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by detecting outliers to a Gaussian tight cluster
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Abstract

Background: Heterogeneously and differentially expressed genes (hDEG) are a common phenomenon due to
bio-logical diversity. A hDEG is often observed in gene expression experiments (with two experimental conditions)
where it is highly expressed in a few experimental samples, or in drug trial experiments for cancer studies with drug
resistance heterogeneity among the disease group. These highly expressed samples are called outliers. Accurate
detection of outliers among hDEGs is then desirable for dis- ease diagnosis and effective drug design. The standard
approach for detecting hDEGs is to choose the appropriate subset of outliers to represent the experimental group.
However, existing methods typically overlook hDEGs with very few outliers.

Results: We present in this paper a simple algorithm for detecting hDEGs by sequentially testing for potential outliers
with respect to a tight cluster of non- outliers, among an ordered subset of the experimental samples. This avoids
making any restrictive assumptions about how the outliers are distributed. We use simulated and real data to illustrate
that the proposed algorithm achieves a good separation between the tight cluster of low expressions and the outliers
for hDEGs.

Conclusions: The proposed algorithm assesses each potential outlier in relation to the cluster of potential outliers
without making explicit assumptions about the outlier distribution. Simulated examples and and breast cancer data
sets are used to illustrate the suitability of the proposed algorithm for identifying hDEGs with small numbers of outliers.
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Background
A heterogeneously and differentially expressed gene
(hDEG) is a gene which has an inconsistent expres-
sion pattern across its experimental samples. Typically,
a large proportion of the experimental samples and the
control samples form a tight cluster in low expressions.
The remaining small proportion of experimental sam-
ples, namely the outliers, are observed to significantly
deviate from the tight cluster towards high expressions.
We use the word ‘tight’ to describe the cluster of null
(or low) expressions of a hDEG as the null variance is
typically small compared to the null-outlier distance. In
situations where the few highly expressed outliers of a
non-differential gene are caused by measurement error, it
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is also useful to distinguish such genes with hDEG charac-
teristics. The existence of hDEGs has been established in
various experiments ([1-8]).
Suppose we have the expressions of m genes. The stan-

dard t statistic under-estimates the significance in testing
the difference across the control and experimental sam-
ples of a hDEG. COPA (cancer profile outlier analysis) [9]
proposed modifying the Student t statistic to be a ratio
of the distance between the rth (default 9th) percentile of
experimental samples and the median of all samples over
the median absolute distance (deviated from the whole
sample median), i.e.,

tCOPA
i = qr(yi)− λi

σi
i = 1, . . . ,m (1)

where σi = 1.4826×med(xi− λi, yi− λi), xi and yi repre-
sent control samples and experimental samples of the ith
gene respectively, qr(yi) is the rth percentile of yi and λi is
the median of both xi and yi.
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Table 1 Scenario 1

Outlier no COPA OS ORT MOST LSOSS DOG M

1 0.656 0.141 0.115 0.328 0.439 0.011 1.00

2 0.489 0.028 0.035 0.255 0.153 0.001 2.00

3 0.420 0.004 0.008 0.148 0.101 0.001 2.99

4 0.504 0.002 0.002 0.171 0.093 0.001 4.00

5 0.523 0.0005 0.001 0.132 0.093 0.001 4.96

6 0.264 < 10−4 0.0002 0.120 0.098 0.001 6.00

7 0.113 < 10−4 < 10−4 0.099 0.099 0.001 6.98

8 0.108 < 10−4 < 10−4 0.096 0.104 0.001 7.97

9 0.055 < 10−4 < 10−4 0.079 0.107 0.001 8.99

Scenario 1: average p-values for the simulated hDEG with variable outlier number from one to nine. M is the average number of outliers detected using DOG.

