expression profiles of MAPK signalling pathway as an example of discordant pathway. Expression profiles of MAPK signalling
pathway in the two cohort datasets of lung cancer grade are shown. (A) Expression profile of 244 member genes. (B) Pathway expression
profiles aggregated by the six methods. In grade 3, the pathway shows an up-regulation in the Dana-Farber cohort but a down-regulation in

The pathway-level aggregation approach is advanta-
geous in that it can be used not only for identifying dif-
ferentially expressed pathways, but also for classification
or clustering samples in the space of pathways, for
deriving a compact representation and visualization of
the original gene expression data, as well as for facilitat-
ing systems-level interpretation. Nevertheless, an inher-
ent problem of the pathway-level aggregation approach
is a possible loss or even deformation of information
present in the original gene expression data. This pro-
blem arises since the expression levels of pathway mem-
ber genes are reduced into a single numerical value. In
this regard, a relationship may exist between the discri-
minative ability of a pathway expression profile and the
size of the pathway, since the size of a pathway may

indicate either complexity or extent of characterization
of the pathway. To examine whether such a relationship
exists, for each of the fourteen datasets, the 163 path-
ways were ranked by Student’s ¢-test p-value. At each
rank, a box plot was prepared to summarize the sizes of
the pathways occupying that rank in the fourteen data-
sets. Then the median pathway sizes are joined to show
the overall trend between size and rank (Additional file
2). Overall, there were no strongly discernible trends
that are suggestive of the size-rank relationship of path-
ways. Another potential problem of the pathway-level
aggregation approach is a possible correlation between
pathways whose member genes partially overlap. For
such pathway pairs, a pathway that is actually irrelevant
to the given phenotype may assume a discriminative
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expression profile merely because it shares many mem-
ber genes with the other relevant and genuinely discri-
minative pathway. It is desirable to avoid identifying
such an irrelevant pathway as discriminative since it
would otherwise confound the interpretation of the
results. In the domain of functional enrichment analysis,
this problem has been addressed by approaches such as
performing separate analyses on the shared and unique
member subsets in the pathways [36], and giving smaller
weights to the genes that assume intermediate positions in
the pathway network topology, which are likely to be
shared among pathways [37]. Similar lines of approach may
be possible in the domain of pathway-level aggregation.

There are four major strengths in the evaluation
scheme adopted in this study, which raise validity of the
reported results. First, the evaluation is comprehensive
due to the use of seven pairs of related but independent
datasets. Evaluating the performance under a multitude
of datasets encompassing various phenotypes helps to
draw a generalized conclusion. As shown in Figure 6,
both the median and the distribution of accuracies varied
across the seven phenotypes. If only the datasets from a
couple of phenotypes had been used for benchmarking
(for example, Figures 6D and 6F), it would have been
incorrectly concluded that the six compared methods did
not differ in their median accuracy. Second, the evalua-
tion is stringent by externally validating classification
accuracy on independent datasets. Third, the evaluation
is transparent since the classification accuracy was exam-
ined as a function of feature set size (from top one to ten
pathways, ranked by ¢-test on pathway-level aggregated
data), instead of at a fixed arbitrary number of features,
or an optimized number of features that results in the
best performance in the validation dataset [8]. While the
resultant fluctuations in accuracy across the feature set
sizes (Figure 3) may make the performance comparison
less evident, they transparently show that the expression
profile of top-ranked differentially regulated pathways
might be discordant between datasets. Fourth, the evalua-
tion was also done with respect to the reproducibility of
pathway signatures by examining correlation of pathway
t-statistics between datasets. Its results further substanti-
ate the discordance of pathway signatures between data-
sets, especially under Mean CORGs and PLS-based
aggregation.

