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Abstract
Background: The use of gene expression profiling for the classification of human cancer tumors has been widely 
investigated. Previous studies were successful in distinguishing several tumor types in binary problems. As there are 
over a hundred types of cancers, and potentially even more subtypes, it is essential to develop multi-category 
methodologies for molecular classification for any meaningful practical application.

Results: A jackknife-based supervised learning method called paired-samples test algorithm (PST), coupled with a 
binary classification model based on linear regression, was proposed and applied to two well known and challenging 
datasets consisting of 14 (GCM dataset) and 9 (NC160 dataset) tumor types. The results showed that the proposed 
method improved the prediction accuracy of the test samples for the GCM dataset, especially when t-statistic was used 
in the primary feature selection. For the NCI60 dataset, the application of PST improved prediction accuracy when the 
numbers of used genes were relatively small (100 or 200). These improvements made the binary classification method 
more robust to the gene selection mechanism and the size of genes to be used. The overall prediction accuracies were 
competitive in comparison to the most accurate results obtained by several previous studies on the same datasets and 
with other methods. Furthermore, the relative confidence R(T) provided a unique insight into the sources of the 
uncertainty shown in the statistical classification and the potential variants within the same tumor type.

Conclusion: We proposed a novel bagging method for the classification and uncertainty assessment of multi-
category tumor samples using gene expression information. The strengths were demonstrated in the application to 
two bench datasets.

Background
The use of gene expression profiling for the classification
of human cancers has been widely investigated. Previous
works were successful in predicting tumor types in the
context of binary problems. Many algorithms for feature
extraction and sample classification have been proposed
[1-6]. More recently, a method for addressing the poten-
tial mislabeling in the training set was proposed for
binary classification of cancer samples [7]. As there are
over a hundred types of cancers, and potentially even
more subtypes [8], it is essential to develop multi-cate-
gory methodologies for molecular classification for any
practical application [9].

Multi-category prediction can be achieved using binary
classification algorithms via the one-versus-one (OVO)
and/or one-versus-rest (OVR) partition of the training
data set. However, in a cancer type prediction, multi-cat-
egory problems proved to be more challenging than sim-
ple binary problems, and the reported results were less
than satisfactory [3,10]. On one hand, when the available
resource is limited and the sample size of a given category
(class) is small, classifiers based on the OVR partition of
the data set potentially suffer from severe over-fitting,
leading to low predictive ability and robustness. Further-
more, the substantial noise introduced by implementing
the numerous classifiers under an OVO scheme and the
asymmetric training sets caused by OVR partitioning of
the data will inevitably weaken the classification system.
On the other hand, the effects of biological and technical
noise together with the genetic heterogeneity of samples
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within a clinically defined tumor class decrease the pre-
dictive power in a multiple setting [11].

In disease diagnostic, a measurement of confidence or
uncertainty reported with the type determination is
always desirable [6]. However, some well-established sta-
tistical criteria (such as classification probability) often
become less credible and of little biological meaning for
highly heterogeneous cancer types, especially in the con-
text of multiple cancer types. A potential reason is that
the winning classifier used to discriminate one cancer
type from others could be weak or unstable due to limited
training samples. Although this phenomenon was alluded
to in previous studies [11], it has not received appropriate
attention. Figure 1 presents a graphical illustration of the
problem. Using an OVR binary classifier, all samples of a
homogeneous cancer type (A) were classified correctly
and with high confidence. All other cancer type samples
in the group have probabilities of being cancer type A
close to zero (Figure 1a). However, the situation was very
different when a heterogeneous cancer class (B) was con-
sidered. In fact, some samples of cancer B type had classi-
fication probability lower than 0.5 (Figure 1b). Such low
classification probability could lead to misdiagnosis if a
hard classification rule is applied. It is possible that such
low probability is due to the weakness of the classifier
that is established with a highly heterogeneous training
set.

The jackknife is a well known, non-parametric method
often used for estimating the sampling distribution of a

statistic. Given a sample dataset and a desired statistic
(e.g., the mean), the jackknife works by computing the
desired statistic with an element (or a group of elements)
removed from the equation. The process is repeated for
each element in the dataset. The application in cancer
classification with gene expression profiling has been
reported in the context of binary problems [12]. In that
study, the individual maximum difference subsets
(MDSSs) of genes identified from a set of jackknife sub-
sets of samples were aggregated to generate the "overall
MDSS" in order to return the expected classification. In
other words, jackknife was used for feature selection
rather than for training multiple sub-classifiers.