The quantile-median difference in (1) summarises the
null-outlier distance using a single value of yi. To make
outlier detection more efficient, the outlier-sum (OS)
statistic [10] sums over outliers, tOS

i = ∑
j(yij − λi)σ

−1
i

where the outliers are defined as {y ∈ yi : y > q75(xi, yi)+
IQR(xi, yi)}. Outlier robust t statistic (ORT) uses the same
statistic but defines the outliers in relation to the con-
trol samples only {y ∈ yi : y > q75(xi) + IQR(xi)} [11].
Maximum ordered subset t statistic (MOST) defines the
outliers to be the top k experimental samples and chooses
k by optimising a normalised t statistic [12]. The least sum
of ordered subset square t statistic (LSOSS) [13] also com-
pares the controls with a subset of the top k experimental
samples, tLSOSS

i = k(ȳ(k)
i − x̄i)S−1i where x̄i is the mean of

control samples, ȳ(k)
i is the mean of top k experimental

samples and Si is the pooled standard deviation of the set
of control samples plus non-outlier experimental samples
and the set of outlier experimental samples. k is optimised
iteratively to minimise the within-cluster variance.
We propose a new algorithm for detecting hDEGs with

a small number of outliers by detecting outliers via gap
(DOG)maximisation.Whatmakes this approach different
from the existing methods is that we assess each potential
outlier in relation to a tight cluster of non-outliers. This
avoids modelling the highly expressed outliers explicitly.
This is especially important when the number of outliers
is small. The proposed algorithm classifies each gene as
a hDEG or non-hDEG by locating potential outliers and
summarises it using the average of the standardised out-
lier expressions. We will use simulated examples and a
breast cancer dataset to illustrate the effectiveness of the
proposed algorithm in detecting hDEGs with few outliers.
We will also show how effective test algorithms are when
varying conditions.

Results and discussion
Simulated examples
Scenario 1 - identification of a single hDEG
The algorithms are compared for the detection of a single
hDEG with the number of outliers varied from one to

nine. The results are summarised in Table 1. For a small
number of outliers, COPA, MOST and LSOSS demon-
strated relatively poor performances while DOG consis-
tently gave significant p-values.

Scenario 2 - identification ofmultiple hDEGs (100 genes with
50 hDEGs)
Over a critical p-value range from 0 to 0.01, DOG demon-
strated the highest average cumulative Matthews corre-
lation coefficient (cMCC, see Methods for more detail)
across five sets of simulations with one to five outliers -
Figure 1. Table 2 shows that DOG had very high clas-
sification rates compared with the other five algorithms.
When the number of outliers exceeded two, OS, ORT and
LSOSS gave more reasonable classification rates. COPA
and MOST gave poor predictions overall.
Figure 2 shows the ROC curves for the one-outlier sim-

ulations, it can be seen that DOG had a superior ROC
curve with an partial AUC value of 1. Figure 3 illustrates
the same ROC curves oover the complete range of false
positive rate, COPA and LSOSS remained poor. We also
found that as the number of outliers increased to five,
most algorithms workedwell with the exception of COPA.

Figure 1 cMCC. Scenario 2: average cMCC of the six algorithms over
(0, 0.01) for 1-5 numbers of outliers.
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Table 2 Scenario 2

outlier no COPA OS ORT MOST LSOSS DOG

1 0.54 0.77 0.72 0.51 0 1

2 0.55 0.9 0.92 0.51 0.55 0.99

3 0.66 0.94 0.96 0.57 0.93 0.99

4 0.73 0.95 0.99 0.73 0.99 0.99

5 0.69 0.93 0.95 0.73 1 1

Scenario 2: Total classification rates for the six algorithms in five simulations with
50 non-hDEGs and 50 hDEGs.

Further simulated examples
We look at the sensitivitiy of DOGwith respect to changes
in certain assumptions and parameters.

Variable marginal null-outlier distance
We revisit the single-hDEG simulation but vary the
marginal null-outlier distance (defined in Experimental
design of Methods) from 0.5 to 2 with increments of
0.1 - Table 3. DOG’s p-values increased for a reduced
marginal null-outlier distance but retained the most sig-
nificant mean p-values for larger marginal null-outlier
distances. MOST and LSOSS failed to detect the hDEG.
DOG gave accurate estimates of the outlier number when
the null-outlier distance was greater than one.

Non-Gaussian tight cluster
We simulated a Gaussian-mixture tight cluster
(0.5N (9, 1) + 0.5N (10, 1)) to examine how DOG is

Figure 2 ROC - one outlier. Scenario 2: ROC curves of the six
algorithms in detecting single outlier-hDEGs (in close up for low false
positive rates).

Figure 3 ROC - one outlier. Scenario 2: Full ROC curves of the six
algorithms in detecting single outlier hDEGs.

affected by non-Gaussianity in the tight cluster. All other
parameters were kept the same as those used in the
single-hDEG simulation. The results were very similar to
those seen previously - Table 4. In particular, the perfor-
mances of COPA, OS and ORT have improved for the
simulated non-Gaussian tight cluster.

