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Abstract— The genetics of prostate cancer are highly variable
and not well understood. No consistent pattern of mutations
across prostate cancer samples has yet been found. Due to
this inherent heterogeneity it is natural to wonder whether or
not using paired controls in gene expression studies might be
useful. Although other studies have previously analyzed the use
of paired controls for the expression of a handful of genes at
a time no study has yet been performed to assess the benefits
of using paired controls rather than independent controls on
a large scale. By using a prostate cancer microarray data set
that consisted of 58 pairs of paired cancer and control samples
as well as 18 independent controls we found that searches
for differentially expressed genes and for upregulated genes
were significantly enhanced by using paired controls instead of
independent controls.

I. INTRODUCTION

In general the molecular genetics of prostate cancer is
highly variable and not well understood [1], [2], [3]. Unlike
several other common cancers that have been shown to
contain common mutations such as the APC mutation in
colorectal cancer, the VHL mutation in renal cancer, and
the BRCA1 and BRCA2 mutations in breast cancer [4] no
consistent pattern of mutations has been found to occur
across a large number of prostate cancer patients [5]. This
heterogeneity has also been shown to exist in gene expression
data. For instance, a microarray study by Luo et al. found
that the profiles of highly aggressive tumor samples were
noticeably distinct from the profiles of organ-confined tumors
[6]. Although the sample sizes were small (only three highly
aggressive tumor samples) it is interesting to note that
amongst prostate cancer samples different tumors can ex-
hibit remarkably distinct gene expression patterns from one
another. Further evidence for this heterogeneous biological
nature can be found in a study of 30 rapid autopsy samples
from men who died of androgen-independent prostate cancer.
In this study a customized cDNA microarray detected large
variations in genetic expression across the 30 samples. For
instance, androgen receptor (AR) expression levels were less
than 10% for 100 of the 265 tumor samples and greater than
50% for 83 of the 265 tumor samples [2].

Due to the heterogeneous nature of prostate cancer genet-
ics it is natural to consider the use of paired controls. Pairing
would reduce variability and could possibly simplify the
analysis of gene expression in prostate cancer. Previous work
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using paired controls for the analysis of gene expression in
prostate cancer has been run on small subsets of genes by
several groups [7], [8]. However, these groups did not quanti-
tatively investigate the importance of using paired controls in
their studies. No test was performed to determine the benefit
of using paired samples. Although it might seem obvious that
paired samples should provide more information in a gene
expression study this fact should be verified quantitatively.
Also, it is certainly not clear how much improvement is
made when paired controls are used instead of independent
controls.

In order to assess the impact of paired controls on a large
scale we will utilize a data set from the gene expression
omnibus (GEO) which contains 58 pairs of paired prostate
cancer and control samples as well as 18 independent
controls. We chose to focus on how pairing impacts two
simple factors which were differential expression (change in
mean) and relative expression (serial increases or decreases
in expression across patients relative to pre-tumor expression
levels). If these two factors are significantly influenced by
pairing then it is likely that more complicated methods such
as neural networks, random graphs, clustering etc. would
also be significantly influenced by pairing. Also, differential
expression and relative expression have very simple and
obvious biological interpretations. For these reasons ana-
lyzing the impact of pairing on differential expression and
relative expression is an important task that can quickly
reveal significant benefits from pairing.

II. DATA DESCRIPTION

Our data set was taken from the gene expression omnibus
(GEO) website (www.ncbi.nlm.nih.gov/geo/). This data set
contained 171 CEL files for independent samples and was
labeled GDS2545. Of the samples, there were 58 paired
samples and 18 independent control samples. Each of the
58 pairs consisted of a sample from the primary tumor and
a sample from adjacent normal prostate tissue in the same pa-
tient. Each of the 134 samples (58 pairs and 18 independent
controls) used the HG U95A affymetrix microarray platform
and contained expression values for 12,625 tags. The original
134 CEL files were background corrected, summarized,
and normalized all together using the justRMA() function
available for the R programming language through the affy
library from bioconductor (www.bioconductor.org).

