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Abstract

The problem of identifying differential activity such as in gene expression is a major defeat in biostatistics and bioinformatics. Equally
important, however much less frequently studied, is the question of similar activity from one biological condition to another. The fold-
change, or ratio, is usually considered a relevant criterion for stating difference and similarity between measurements. Importantly, no
statistical method for concomitant evaluation of similarity and distinctness currently exists for biological applications. Modern micro-
array, digital PCR (dPCR), and Next-Generation Sequencing (NGS) technologies frequently provide a means of coefficient of variation
estimation for individual measurements. Using fold-change, and by making the assumption that measurements are normally distributed
with known variances, we designed a novel statistical test that allows us to detect concomitantly, thus using the same formalism, differ-
entially and similarly expressed genes (http://cds.ihes.fr). Given two sets of gene measurements in different biological conditions, the
probabilities of making type I and type II errors in stating that a gene is differentially or similarly expressed from one condition to
the other can be calculated. Furthermore, a confidence interval for the fold-change can be delineated. Finally, we demonstrate that
the assumption of normality can be relaxed to consider arbitrary distributions numerically. The Concomitant evaluation of Distinctness
and Similarity (CDS) statistical test correctly estimates similarities and differences between measurements of gene expression. The imple-
mentation, being time and memory efficient, allows the use of the CDS test in high-throughput data analysis such as microarray, dPCR,
and NGS experiments. Importantly, the CDS test can be applied to the comparison of single measurements (N = 1) provided the var-
iance (or coefficient of variation) of the signals is known, making CDS a valuable tool also in biomedical analysis where typically a single
measurement per subject is available.
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Introduction other, each composed of one or several gene expression

measurements. RNA quantification, which is being used

The problem of identifying differentially expressed genes
has been widely studied [1]. Considering two different bio-
logical conditions, one aims to decide which genes are dif-
ferentially expressed from one biological condition to the
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in transcriptome analysis here will serve as an instance rep-
resentative of any type of high-throughput quantification
of cellular components such as DNA, RNA, protein, or
metabolites, as the underlying problem of identifying sta-
tistically significant changes remains similar independent
of the nature of the experiment. Therefore, all of what fol-
lows similarly applies to proteome or other measurements.
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For the sake of simplicity, we will only continue to discuss
the case of gene expression investigations. First attempts to
tackle the question of differential quantities did not involve
statistics and genes having expression levels differing by
more than an arbitrary cut-off fold-change value were con-
sidered to be differentially expressed [2,3]. Although the
identification of statistically differentially expressed genes
has been widely covered [1], the identification of similarly
expressed genes has been far less studied. This is surprising,
for several reasons. (i) Statistical measures for similarity
are an important tool in establishing reproducibility and
thus track technical and biological variation. (ii) In relative
quantification, such as microarray experiments, where no
absolute numbers of, e.g., transcripts is established, a defin-
ing procedure for what is considered similar, or unchanged,
expression would in turn also provide a sound basis for
defining what is to be considered different. (iii) Finally,
especially in the case of biomedical studies on human sub-
jects and patients, the question of genes with conserved
expression across different biological conditions is of simi-
lar importance to the one of change [4].

When reasoning in a statistical manner, assumptions can
generally be made that gene expression measurements are
normally distributed. The simplest statistical method for
detecting differentially expressed genes is the two-sample
t-test [5]. The two-sample ¢-test allows us to formulate
statements concerning the difference between the means
of two normally distributed variables with the assumption
that the variances are unknown. On the other hand, the
two-sample z-test allows us to formulate statements con-
cerning the difference between the means of two normally
distributed variables with the assumption that the vari-
ances are known. However as this assumption can only
be made with a large sample of independent records or with
additional information about the variances, the two-sam-
ple #-test is more often used in the identification of differen-
tially expressed genes. Different variants of the two-sample
t-test can be classified in two groups: (i) methods such as
the two-sample #-test with relative thresholds [6] carrying
out local adjustments to account for biologically meaning-
ful differences, and the Significance Analysis of Micro-
arrays method [7] that uses a gene-specific correction; and
(ii) jointly global and local methods such as the B-statistic
[8] and the regularized two-sample #-test [9]. In addition to
simple fold-change or ¢test-like methods, another
approach is to consider the statistical properties of the ratio
of means of the two biological conditions sampled. Based
on the previous work [10], Chapman [11] proposed for
the first time a statistical test in this direction. Recent meth-
ods (e.g., [12,13]) extended this approach by considering
confidence intervals for the statistic of the ratio of the
two means used in hypothesis testing. When comparing dif-
ferent methods for differential expression detection, among
the desirable characteristics that a method should have are
reproducibility and control of type I and type II errors. Not
all of the existing methods necessarily combine both char-
acteristics [14]. Another way of comparing different meth-

ods is to measure their false positive and false negative
rates [15].

Assume two sets of gene expression measurements
obtained from two different biological conditions (Figure 1).
By initially making the assumptions that the gene measure-
ments are normally distributed with known variances, we
represent the fold-change as the tangent of 0 in Figure 1A.
Having two biological conditions we can expect different
scenarios. If both biological conditions have a small vari-
ance within biological replicates and then show differential
expression, then methods should detect them as signifi-
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Figure 1 Graphical representation of the problematic and encountered
scenarios

A. Expression signals of a single gene in two different biological
conditions, with normal distributions having the parameters x; and x,
(mean values) and oy and o, (variances). The fold-change criteria defining
the difference or similarly is represented with a conic section defined by
parameter 0. The problem is to determine the value of (x; x,) having the
values of estimators (7, x3). B. Potential scenario for the statistical test for
differential expression and low variability. C. Potential scenario of having
low variability and similarly expressed genes. D. Potential scenario for the
statistical test for no statistical significance and high variabilities.
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