Table 3 Distance effect

δ COPA OS ORT MOST LSOSS DOG M

0.5 0.6687 0.0283 0.0410 0.3634 0.1086 0.0497 0

0.6 0.6687 0.0258 0.0387 0.3278 0.1076 0.0495 0.03

0.7 0.6687 0.0236 0.0366 0.2918 0.1353 0.0472 0.38

0.8 0.6687 0.0220 0.0351 0.3566 0.1213 0.0421 0.92

0.9 0.6687 0.0204 0.0335 0.3418 0.1421 0.0340 1.37

1.0 0.6687 0.0187 0.0315 0.3171 0.1409 0.0271 1.75

1.1 0.6687 0.0170 0.0295 0.3005 0.1655 0.0198 1.85

1.2 0.6687 0.0157 0.0280 0.2863 0.1691 0.0157 1.92

1.3 0.6687 0.0140 0.0260 0.2807 0.1668 0.0117 1.98

1.4 0.6687 0.0125 0.0243 0.2964 0.1656 0.0083 1.99

1.5 0.6687 0.0117 0.0233 0.2875 0.2004 0.0066 2

1.6 0.6687 0.0103 0.0216 0.2820 0.1828 0.0045 2

1.7 0.6687 0.0094 0.0202 0.2656 0.1988 0.0032 1.99

1.8 0.6687 0.0089 0.0196 0.2658 0.1936 0.0028 2

1.9 0.6687 0.0078 0.0178 0.2699 0.2380 0.0018 2

2.0 0.6687 0.0072 0.0169 0.2563 0.2465 0.0012 2

Average p-values for single-hDEG simulations with two outliers and a varying
distance, δ, between non-outliers and outliers. M is the average number of
outliers detected using DOG.
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Table 4 Non-Gaussian tight cluster

Outlier no COPA OS ORT MOST LSOSS DOG M

1 0.2251 0.0156 0.0458 0.2847 0.5196 0.0031 0.99

2 0.0463 0.0120 0.0101 0.1692 0.2175 0.0015 1.99

3 0.0149 0.0017 0.0020 0.1492 0.1094 0.0020 2.96

4 0.0088 0.0003 0.0006 0.1270 0.0810 0.0014 3.99

5 0.0067 0.0001 0.0002 0.1062 0.0848 0.0015 4.97

6 0.0065 < 10−4 < 10−4 0.1045 0.0880 0.0015 5.94

7 0.0051 < 10−4 < 10−4 0.0887 0.0938 0.0013 6.96

8 0.0336 < 10−4 < 10−4 0.0828 0.0923 0.0014 7.92

9 0.0348 < 10−4 < 10−4 0.0821 0.0970 0.0012 8.98

Average p-values for the simulated hDEG with variable numbers of outliers for a mixture Gaussian (0.5N (9, 1) + 0.5N (10, 1)) distributed tight cluster. M is the
average number of outliers detected using DOG.

Control samples containing outliers
DOG can be modified to enable the detection of hDEGs
when control samples contain outliers (see ‘’Allowing con-
trol samples to contain outliers of Methods. We illus-
trate this using the single-hDEG example with one outlier
added to the control samples - Table 5. It can be seen that
DOG accurately detected the outliers from both control
and experimental samples. MOST and LSOSS failed to
detect the hDEG.

Breast cancer data
Figure 4 illustrates the ordered expressions of the top
four hDEGs as detected by the COPA, OS, ORT, MOST,
LSOSS and DOG respectively (with annotations of rank-
ings). The rankings of the genes were based on the order of
the test statistics. The defining feature of DOG’s top four
hDEGs, PEX6, TFP12, UGT2B4 and SLC4A2 (last row
of Figure 4), is that they contain a few highly expressed
outliers. Figure 5 shows the top 25 predictions of hDEGs
using DOG for this data set. Existing literature have estab-
lished these genes to be of biological relevance to the
progression and treatment of breast cancer ([14-23]).