The biological distribution of the samples is given in
Tables 1 and 2. It is important to note that most of the
tumors are stage T2b and stage T3a. In stage T2b the tumor
invades both lobes of the prostate and in stage T3a the tumor



TABLE I
TUMOR STAGE DISTRIBUTION

Tumor Stage Number of Tumors
T2a 2
T2b 19
T3a 24
T3b 11
T4 1
T4a 1

TABLE II
GLEASON SUM DISTRIBUTION

Gleason Sum Number of Tumors
5 2
6 12
7 25
8 7
9 12

unilaterally extends the prostate capsule. For both of these
stages the tumor has not extended beyond the prostate into
any neighboring anatomy or organs. The Gleason sum for
the tumors falls in the range of 5 to 9. Depending upon
the observed structure of the tumor a Gleason score of
anywhere between 1 and 5 can be assigned. Since multiple
tumor patterns are often seen the Gleason scores for the two
most predominant patterns are summed together to give the
Gleason sum [9].

III. DATA ANALYSIS

Both a paired t-test and a two sample t-test were run on
the 58 pairs of cancer and control samples. It was found
that 3,544 genes were selected at the α = .05 level using the
paired t-test and 2,971 genes were selected at the α = .05
level using the two sample t-test. The possibility that the
difference in the number of genes between these two lists
was due solely to chance was evaluated. Under the null
hypothesis that the difference is solely due to chance the
probability of observing a difference of 3,544 - 2,971 = 573
genes is given by the probability that x false positives were
observed in the paired t-test and ≥ (x + 573) false positives
were observed in the two sample t-test where x ranges from
0 to (12,625 - 573). This probability was approximately
2.8 × 10−77 which shows that the difference is unlikely
to be due to chance alone. Of the 3,544 genes selected by
the paired t-test 602 of these were not chosen using the two
sample t-test.

A further test for differential expression was run using
a paired t-test on the first 18 pairs of cancer and normal
samples and a two sample t-test on the first 18 cancer samples
and the 18 independent normal samples. It was found that the
paired t-test selected 864 genes at the α = .05 level and the
two sample t-test selected 2,620 genes at the α = .05 level.
The probability that the difference in the number of genes
between the two lists was due to chance was negligible. Of
the 864 genes selected by the paired t-test 449 of these were

not chosen by the two sample t-test.
The affect of relative expression on the 58 pairs of cancer

and control samples was tested using a paired t-test that
was run on 1,000 random reorderings of the pairings. Only
upregulation in cancer samples was considered (a pair is
upregulated in cancer if the largest expression in the pair
is the expression from the cancer tissue). A gene was
selected as upregulated if the probability that the number of
upregulated genes would be generated by chance no more
than 5% of the time. Under the null hypothesis of no effect
the probability of a gene being upregulated should be 50%.
This leads to a gene being taken as upregulated if at least
36 pairs are upregulated which corresponds to a significance
level of α = .0435 (since the distribution is discrete it was
impossible to get α = .05 exactly). Using these criteria there
were found to be 2,146 upregulated genes in the original
pairing and 998 out of the 1,000 reorderings had fewer than
2,146 upregulated genes. The average number of upregulated
genes over the 1,000 reorderings was 1,177 which shows
that on average the random reorderings selected 969 fewer
upregulated genes than the original pairing.

IV. DISCUSSION

Changes in differential expression were evaluated using
the t-test. Our first test analyzed the difference between using
the 58 paired samples in the obvious manner (paired t-test)
and using the 58 pairs of paired cancer and control samples
as if they were independent of each other (two sample t-
test). It was found that significantly more genes were selected
using the paired t-test than the two sample t-test. More
importantly, of the genes selected by the paired t-test 602
were unique to that list. Since the difference in the size of
the lists was 573 we see that the paired t-test chose all but
29 (1% of the total results) of the same genes as the two
sample t-test (plus a few extra). This shows that the paired
t-test not only effectively duplicated the results of the two
sample t-test but also added extra information (602 genes
worth). The use of the pairing was definitely significant in
this case.