There are also three minor contributions in this study.
First, the collection of seven pairs of related but indepen-
dent gene expression datasets can be used for benchmark-
ing analysis of any methods based on gene expression
data. Second, the sign ambiguity of PCs in PCA has been
explicitly stated and resolved. Some of the previous studies
that used PCA as an aggregation method either over-
looked the sign ambiguity issue [6,7], or simply pointed
out that the PCA-aggregated expression profile is not
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readily interpretable since it does not capture the direction
of expression changes of pathways [4]. The present study
explicitly stated the issue and followed a simple available
approach that corrects the signs of PC scores so that the
PC scores are positively correlated with the pathway’s
average gene expression profile [15,17]. An alternative
solution [16] has also been proposed in the field of chemo-
metrics, in which the sign of PCs are determined by com-
puting the sign of the sum of inner products between PC
and all data points in the dataset. A preliminary analysis
employing this approach did not result in better classifica-
tion accuracy (data not shown), thus it was not considered
further in the analysis. Third, the present study also expli-
citly stated and resolved the sign correction issue of latent
components in PLS, which has been neither stated nor
resolved in a previous study that used PLS as a pathway-
level aggregation method [4].

In light of the findings obtained from this study, it
appears that there is both room and necessity for develop-
ing a novel method for pathway-level aggregation. On one
hand, considering that averaging the expression profiles of
all pathway member genes (that is, Mean all) results in
the lowest accuracy, it is remarkable that simply removing
half of the genes with lower ¢-statistics (that is, Mean top
50%) leads to the highest accuracy (Figure 4B). On the
other hand, any method that is dependent on the path-
way’s overall change direction, as in Mean CORGs and
PLS, is likely to manifest the discordance between inde-
pendent datasets. This issue needs to be considered and
resolved in developing a novel method, since one of the
expectations in pathway-level aggregation has been that
the expression of the pathway as a whole may become
more consistent, predictive, and reproducible across inde-
pendent datasets despite gene-level inconsistencies [5,9].

Conclusions

In conclusion, this study evaluated and compared the six
methods for pathway-level aggregation of gene expression
data. Comprehensive and stringent evaluation was made
possible by collecting seven pairs of related but indepen-
dent datasets encompassing various phenotypes. The eva-
luation was performed with respect to classification
accuracy, validated both internally and externally, and by
examining the correlative extent of pathway signatures
between the dataset pairs. The best accuracy and correla-
tion were obtained when pathway-level expression profiles
were derived by ASSESS and Mean top 50%. Thus these
two methods are suggested to be the preferable solutions.
The lowest accuracy was obtained from Mean all. PLS
and Mean CORGs gave rise to the largest extent of discor-
dance in the pathway signature correlation. The analysis
shown in this report also implies that there is both room
and necessity for developing a novel method for pathway-
level aggregation.
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Methods

Collection of benchmarking datasets

The seven pairs of independent datasets were collected by
searching the public repositories and the literature under
the following criteria. First, the search was confined to
human datasets to simplify the data processing and analy-
sis. Second, only the two-class unpaired datasets were con-
sidered for inclusion into the collection. Third, only the
datasets employing relatively recent Affymetrix platforms
were considered, that is, excluding cDNA platforms or
older Affymetrix platforms such as Human Genome U95.
The reason was to ensure a good coverage of genome and
thus a reliable representation of a pathway’s member set.
Fourth, any of the two classes was required to contain ten
or more samples to facilitate internal cross-validation.
Fifth, and most importantly, there should be two related
but independent datasets with identical phenotypic class
labels under investigation (for example, two datasets that
compared lung tissue between smokers and non-smokers),
generated from independent laboratories.

Pre-processing of gene expression data

Data were downloaded from public repositories indicated
in Table 1. The data were obtained as CEL files in all data-
sets, except for the two datasets on lung cancer grade in
which the data are available only as Gene Expression
Omnibus (GEO) series matrix files. The CEL files were
pre-processed by RMA method and log,-transformed. The
GEO series matrix data were already in an RMA-pro-
cessed form (GSE3141) or a GCRMA-processed form
(GSE8894). Expression data from probesets without Entrez
and gene symbol annotations (based on Affymetrix anno-
tation release 30) were discarded. Then expression levels
from multiple probesets representing the same gene were
averaged, yielding gene-level expression profile data con-
taining the following numbers of unique genes: 13,029
genes (U133A and U133A 2.0); 20,315 genes (U133 Plus
2); and 18,485 genes (U133 Set). For three of the seven
phenotypes, a pair of independent experiments was
performed in different platforms. In such cases, the genes
that are commonly represented in both platforms were
selected, which were a subset of one of the platforms with
larger coverage (that is, genes in U133A were a subset of
the genes in U133 Plus 2). Then only the expression data
of the common genes were used for the analysis of the
corresponding phenotype.