Most other algorithms chose genes with a reasonably
large pool of differentially expressed experimental sam-
ples expressed at a more moderate level. LSOSS also
generally favoured ordinary DEGs. MOST chose a set of
top four genes with only one or two moderately expressed
outliers.
Table 6 shows how the top 100 predictions of these

algorithms overlap - COPA and OS are most similar in
their rankings whilst DOG has a maximum of 15% over-
lap with OS. Using the ordered log2 expressions of each
algorithm’s unique top 100 genes, Figure 6 illustrates the
median expressions minus the minimum expressions for
each experimental sample index. The unique top 100
genes for DOG and COPA showed the largest change
across their experimental samples, their difference being
that COPA favoured hDEGs with a larger number of out-
liers whilst DOG picked out hDEGs with small numbers
of outliers.
Using the significance analysis approach discussed in

‘’Significance analysis for real data of Methods, we esti-
mated p values from sampling the replicates which then
give us alternative p values based rankings of the genes.

Table 5 Control samples containing outlier

Outlier no COPA OS ORT MOST LSOSS DOG M

1 0.2199 0.1167 0.1790 0.3165 0.4709 0.0009 2

2 0.1126 0.0509 0.0529 0.2327 0.3206 0.0009 3

3 0.1086 0.0095 0.0147 0.1942 0.2366 0.0008 4

4 0.1235 0.0017 0.0038 0.1468 0.1981 0.0008 5

5 0.0855 0.0001 0.0010 0.1358 0.2039 0.0006 6

6 0.0467 < 10−4 0.0001 0.1225 0.1984 0.0006 6.99

7 0.0648 < 10−4 < 10−4 0.1105 0.2216 0.0006 8

8 0.0416 < 10−4 < 10−4 0.1016 0.2236 0.0006 9

9 0.0233 < 10−4 < 10−4 0.0872 0.2298 0.0007 9.99

Average p-values for single-hDEG simulations when control samples contain an outlier. The outlier number on the left column denotes the numer of outliers in
experimental samples only. M is the average number of outliers in both control and experimental samples detected using DOG.
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Figure 4 COPA, OS, ORT, MOST, LSOSS, DOG. Breast cancer data: log2 expressions of the top four hDEGs detected using COPA, OS, ORT, MOST,
LSOSS, DOG. The vertical line indicates the separation of expressions in the tight cluster (left) and outliers (right).
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Figure 5 DOG. Breast cancer data: log2 expressions of the top 25 hDEGs detected using DOG.

We also found the top four predictions ranked using the p
values of DOG to be near identical to those ranked using
its t statistics, though there were discrepancies in rankings
for the lower ranking genes. Similar results were observed
for the remaining five algorithms.

Conclusions
The difficulty in identifying hDEGs arises from the fact
that only a small number of experimental samples are
highly expressed at a much higher level than the non-
outliers. As a result, various modified t tests target the

subset of potential outliers which are then tested against
the control group. In practice, for hDEGs with very few
outliers, we found that these algorithms often identify
hDEGs with insignificant deviations between the outliers
and the tight cluster of non-outliers. Based on this obser-
vation, the proposed algorithm assesses each potential
outlier in relation to the Gaussian tight cluster without
making an explicit assumption about the outlier distri-
bution. At each step, we update the posterior mean and
variance of the tight cluster which are then used to evalu-
ate the probability of an outlier being a random sample of
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Table 6 Ranking accordance

COPA OS ORT MOST LSOSS DOG

COPA 39.8 19.0 0.5 < 0.1 9.3

OS 25.0 4.7 < 0.1 14.9

ORT 3.6 2.5 11.1

MOST 0.5 2.0

LSOSS < 0.1

Breast cancer data: the overlap (percentage of accordant rankings) between top
100 predictions of the six algorithms.

the tight cluster. Examples of simulated and breast cancer
data sets verify the suitability of the proposed algorithm
in identifying hDEGs with small numbers of outliers. An
extension of the algorithm which fully takes into account
gene correlations will be presented in future work. For the
breast cancer data, we found negligible correlations across
the top ranking genes and very low correlations among the
less significant genes.

Methods
The proposed algorithm can be briefly summarised as
follows. We first take the list of candidate outliers to be
those experimental samples whose expressions are larger
than the maximum expression of control samples. For the
situation when control samples also contain outliers, see
section ‘’Allowing control samples to contain outliers for
a description of the necessary extension. The samples in
the candidate list are sorted in an ascending order. The

Figure 6 Trends. Breast cancer data: trends of scaled medians
(median minus the minimum across each sample index) across the
experimental samples of the log2 expressions of each algorithm’s
unique top 100 hDEGs.

algorithm then updates the tight cluster of non-outliers by
testing sequentially the samples in the updated candidate
list of outliers. The test is terminated when a significant
deviation between a candidate sample and the tight clus-
ter is detected. We now give the steps in more statistical
detail.
First, let us introduce some notation. Let x denote the

control samples and y the experimental samples of a gene
or a probe set (we drop the gene subscript i for simplicity).
The proposed DOG algorithm has the following steps:

1. Candidate outlier: Given the union of x and y,
z ≡ x ∪ y, we divide z into the candidate outlier set
z+ =⇑ {z+j ∈ z|z+j > max(x)} and the non-outlier
set z−j = {z−j ∈ z|z−j ≤ max(x)} where ⇑ sorts the
elements of a set in an ascending order.