Although the previous test seems to be fairly conclusive,
there is an important issue that was not addressed. We
assumed that by treating the 58 control samples from the
58 pairs as independent that they really were independent.
However, we know that the 58 control samples were really
dependent with the 58 cancer samples so it is possible that
this could have affected the results. To test this we need
to use the 18 truly independent control samples from the
data set. Since there were only 18 independent controls we
only used the first 18 pairs of samples from the 58 pairs.
This reduction was performed because differences in sample
sizes cause differences in statistical power. It would be nearly
impossible to accurately determine the effect that a difference
in power could have on the number of selected genes since it
is unknown how many genes are differentially expressed at
each fold change value. The results showed that significantly
more genes were chosen by the two sample t-test. This is



in stark contrast to the previous test where the paired t-
test chose more genes. Also, it is important to notice that
approximately half of the genes chosen by the paired t-test
(449 out of 864 genes) were not also found in the list of
genes chosen by the two sample t-test. This implies that the
two tests are not well correlated. In other words they are
choosing strikingly different subsets of genes.

These two tests show that the use of pairing is very
important when determining differential expression. When
a pairing exists and is not used it was seen that a large
number of results (602 genes in the case above) are thrown
away. Also, when independent controls were used instead
of the paired controls the outcome of the analysis was
radically different. From these results it is apparent that for
primary prostate cancer the use of paired controls instead
of independent controls can make a large difference in the
final outcome of the analysis. This shows that heterogeneity
in primary prostate cancer is significant enough to warrant
the extra effort needed to obtain paired controls when testing
differential expression.

For relative expression we must test whether or not the
pairing is important for determining whether a gene is
upregulated. Our null hypothesis is that the pairing is not
important and under this hypothesis the calculation of relative
expression can not be affected by changing the pairing of the
samples. To test this hypothesis we calculated the paired t-
test on 1,000 random reorderings of the pairings for the 58
pairs of paired cancer and control samples. It was found that
in 998 of the 1,000 reorderings the number of selected genes
was less than the number of genes selected from the original
pairing. This shows that by disturbing the pairing we have
lost information (on average 969 genes or 45%) and this
implies that the pairing was important.

Further tests were not run to test the impact of independent
controls on relative expression because simply reordering the
pairings provides rather convincing evidence that the pairings
can not be done away with. More comparisons could be run
to see whether or not possible pairings using the independent
controls could be reproduced using the paired controls. This
would in effect be testing whether or not the results from
the paired data add any new information to any correlations
between values of cancer samples and independent controls.
The obvious impact of the pairings on detecting upregulated
genes in the cancer samples shows that the pairings are
highly significant. This implies that the impact of pairing on
correlation data will be substantial. This should come as no
surprise since paired data would be expected to provide more
information on correlations. What is somewhat surprising is
the size of the improvement.

V. CONCLUSION

Paired controls provide obvious benefits to studies on both
differential expression and relative expression. By treating
paired controls as if they were independent it was found that

the paired controls led to the discovery of 602 more genes.
Using only the independent controls it was found that over
half of the genes selected by the paired t-test were not in the
list of genes selected using the independent controls. This
suggests that the results from using paired controls are rad-
ically different than the results using independent controls.
With regards to relative expression, it was found that in 998
out of 1,000 reorderings of the pairings information was lost.
On average the number of genes lost was 969 which was 45%
of the number of genes selected when the original pairing
was used. This shows that the pairings are indeed important
and significant. The large effect that the pairing produces
on the simple t-test shows how much information can be
gained by using paired controls rather than independent
controls. Since differential expression and relative expression
are so affected by the use of paired controls we find it
likely that almost any data analysis method will benefit from
using paired controls when assessing gene expression data in
prostate cancer.

VI. FUTURE WORK
Although the impact of pairing seems obvious the actual

quantitative effect should be analyzed on more complicated
methods such as neural networks. Also, if possible, more
data sets should be found that include both paired controls
and independent controls to test for the effects of pairing
on other diseases. Due to the fact that pairing has such a
significant impact on simple factors it is likely that it also
has a large impact on more complicated ones. It seems likely
that the use of paired controls may be crucial in many cases.
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