Pathway-level aggregation of gene expression data

The gene expression data were aggregated at KEGG
pathway level. The list of KEGG pathways and their
member genes was obtained from MSigDB version 3.0
[38] which contained a total of 186 KEGG pathways.
Among them, there were 163 pathways consisting of at
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least 20 and at most 300 member genes, which were used
for subsequent pathway-level aggregation. For the three
mean-based aggregation methods (Mean all, Mean top
50%, and Mean CORGs), an R code was written to imple-
ment them. For ASSESS, its java program was used under
its default parameter setting. For PCA and PLS, modu-
leEigenegenes function in WGCNA package [39] and pls
package [40] were used, respectively. For both PCA and
PLS, the signs of elements in the component score vector
were corrected so that the score vector is positively cor-
related with average gene expression profile of the given
pathway. Prior to aggregation, gene expression data were
z-scaled for all the methods, except for ASSESS which
does not require its input to be z-scaled.

Selection of features used for classification

In each of the fourteen datasets, features (that is, path-
ways) were first ranked by their p-values from Student’s
t-test on the pathway-level expression data. Top pathways
were then selected, whose expression values were used for
subsequent training of classifiers and their performance
evaluation. The number of selected pathways was varied
from one to ten in order to transparently assess the classi-
fier'’s performance across a range of features.

Consideration of class imbalance

All the fourteen datasets showed class imbalance—there
were more samples in case group than in control group.
With such datasets, a majority-class classifier is often
obtained since conventional misclassification error rate
can be made meaninglessly low simply by predicting all
samples as a case sample. To correct for the class imbal-
ance problem, three measures were taken—two in classifier
training and one in performance evaluation, as described
in the next two sections.

Parameter tuning of SVM classifier

Classification was performed with SVM implemented in
the e1071 package. Radial basis function was chosen as a
kernel. There are two SVM parameters that affect decision
boundary and thus need to be tuned. They are cost and
gamma whose default values in the e1071 package are 1
and 1/number of selected features, respectively. In the cur-
rent analysis, the parameter tuning was performed by a
grid search in which the cost parameter was varied as C =
2,273, .., 2° and the gamma range was the cost values
divided by the number of selected features. To perform
grid search, 5-fold cross-validation was performed to select
the best pair of the parameter values that minimizes an
error function, which was subsequently used to train clas-
sifiers for validation of classification performance. During
the grid search, two measures were taken in order to
guard against the class imbalance problem. First, class
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weight parameter (class.weights) was set to the inverse of
class proportion, instead of the default equal weights, in
order to compensate for the effect of unbalanced class
proportions. Second, error function parameter (error.fun)
was set to average classification error, which is the mean
of false positive rate and false negative rate, instead of the
default misclassification rate, which is an overall propor-
tion of all the misclassified samples. Since the average clas-
sification error is the mean of the two error rates, a
majority-classifier that classifies most of the samples as
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positives would get a high false positive rate and thus a
high average classification error.

Balanced accuracy as the measure of classification
performance

As in the training phase, a measure was taken to guard
against the class imbalance problem by adopting
balanced accuracy as the performance measure. The
balanced accuracy is defined as the mean of true positive
rate and true negative rate. As such, a majority-classifier
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would get a low true negative rate and thus a low
balanced accuracy, whereas its conventional accuracy
(overall proportion of correct classifications) can be
meaninglessly high.

Validation of classification performance

Using the balanced accuracy as the performance mea-
sure, a stringent evaluation of classification performance
was performed, which consists of both internal and exter-
nal validations. For the internal validation, 5-fold cross-
validation was performed in a stratified manner such that
class proportions in each training set are kept the same
as in the original dataset. At each iteration of cross-vali-
dation, pathway-level aggregation and feature selection
were performed anew, as has been emphasized as being
the correct practice of cross-validation [41,42]. To
achieve more stable cross-validation results, any possible
effect of a particular random split needs to be avoided.
Thus the cross-validation was repeated twice to obtain a
mean balanced accuracy averaged over five folds and two
repetitions. Only two repetitions were achievable since
the ASSESS program is available as a GUI implementa-
tion instead of a command line version and since a single
iteration of the cross-validation experiment alone
involves a total of seventy training-test set pairs (five
folds times fourteen datasets) each of which need to be
aggregated at pathway-level by the ASSESS and all other
methods. For the external validation, a classifier was
trained on one dataset and tested on the other dataset for
each of the seven pairs of independent datasets.