2. Detection: Given a critical tail probability α and the
corresponding threshold tα [24]. The first element in
z+, z+1 , is classified as the first outlier if

t = z+1 − μ

σ
> tα

in which case the algorithm terminates and z+ is the
set of outliers. We use a default value of α = 0.05.
The parameters μ and σ 2 are posterior mean and
posterior variance derived of the tight cluster. Details
of estimating μ and σ are given below.

3. Absorption: On the other hand if t ≤ tα , we move z+1
to the tight cluster of non-outliers, z− ← z− ∪ z+1
and z+ ← z+\z+1 .

4. Estimating the parameters of the tight cluster: The
parameters μ and β = σ−2 are updated using
iterative Bayesian learning, i.e., by maximising the
posterior probability [24]. Given z ∼ N (μ, 1/β) with
conjugate priors μ ∼ N (μ0, 1/σ 2

0 ) and
σ 2 = 1/β ∼ IG(a, b), the log-posterior is

log P(θ |z−, α) ∝ logL(z−|μ, σ 2)+ log IG(σ 2|a, b)
+ logN (μ|μ0σ

2
0 )

(2)

where

logL(z−|μ, σ 2) ∝ log β/2−
∑
zj∈z−

β(zj − μ)2/2

log IG(σ 2|a, b) ∝ a log b+ (a+ 1) logβ − bβ

logN (μ|μ0, σ 2
0 ) ∝ −σ 2

0 (μ− μ0)
2/2

and θ = (μ, β) and α = (μ0, σ 2
0 , a, b).

Suppose n is the number of expressions in the tight
cluster for the current iteration. For simplicity, we set
μ0 = med(z−), a = 1, b is set to be the maximum
variance of expressions calculated gene by gene. To
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simplify the notation, we let β0 = σ−20 . β0 is updated
recursively but we set its initial value to be β

(1)
0 = 0.1.

The maximum a posteriori probability procedure
then gives the updates

μ = β
∑

j zj + β0μ0

βn+ β0
; 1/β =

∑
j(zj − μ)2 + 2b
n+ 2a+ 2

;

zj ∈ z− 1/β0 = (μ− μ0)2/2+ b
a+ 1

.

Repeat 3 and 4 until the first outlier (with the lowest
expression) is detected or until all candidate outliers
have been classified as non-outliers.

5. Classification: A gene for which the set z+ is
non-empty is classified as a hDEG.

The summary statistic for a gene is taken to be the
average of the outlier statistics

∑
j∈z+ tj/|z+|. We use the

average as opposed to the sum of outlier contributions as
we prioritise the detection of hDEGs with few outliers.

Remark 1. We allow the hyperparametersμ0 to be eval-
uated directly from the dataset. We set β

(1)
0 to be 0.1, β0 is

then updated iteratively in the algorithm.
We desire the tight cluster variance prior to be densely

distributed around the small values, thus we choose a = 1
and b to be the maximum gene sample variance. In prac-
tice, we found that a large b and a small a ≤ 1 optimise
detection rates.

Remark 2. It is clear that for a finite replicate number,
the difference in mean and variance of the tight cluster
at two sequential steps are bounded. Asymptotically, as
the sample size increases at each iteration, these differ-
ences converge toward zero since the posterior mean and
variance converge toward the sample mean and variance
and the tight cluster only absorbs probable null sam-
ples. This then guarantees asymptotic algorithmic con-
vergence. Convergence of parameters in step 4 for each
iteration follow from standard Bayesian results [25].