In this study, a new learning method called paired-sam-
ples test algorithm (PST), which is based on the jackknife
method, was used to classify multiple tumor types using
gene expression data. The proposed method is designed
for solving multi-category problems under an OVR
scheme with a very limited training data set, and it is sim-
ilar to the bootstrap aggregating (bagging) procedure,
which proved to be helpful in improving weak classifiers
[13,14]. In order to get a relative measurement of uncer-
tainty in the prediction of a sample category (class), the
training sample being removed (validation sample) each
time was predicted together with the training samples.
The procedure was implemented in a parsimonious way,
making its integration with a computationally intensive
algorithm, such as the stochastic, regulation-based binary
regression [6], feasible. The performance of the proposed
method was evaluated under several scenarios of gene
selection criteria using two well known and challenging
datasets: the GCM and NCI60 datasets containing 14 and
9 cancer tumor types, respectively.

Results and Discussion
Determination of the optimum number of genes (fea-
tures) to be used by the classification algorithm is usually
a difficult task that depends on several factors, including
the classification algorithms and the complexity of the
data set. For the used binary regression algorithm, previ-
ous studies have shown that a feature set of one to two
hundred top genes is adequate for a simple two category
problem [6,7]. In this study, the size of the feature set
used was 200, 300, 500 or 1000 genes for the GCM data-
set and 100, 200, 300 or 5000 genes for the NCI60 data-
set.

GCM data
The prediction accuracy of the 54 validation samples,
using different gene selection procedures, is summarized
in Figure 2. The results showed that fold change and
penalized t-statistic based methods for feature selection
outperformed the t-statistic-based procedure. In most
cases, the application of PST improved the prediction

Figure 1 Classification probability of a) low heterogeneity cancer 
type A and b) high heterogeneous cancer B using one-versus-rest 
(OVR) classifiers.
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accuracy or maintained the high accuracies that had been
obtained prior to its application, except in the scenario of
1000 genes and penalized t-statistic. The largest improve-
ment occurred when 200 genes were considered using
different feature selection criteria, resulting in an
increase in accuracy ranging from 9.3% to 16.7%. The
combination of 500 genes, fold change-based feature
selection and PST had the highest prediction accuracy of
83.4%. Additionally, almost 50% of the 16.6% incorrectly
classified samples had their true tumor type predicted as
the second possible classification in this scenario.

It should be noted that while the largest improvements
were seemingly coming from the weaker gene selection
mechanisms, the application of PST made the binary
regression algorithm more robust in relation to the gene
selection methods and the size of the gene set to be used.

These prediction results are, in general, better than
those obtained by several previous studies using the same
data set (Table 1). Using a recursive feature elimination
procedure and a support vector machine (SVM) classifi-
cation algorithm, Ramaswamy et al. (2001) obtained their
best result with 42 tumors correctly predicted among the
54 test samples, corresponding to an accuracy of 78%
[11]. Using a feature selection algorithm based on the
overlaps of gene expression values between different
classes in conjunction with the Covering Classification
Algorithm (CCA), a modification of the k-NN method,
Bagirov et al. (2003) achieved a prediction accuracy of
around 80% [15]. Based on the concept of gene interac-
tion, Antonov et al (2004) proposed a Maximal Margin
Linear Programming (MAMA) procedure that combines
linear programming (LP) and SVM [16]. Using MAMA,
only eight test samples were misclassified. Although

Figure 2 Improvement in prediction accuracy when the proposed jackknife-like method using the independent test for GCM dataset.
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slightly superior to our method (8 vs. 9 misclassified sam-
ples) in the overall accuracy, the lack of information
about confusion profiles of the prediction and the sec-
ondary classification of non-correctly predicted samples
make the direct comparison between both methods diffi-
cult. Recently, Sheng and Tan (2006) reported a predic-
tion accuracy of around 83% by using error correcting out
codes (ECOC), SVM and a recursive feature elimination
procedure [17]. The output coding based approach is
very costly in implementation and the result was highly
sensitive to the decoding functions and the length of the
random code.

It is possible that the superiority of the proposed
method over SVM and other learning algorithms could
be related to the difference in gene selection methods
used in this study and by Ramaswamy et al (2001) and
Bagirov et al (2003) [11,15]. However, our preliminary
work as well as readily available information [10,18] dem-
onstrated that SVM outperformed k-NN, NN (neural
network), PNN (probabilistic neural work) and the deci-
sion tree in general does not support such a claim. In fact,
the highest accuracies obtained using SVM occurred
when 200-1000 genes were selected based on FC, t-statis-
tics, penalized t-statistics and non-parametric ANOVA,
ranging from 72.2% to 75.9%. These were well below the
results obtained using our approach.