Summarization of performance rankings across the
datasets

For each of the fourteen datasets, six methods were
ranked according to their balanced accuracy values. The
resultant fourteen ranked lists of six methods were com-
bined into a single ranked list with RankAggreg package
[32]. In brief, accuracies from the six methods were
ranked from the highest to the lowest in each of the
fourteen datasets. At each feature set size, a total of
fourteen ranked lists were thus obtained. Each of the
lists arranges the six methods according to their accura-
cies at the given feature set size and dataset. At each
feature set size, a combined ranking of the methods was
then obtained by merging the fourteen ranked lists with
the RankAggreg package. Using the package, brute force
rank summarization was performed with balanced
accuracies as weights and Spearman footrule distance as
a distance measure. All the aforementioned analysis
steps are depicted in Figure 9.

Softwares
In addition to the aforementioned softwares for pathway-
level aggregation, classification, and rank aggregation, the
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analysis performed in this paper used R and Perl for
numerical computation and data parsing. All plots were
generated using ggplot2 R package.

Additional material

Additional File 1: Supplementary Methods. This document contains
the schematic and mathematical description of the pathway-level
aggregation methods.

Additional File 2: Relationship between size and rank of pathways.
The 163 pathways, whose sizes are between 20 and 300, are ranked by
Student’s t-test p-value in all fourteen datasets. Smaller ranks correspond
to more significance. For each rank, a box plot was prepared to
summarize the sizes of the pathways at that rank in the fourteen
datasets. Median sizes are joined by thick line to show the overall size-
rank trend.

Acknowledgements

This research was supported by a grant from KRIBB Research Initiative
Program and the National Research Foundation of Korea (grant number
2011-0002321).

This article has been published as part of BMC Genomics Volume 13
Supplement 7, 2012: Eleventh International Conference on Bioinformatics
(InCoB2012): Computational Biology. The full contents of the supplement are
available online at http://www.biomedcentral.com/bmcgenomics/
supplements/13/S7.

Authors’ contributions
SH conceived of the project, analyzed the data, and wrote the manuscript.

Competing interests
The author declares that they have no competing interests.

Published: 13 December 2012

References

1. Huang da W, Sherman BT, Lempicki RA: Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat
Protoc 2009, 4:44-57.

2. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
Paulovich A, Pomeroy SL, Golub TR, Lander ES, Mesirov JP: Gene set
enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci USA 2005,
102:15545-15550.

3. Edelman E, Porrello A, Guinney J, Balakumaran B, Bild A, Febbo PG,
Mukherjee S: Analysis of sample set enrichment scores: assaying the
enrichment of sets of genes for individual samples in genome-wide
expression profiles. Bioinformatics 2006, 22:2108-e116.

4. Levine DM, Haynor DR, Castle JC, Stepaniants SB, Pellegrini M, Mao M,
Johnson JM: Pathway and gene-set activation measurement from mRNA
expression data: the tissue distribution of human pathways. Genome Biol
2006, 7:R93.

5. Guo Z Zhang T, Li X, Wang Q, Xu J, Yu H, Zhu J, Wang H, Wang C,

Topol EJ, Wang Q, Rao S: Towards precise classification of cancers based
on robust gene functional expression profiles. BMC Bioinformatics 2005,
6:58.

6. Liu J, Hughes-Oliver JM, Menius JA Jr: Domain-enhanced analysis of
microarray data using GO annotations. Bioinformatics 2007, 23:1225-1234.

7. Tomfohr J, Lu J, Kepler TB: Pathway level analysis of gene expression
using singular value decomposition. BMC Bioinformatics 2005, 6:225.