CumulativeMatthews correlation coefficient
We compare COPA, OS, ORT, MOST and LSOSS using
the cumulative Matthews correlation coefficient (cMCC)
which is the area under Matthews correlation coefficient
(MCC, [26,27]) in the interval [ 0, p∗]:

ρ̄ =
∫ p∗

0
ρpdp, (3)

the MCC ρp is defined as:

ρp= TPp × TNp − FPp × FNp√
(TPp+FPp)(TPp+FNp)(TNp + FPp)(TNp + FNp)

Here, TPp, TNp, FPp and FNp represent the numbers
of true positives (true hDEGs), true negatives (true non-
hDEGs), false positives and false negatives respectively.
These four quantities are determined based on a pre-
defined critical p-value, i.e. p ∈ (0, p�].

Total classification accuracy
The total classification accuracy is defined as

TNp + TPp
TNp+TFP+TPp+FPp (4)

where TPp, TNp, FPp and FNp have been defined above.

Receiver operating characteristic (ROC) analysis
Receiver Operating Characteristic (ROC) [28] analysis has
been used widely in outlier detection [11-13] for evaluat-
ing a classification model when varying the classification
threshold, thus it is a useful tool for analysing the robust-
ness of a classifier. As the threshold varies, the sensitiv-
ity

(
TPp

TPp+FNp

)
and the false positive rate

(
1− TNp

TNp+FPp
)

change accordingly. The ROC curve is then generated by
linking all the pairs of false positive rates and sensitivities
corresponding to a set of thresholds. The ROC curve of a
desirable classifier is close to the top-left corner. In par-
ticular, we limit the false positive rate to less and equal to
5% as rates above this correspond to critical p values that
are too large to be of practical relevance.We also calculate
the area under a ROC curve (AUC) for quantitative eval-
uation. A large AUC value of close to 1 indicates a good
classifier. As we truncate the false positive rate at an upper
limit of 5%, we scale the AUC by this limit so that the best
possible partial AUC value is one.

Allowing control samples to contain outliers
In order for DOG to detect hDEGs when outliers are
present in control samples, we can modify it slightly.
Rather than using z−j = {z−j ∈ z|z−j ≤ max(x)} in the first
step of the algorithm, we can use instead the rth (default
is 90th) percentile of the control samples as the separation
between samples belonging to the tight cluster and can-
didate outliers. Suppose the 90th percentile of the control
samples is denoted by ς , the selection of z−j now follows
z−j = {z−j ∈ z|z−j ≤ ς}. In practice, the rth percentile can
be specified subjectively by the modeller.

Significance analysis for real data
Existing literature on algorithms such as COPA, OS
and ORT typically omits statistical significance when
analysing real data. Here we propose a simple method
for significance analysis. We assume that control samples
contain no outliers. For each algorithm, we create new
control and experimental replicates of a gene under the
null hypothesis by sampling with replacement from only
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the control expressions of that gene. This is repeated 100
times to augment the set of null control and experimen-
tal samples. The null t statistics are then calculated for all
genes. The p value for each gene is then calculated as the
proportion of null statistics across all genes that exceed its
observed t statistic.

Experimental design
We first look at two simulated scenarios for comparing the
algorithms. For both scenarios, the tight cluster of control
samples and non-outlier experimental samples are drawn
randomly from a Gaussian distribution with a mean of ten
and a standard deviation of one. Both control and exper-
imental categories have 30 replicates. The outliers are
generated by adding distances to themaximum expression
of the tight cluster. The distances are called marginal null-
outlier distances in that such a distance measures the gap
between the tight cluster and the first outlier which is clos-
est to the tight cluster. The marginal oull-outlier distances
are sampled from a Gaussian distribution centered at two
and with a standard deviation 0.2. Similar to examples
seen in [10], we generate 10,000 non-DEGs which gives us
10,000 null t statistics and corresponding p-values for the
hDEGs. This approach is applied to each algorithm. All
simulations are repeated 100 times.
In the first scenario, we evaluate the algorithms for a

single hDEG. In addition, we vary the number of outliers
from one to nine. In the second scenario, we generate 50
non-DEGs and 50 hDEGs and vary the number of out-
liers from one to five. We also look at extensions of the
single-hDEG experiment for testing DOG with regard to
deviations from the model assumptions.
We then apply the algorithms to the histological breast

cancer dataset (GDS3139 - [29]) which was downloaded
from the gene expression omnibus (GEO, http://www.
ncbi.nlm.nih.gov/geo). It contains 22,283 genes for 14
breast cancer patients and 15 non-cancer women. The age
of non-cancer women was matched with that of cancer
patients.
For evaluation and comparison of algorithms, we use

the cumulative Matthews correlation coefficient (cMCC)
and the total classification accuracy (with a critical p-value
threshold of 0.01). We also carry out receiver operating
characteristic (ROC) analysis [28] for variable critical p-
value thresholds. Details of cMCC and ROC analyses have
been given above.