As indicated in Table 1, it seems that some tumor types
are easily predicted. For example, LY, UT, ME and CSN
tumors had 100% prediction accuracy using all three
methods. Meanwhile, other types, such as BR, had a high
misclassification rate ranging from 50 to 75%, indicating
potential excess heterogeneity. Additionally, the profile of
misclassified samples was very different between the four
studies. In fact, among the four BR tumors, two were mis-
classified as OV and PA in Ramaswamy et al (2001) [11],
three were misclassified as LU, LU and BL in Bagirov et al
(2003) [15], and three were misclassified as LE, PA, and
UT in the current study.

To further validate the results behind the use of the
independent 54 test samples, a four-fold cross validation
was conducted for the 144 training samples. The results
of this validation are presented in Figure 3. In most sce-
narios, the prediction accuracy was improved when the
proposed Jackknife method was used. The highest value
was 82.6%, which was achieved from several combina-
tions of the gene selection method and gene number,
including the case of FC-based gene selection and 500
genes. This accuracy value was similar to the best perfor-
mance of 83.4% obtained using the independent 54 test
samples, and it is 5.6% higher than the accuracy obtained
by Ramaswamy et al (2001) [11].The NP-ANOVA feature
selection performed marginally better in the cross valida-

Table 1: Comparison between the incorrectly classified samples obtained using the proposed method and previous 
studies using the same data set.

Misclassified samplesa

Tumor Type Test samples Ramaswamy (2001) Bagirov (2003) Current Study

BR 4 2(OV, PA) 3(LU, LU, BL) 3(LE, PA, UT)

PR 6 2(OV, UT) 2(BR, UT)

LU 4 2(BL, ML) 0 1(BL)

CO 4 0 1(UT) 1(CSN)

LY 6 0 0 0

BL 3 1(ML) 2(UT, PA) 0

ML 2 1(BL) 0 1(RE)

UT 2 0 0 0

LE 6 1(PR) 0 0

RE 3 0 2(BR, UT) 0

PA 3 1(BR) 1(CO) 0

OV 4 2(ML, PA) 0 2(BL, CL)

ME 3 0 0 1(RE)

CSN 4 0 0 0

Total 54 12 11 0

9

a In parenthesis are the assigned tumor types for the misclassified samples.
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tion than in the independent test with the highest predic-
tion accuracy of 82.0%.
PPP rediction uncertainty
Uncertainty of the 45 correctly classified test samples
from the best result is graphically presented in Figure 4.
Among these 45 samples, eight tumors (1 ML, 5 LE, 3
CNS) had high F(T) (>.75) and nearly 3/4 of the tumors
had their prediction confidence < 0.5. For the classifica-
tion algorithm used in this study, F(T) was defined as the
aggregate probability that the test sample T belongs to the
assigned tumor type. In this context, considering F(T)
alone makes the current prediction results seem unex-
pected. However, when taking R(T) values into account,
confidence measurement, or F(T), appears to be in better
agreement with the results of this study. Of those samples
with lower prediction confidence, the majority had their
R(T) between -0.15 and 0.15, suggesting that their lower
prediction confidences were mainly due to the potential
weakness of the classifiers and/or some moderate hetero-

geneity. In addition, the profile of the four metastatic
prostate (PR) samples was interesting. Although they
were predicted with 100% accuracy, their relative confi-
dences were low. This suggests the metastatic tumors can
be distinguished from the primary tumors of the same
type by using the proposed relative confidence criterion.

NCI60 data
There were no independent test (validation) samples in
the NCI60 dataset. Consequently, ten-fold cross valida-
tion was conducted as in Statnikov et al (2005) [10]. The
results are summarized in Figure 5. In most scenarios, the
prediction accuracy ranged from 66.7% to 73.3%. The
improvement due to the use of the PST algorithm was not
as significant as with the GCM data. A modest improve-
ment was observed when the number of used genes was
relative small (200 - 300). One explanation is that,
because some tumor types had a very limited number of
samples (4-5 samples) available for training the classifiers,

Figure 3 Prediction accuracy in the cross validation for GCM dataset.
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holding out one sample from the training set as is
required for the implementation of PST sharpened sam-
ple shortage and weakened the trained classifiers. Never-
theless, the prediction accuracy obtained was comparable
to the best reported results using this dataset. According
to Statnikov et al. (2005) [10], SVM-based methods per-
formed much better than k-NN, PNN (probabilistic neu-
ral network) and other non-SVM methods with an
accuracy ranging from 47.4% to 75.0%. Furthermore, it
was evident from our study that breast cancer (BR) sam-
ples were unpredictable. This result is consistent with
Ross et al (2000), in which the BR samples could not be
clustered together [19]. The reason could be that the BR
samples contained estrogen positive (ER+) and estrogen
negative (ER-) subtypes [19].