8. Lee E, Chuang HY, Kim JW, Ideker T, Lee D: Inferring pathway activity
toward precise disease classification. PLoS Comput Biol 2008, 4:
€1000217.

9. Azuaje F, Devaux Y, Wagner DR: Integrative pathway-centric modeling of
ventricular dysfunction after myocardial infarction. PLoS One 2010, 5:
e9661.


http://www.biomedcentral.com/content/supplementary/1471-2164-13-S7-S26-S1.pdf
http://www.biomedcentral.com/content/supplementary/1471-2164-13-S7-S26-S2.pdf
http://www.biomedcentral.com/bmcgenomics/supplements/13/S7
http://www.biomedcentral.com/bmcgenomics/supplements/13/S7
http://www.ncbi.nlm.nih.gov/pubmed/19131956?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19131956?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16199517?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16199517?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16199517?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16873460?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16873460?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16873460?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17044931?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17044931?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15774002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15774002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17379692?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17379692?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16156896?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16156896?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18989396?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18989396?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20300185?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20300185?dopt=Abstract

Hwang BMC Genomics 2012, 13(Suppl 7):526
http://www.biomedcentral.com/1471-2164/13/57/526

20.

21.

22.

23.

24,

25.

26.

27.

Azuaje F, Zheng H, Camargo A, Wang H: Systems-based biological
concordance and predictive reproducibility of gene set discovery
methods in cardiovascular disease. J Biomed Inform 2011, 44:637-647.
Boulesteix AL, Sauerbrei W: Added predictive value of high-throughput
molecular data to clinical data and its validation. Brief Bioinform 2011,
12:215-229.

Castaldi PJ, Dahabreh 1J, loannidis JP: An empirical assessment of
validation practices for molecular classifiers. Brief Bioinform 2011,
12:189-202.

Kim TM, Yim SH, Jeong YB, Jung YC, Chung YJ: PathCluster: a framework
for gene set-based hierarchical clustering. Bioinformatics 2008,
24:1957-1958.

Keum C, Woo JH, Oh WS, Park SN, No KT: Improving gene expression
similarity measurement using pathway-based analytic dimension. BMC
Genomics 2009, 10:515.

Miller JA, Cai C, Langfelder P, Geschwind DH, Kurian SM, Salomon DR,
Horvath S: Strategies for aggregating gene expression data: the
collapseRows R function. BMC Bioinformatics 2011, 12:322.

Bro R, Acar E, Kolda TG: Resolving the sign ambiguity in the singular
value decomposition. J Chemometr 2008, 22:135-140.

Langfelder P, Horvath S: Eigengene networks for studying the
relationships between co-expression modules. BMC Syst Biol 2007, 1:54.
Beane J, Sebastiani P, Liu G, Brody JS, Lenburg ME, Spira A: Reversible and
permanent effects of tobacco smoke exposure on airway epithelial gene
expression. Genome Biol 2007, 8R201.

Vanni H, Kazeros A, Wang R, Harvey BG, Ferris B, De BP, Carolan BJ,

Hibner RH, O'Connor TP, Crystal RG: Cigarette smoking induces
overexpression of a fat-depleting gene AZGP1 in the human. Chest 2009,
135:1197-1208.

Bild AH, Yao G, Chang JT, Wang Q, Potti A, Chasse D, Joshi MB, Harpole D,
Lancaster JM, Berchuck A, Olson JA Jr, Marks JR, Dressman HK, West M,
Nevins JR: Oncogenic pathway signatures in human cancers as a guide
to targeted therapies. Nature 2006, 439:353-357.

Lee ES, Son DS, Kim SH, Lee J, Jo J, Han J, Kim H, Lee HJ, Choi HY, Jung Y,
Park M, Lim YS, Kim K, Shim Y, Kim BC, Lee K, Huh N, Ko C, Park K, Lee JW,
Choi YS, Kim J: Prediction of recurrence-free survival in postoperative
non-small cell lung cancer patients by using an integrated model of
clinical information and gene expression. Clin Cancer Res 2008,
14:7397-7404.