Competing interests
Both authors declare that they have no competing interests.

Authors’ contributions
ZRY and ZHY designed the algorithm. ZRY implemented the algorithm. ZHY
analysed the algorithm on the conceived simulated examples. ZRY acquired
the dataset from GEO and analysed the algorithm on the real dataset. ZRY and
ZHY wrote the paper. Both authors read and approved the final manuscript.

Author details
1Wolfson Institute for Preventive Medicine, Queen Mary University of London,
Charterhouse Square, London EC1M 6BQ, UK. 2College of Life and
Environmental Sciences, Exeter University, Stocker Road, Exeter, EX4 4QD, UK.

Received: 12 April 2012 Accepted: 14 February 2013
Published: 5 March 2013

References
1. Ebina M, Martínez A, Birrer M, Linnoila R: In situ detection of

unexpected patterns of mutant p53 gene expression in non-small
cell lung cancers. Oncogene 2001, 20:2579–2586.

2. Ezzat S, Smyth H, Ramyar L, Asa S: Heterogenous in vivo and in vitro
expression of basic fibroblast growth factor by human pituitary
adenomas. J Clin Endocrinol Metab 1995, 80:878–884.

3. Hess G, Rose P, Gamm H, Papadileris S, Huber C, Seliger B:Molecular
analysis of the erythropoietin receptor system in patients with
polycythaemia vera. Br J Haematol 1994, 88:794–802.

4. Knaust E, Porwit-MacDonald A, Gruber A, Xu D, Peterson C:
Heterogeneity of isolated mononuclear cells from patients with
acutemyeloid leukemia affects cellular accumulation and efflux of
daunorubicin. Haematologica 2000, 85(2):124–132.

5. Miyachi H, Takemura Y, Yonekura S, Komatsuda M, Nagao T, Arimori S,
Ando Y, et al:MDR1 (multidrug resistance) gene expression in adult
acute leukemia: correlations with blast phenotype. Int J Hematol
1993, 57:31–37.

6. Nakayama T, Watanabe M, Suzuki H, Toyota M, Sekita N, Hirokawa Y,
Mizokami A, Ito H, Yatani R, Shiraishi T: Epigenetic regulation of
androgen receptor gene expression in human prostate cancers.
Lab Invest 2000, 80:1789–1796.

7. Suzuki M, Hurd Y, Sokoloff P, Schwartz J, Sedvall G: D3 dopamine
receptor mRNA is widely expressed in the human brain. Brain Res
1998, 779:58–74.

8. Wani G, Wani A, MD’Ambrosio S, et al: Cell type-specific expression of
the O6-alkylguanine-DNA alkyltransferase gene in normal human
liver tissues as revealed by in situ hybridization. Carcinogenesis 1993,
14:737–741.

9. Tomlins S, Rhodes D, Perner S, Dhanasekaran S, Mehra R, Sun X,
Varambally S, Cao X, Tchinda J, Kuefer R, et al: Recurrent fusion of
TMPRSS2 and ETS transcription factor genes in prostate cancer.
Science 2005, 310:644–648.

10. Tibshirani R, Hastie T: Outlier sums for differential gene expression
analysis. Biostatistics 2007, 8:2–8.

11. Wu B: Cancer outlier differential gene expression detection.
Biostatistics 2007, 8:566–575.

12. Lian H:MOST: detecting cancer differential gene expression.
Biostatistics 2008, 9:411–418.

13. Wang Y, Rekaya R: LSOSS: detection of cancer outlier differential
gene expression. Biomarker Insights 2010, 5:69–78.

14. Boverhof D, Burgoon L, Williams K, Zacharewski T: Inhibition of
estrogen-mediated uterine gene expression responses by dioxin.
Mol Pharmacol 2008, 73:82–93.

15. Cattaneo M, Lotti L, Martino S, Cardano M, Orlandi R, Mariani-Costantini R,
Biunno I: Functional characterization of two secreted SEL1L isoforms
capable of exporting unassembled substrate. J Biol Chem 2009,
284:11405–11415.