Phillips HS, Kharbanda S, Chen R, Forrest WF, Soriano RH, Wu TD, Misra A,
Nigro JM, Colman H, Soroceanu L, Williams PM, Modrusan Z, Feuerstein BG,
Aldape K Molecular subclasses of high-grade glioma predict prognosis,
delineate a pattern of disease progression, and resemble stages in
neurogenesis. Cancer Cell 2006, 9:157-173.

Sun L, Hui AM, Su Q, Vortmeyer A, Kotliarov Y, Pastorino S, Passaniti A,
Menon J, Walling J, Bailey R, Rosenblum M, Mikkelsen T, Fine HA: Neuronal
and glioma-derived stem cell factor induces angiogenesis within the
brain. Cancer Cell 2006, 9:287-300.

Chin K, DeVries S, Fridlyand J, Spellman PT, Roydasgupta R, Kuo WL,

Lapuk A, Neve RM, Qian Z, Ryder T, Chen F, Feiler H, Tokuyasu T, Kingsley C,
Dairkee S, Meng Z, Chew K, Pinkel D, Jain A, Ljung BM, Esserman L,
Albertson DG, Waldman FM, Gray JW: Genomic and transcriptional
aberrations linked to breast cancer pathophysiologies. Cancer Cell 2006,
10:529-641.

Minn AJ, Gupta GP, Siegel PM, Bos PD, Shu W, Giri DD, Viale A, Olshen AB,
Gerald WL, Massagué J: Genes that mediate breast cancer metastasis to
lung. Nature 2005, 436:518-524.

Desmedt C, Piette F, Loi S, Wang Y, Lallemand F, Haibe-Kains B, Viale G,
Delorenzi M, Zhang Y, d'Assignies MS, Bergh J, Lidereau R, Ellis P, Harris AL,
Klijn JG, Foekens JA, Cardoso F, Piccart MJ, Buyse M, Sotiriou C, TRANSBIG
Consortium: Strong time dependence of the 76-gene prognostic
signature for node-negative breast cancer patients in the TRANSBIG
multicenter independent validation series. Clin Cancer Res 2007,
13:3207-3214.

Sotiriou C, Wirapati P, Loi S, Harris A, Fox S, Smeds J, Nordgren H, Farmer P,
Praz V, Haibe-Kains B, Desmedt C, Larsimont D, Cardoso F, Peterse H,
Nuyten D, Buyse M, Van de Vijver MJ, Bergh J, Piccart M, Delorenzi M: Gene
expression profiling in breast cancer: understanding the molecular basis
of histologic grade to improve prognosis. J Nat/ Cancer Inst 2006,
98:262-272.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 18 of 18

Director's Challenge Consortium for the Molecular Classification of Lung
Adenocarcinoma, Shedden K, Taylor JM, Enkemann SA, Tsao MS,

Yeatman TJ, Gerald WL, Eschrich S, Jurisica |, Giordano TJ, Misek DE,

Chang AC, Zhu CQ, Strumpf D, Hanash S, Shepherd FA, Ding K, Seymour L,
Naoki K, Pennell N, Weir B, Verhaak R, Ladd-Acosta C, Golub T, Gruidl M,
Sharma A, Szoke J, Zakowski M, Rusch V, Kris M, Viale A, Motoi N, Travis W,
Conley B, Seshan VE, Meyerson M, Kuick R, Dobbin KK, Lively T,

Jacobson JW, Beer DG: Gene expression-based survival prediction in lung
adenocarcinoma: a multi-site, blinded validation study. Nat Med 2008,
14:822-827.

Jones J, Otu H, Spentzos D, Kolia S, Inan M, Beecken WD, Fellbaum C, Gu X,
Joseph M, Pantuck AJ, Jonas D, Libermann TA: Gene signatures of
progression and metastasis in renal cell cancer. Clin Cancer Res 2005,
11:5730-5739.

Kort EJ, Farber L, Tretiakova M, Petillo D, Furge KA, Yang XJ, Cornelius A,
Teh BT: The E2F3-Oncomir-1 axis is activated in Wilms' tumor. Cancer Res
2008, 68:4034-4038.

Cheng C, Shen K, Song C, Luo J, Tseng GC: Ratio adjustment and
calibration scheme for gene-wise normalization to enhance microarray
inter-study prediction. Bioinformatics 2009, 25:1655-1661.

Pihur V, Datta S, Datta S: RankAggreg, an R package for weighted rank
aggregation. BMC Bioinformatics 2009, 10:62.

Saxena V, Orgill D, Kohane I: Absolute enrichment: gene set enrichment
analysis for homeostatic systems. Nucleic Acids Res 2006, 34:¢151.

Tarca AL, Draghici S, Khatri P, Hassan SS, Mittal P, Kim JS, Kim CJ,
Kusanovic JP, Romero R: A novel signaling pathway impact analysis.
Bioinformatics 2009, 25:75-82.

Khatri P, Sirota M, Butte AJ: Ten years of pathway analysis: current
approaches and outstanding challenges. PLoS Comput Biol 2012, 8:
€1002375.

Jiang Z, Gentleman R: Extensions to gene set enrichment. Bioinformatics
2007, 23:306-313.

Thomas R, Gohlke JM, Stopper GF, Parham FM, Portier CJ: Choosing the
right path: enhancement of biologically relevant sets of genes or
proteins using pathway structure. Genome Biol 2009, 10:R44.

Liberzon A, Subramanian A, Pinchback R, Thorvaldsdéttir H, Tamayo P,
Mesirov JP: Molecular signatures database (MSigDB) 3.0. Bioinformatics
2011, 27:1739-1740.

Langfelder P, Horvath S: WGCNA: an R package for weighted correlation
network analysis. BMC Bioinformatics 2008, 9:559.

Mevik BH, Wehrens R: The pls package: principal component and partial
least squares regression in R. J Stat Soft 2007, 18:1-24.

Dupuy A, Simon RM: Critical review of published microarray studies for
cancer outcome and guidelines on statistical analysis and reporting.

J Natl Cancer Inst 2007, 99:147-157.

Boulesteix AL, Strobl C: Optimal classifier selection and negative bias in
error rate estimation: an empirical study on high-dimensional prediction.
BMC Med Res Methodol 2009, 9:85.

doi:10.1186/1471-2164-13-S7-S26

Cite this article as: Hwang: Comparison and evaluation of pathway-
level aggregation methods of gene expression data. BMC Genomics 2012
13(Suppl 7):526.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( ) BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/21315182?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21315182?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21315182?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21245078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21245078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21300697?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21300697?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18628289?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18628289?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19958478?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19958478?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21816037?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21816037?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18031580?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18031580?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17894889?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17894889?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17894889?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19188554?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19188554?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16273092?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16273092?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19010856?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19010856?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19010856?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16530701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16530701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16530701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16616334?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16616334?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16616334?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17157792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17157792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16049480?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16049480?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17545524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17545524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17545524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16478745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16478745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16478745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18641660?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18641660?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16115910?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16115910?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18519660?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19414534?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19414534?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19414534?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19228411?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19228411?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17130162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17130162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18990722?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22383865?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22383865?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17127676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19393085?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19393085?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19393085?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21546393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19114008?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19114008?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17227998?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17227998?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20025773?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20025773?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Description of six compared methods of pathway-level aggregation
	Mean of all genes (Mean all)
	Mean of condition-responsive genes (Mean CORGs)
	Analysis of sample set enrichment cores (ASSESS)
	Principal component analysis (PCA)
	Partial least squares (PLS)
	Mean of top 50% of genes (Mean top 50%)

	Collection of benchmarking datasets
	Internal cross-validation accuracies in each dataset
	External validation accuracies in each pair of datasets
	Overall accuracy ranking combined across the datasets
	Overall distribution of accuracies pooled across the datasets and feature set sizes
	Overall distribution of accuracies in each phenotype
	Between-dataset correlation of differential expression statistics of pathways

	Discussion
	Conclusions
	Methods
	Collection of benchmarking datasets
	Pre-processing of gene expression data
	Pathway-level aggregation of gene expression data
	Selection of features used for classification
	Consideration of class imbalance
	Parameter tuning of SVM classifier
	Balanced accuracy as the measure of classification performance
	Validation of classification performance
	Summarization of performance rankings across the datasets
	Softwares

	Acknowledgements
	Authors' contributions
	Competing interests
	References