16. Hensen E, De Herdt M, Goeman J, Oosting J, Smit V, Cornelisse C,
De Jong R: Gene-expression of metastasized versus
non-metastasized primary head and neck squamous cell
carcinomas: a pathway-based analysis. BMC Cancer 2008, 8:168.

17. Hoque M, Kim M, Ostrow K, Liu J, Wisman G, Park H, Poeta M, Jeronimo C,
Henrique R, Lendvai Á, et al: Genome-wide promoter analysis
uncovers portions of the cancer methylome. Cancer Res 2008,
68:2661–2670.

18. Iwao-Koizumi K, Matoba R, Ueno N, Kim S, Ando A, Miyoshi Y, Maeda E,
Noguchi S, Kato K: Prediction of docetaxel response in human breast
cancer by gene expression profiling. J Clin Oncol 2005, 23:422–431.

19. Missiaglia E, Blaveri E, Terris B, Wang Y, Costello E, Neoptolemos J,
Crnogorac-Jurcevic T, Lemoine N: Analysis of gene expression in
cancer cell lines identifies candidate markers for pancreatic
tumorigenesis andmetastasis. Int J Cancer 2004, 112:100–112.

http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo


Yang and Yang BMC Bioinformatics 2013, 14:81 Page 10 of 10
http://www.biomedcentral.com/1471-2105/14/81

20. Smeets A, Daemen A, Vanden Bempt I, Gevaert O, Claes B, Wildiers H,
Drijkoningen R, Van Hummelen P, Lambrechts D, De Moor B, et al:
Prediction of lymph node involvement in breast cancer from
primary tumor tissue using gene expression profiling andmiRNAs.
Breast Cancer Res Treat 2011, 129:767–776.

21. Smid M, Wang Y, Klijn J, Sieuwerts A, Zhang Y, Atkins D, Martens J,
Foekens J: Genes associated with breast cancer metastatic to bone.
J Clin Oncol 2006, 24:2261–2267.

22. Sun P, Gao L, Han S: Prediction of human disease-related gene
clusters by clustering analysis. Int J Biol Sci 2011, 7:61–73.

23. Sun C, Huo D, Southard C, Nemesure B, Hennis A, Cristina Leske M, Wu S,
Witonsky D, Olopade O, Di Rienzo A: A signature of balancing selection
in the region upstream to the humanUGT2B4 gene and
implications for breast cancer risk . Human Genet 2011, 130:767–75.

24. Bernardo J, Smith A, Berliner M: Bayesian Theory, Vol. 62. New York: Wiley;
1994.

25. Bishop C: Pattern Recognition andMachine Learning, Vol. 4. New York:
Springer; 2006.

26. Matthews B, et al: Comparison of the predicted and observed
secondary structure of T4 phage lysozyme. Biochimica et Biophysica
Acta 1975, 405:442–451.

27. Baldi P, Brunak S, Chauvin Y, Andersen C, Nielsen H: Assessing the
accuracy of prediction algorithms for classification: an overview.
Bioinformatics 2000, 16:412–424.

28. McNeil H, Barbara J: TheMeaning andUse of the Area under a Receiver
Operating Characteristic (ROC) Curve. Radiology 1982, 143:29–36.

29. Tripathi A, King C, de la Morenas A, Perry V, Burke B, Antoine G, Hirsch E,
Kavanah M, Mendez J, Stone M, et al: Gene expression abnormalities in
histologically normal breast epithelium of breast cancer patients.
Int J Cancer 2008, 122:1557–1566.

doi:10.1186/1471-2105-14-81
Cite this article as: Yang and Yang:Prediction of heterogeneous differential
genes by detecting outliers to a Gaussian tight cluster. BMC Bioinformatics
2013 14:81.

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

• 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


	Abstract
	Background
	Results
	Conclusions
	Keywords

	Background
	Results and discussion
	Simulated examples
	Scenario 1 - identification of a single hDEG
	Scenario 2 - identification of multiple hDEGs (100 genes with 50 hDEGs)

	Further simulated examples
	Variable marginal null-outlier distance
	Non-Gaussian tight cluster
	Control samples containing outliers

	Breast cancer data

	Conclusions
	Methods
	Cumulative Matthews correlation coefficient 
	Total classification accuracy
	Receiver operating characteristic (ROC) analysis
	Allowing control samples to contain outliers
	Significance analysis for real data
	Experimental design

	Competing interests
	Authors' contributions
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