Conclusions
In cancer type predictions, multi-category problems have
proven to be more challenging than binary cases, not only
in the classification accuracy but also in the assessment of
uncertainty. In this paper, a jackknife-like classification
method, called paired-samples test algorithm (PST), was
proposed and applied to two bench datasets of multiple
tumor types [11,20]. The results showed that the pro-

posed method has improved the prediction accuracy of
test samples in the GCM dataset, especially when t-statis-
tics were used for primary feature selection. For the
NCI60 dataset, improvement was observed only when
the number of used genes was relative small. These
improvements made the binary regression algorithm
more robust to gene selection and the number of genes
used.

The core idea of the proposed method is to repeatedly
test a certain known tumor type with a blind test sample
while withholding an associated training sample; in this
way, not only can the prediction be made but also the rel-
ative confidence R(T) of the prediction can be accessed by
measuring the difference between the prediction proba-
bility of the test sample and the corresponding value of
the withheld training sample. R(T) provided insight into
the sources of the uncertainty in the statistical classifica-
tion by revealing the loss in confidence due to the utiliza-
tion of weak classifiers or heterogeneity in a given tumor
type. It is possible to combine the measurement F(T) and
R(T) to make a better score for type determination. Our
continuous work will consider this possibility in regards
to penalizing a negative R(T) value.

Figure 4 Prediction confidence and relative confidence for the 45 correctly classified samples using fold change-based gene selection and 
paired-samples test algorithm in the independent test for GCM dataset. The 6 samples to right end were metastatic tumors.
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Methods
Paired-samples test algorithm
Background
When the distribution of the data is complex and/or the
training set is small compared to the feature dimension,
the combined decision of an ensemble of multiple classi-
fiers can be used to improve the performance of a single
classification rule [13]. The bagging procedure is one
such technique widely used to establish multiple classifi-
ers [21]. It consists of training a set of classifiers, each
being based on a bootstrap replicate of the training set,
and aggregating them according to relative credits or
weights. In the process of training classifiers for tumor
prediction using microarray data, a feature selection step
is usually performed in order to decrease noise. There-
fore, the bagging technique could improve the robustness
for the prediction mainly due to the fact that each classi-
fier has its specific training set and group of selected fea-
tures. However, for multi-category problems, the
application of bagging techniques is subject to some limi-

tations due to the partition of the training set as
described in the following paragraph.

Assume the original training set includes 10 tumor
types labeled with letters from A to J, and each type has 8
samples. In establishing an OVR classifier for separating
type A from others, the training data will be divided into
two groups, one containing the A samples (8 samples)
and another containing the remaining 72 samples (B to J).
Although the training set is not small in size, it is
extremely asymmetric. Theoretically, in a bootstrap repli-
cate of the same size, the probability of a sample being

included is [21]. Thus, the number of A sam-
ples in some replicates may be very small, leading to an
inaccurate classifier. Furthermore, a valid bagging tech-
nique requires a great deal of replicates. Consequently,
combining a bagging technique with computationally
intensive classification algorithms and gene extraction
methods may become impractical due to high computa-
tional cost. In order to overcome these shortcomings, we

1 0 631− ≈e .

Figure 5 Prediction accuracy in the cross validation for NCI60 dataset.
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propose a paired-samples testing algorithm, a parsimoni-
ous jackknife-like method.
Paired-samples test algorithm (PST)
The algorithm is based on the concept of jackknifing. For
every tumor type, multiple classifiers are established. The
size of the classifier ensemble is equal to the number of
the training samples of the tumor type in the original
data. Each classifier is trained on a data set with one sam-
ple of the tumor type withheld. Using the same classifier,
the withheld sample is "predicted" together with the test
samples (for description convenience and without loss of
generality, we assume there is only one sample in the test
set). The probabilities that the two samples belong to the
same tumor type are computed and a relative value is cal-
culated as the difference of the two probabilities. By
aggregating the results from the multiple classifiers, the
probability that the test sample belongs to the tumor type
and its relative confidence are obtained. Similarly, the
same quantities (probability and relative confidence) are
calculated for the remaining other tumor types in the test
sample. Finally, the maximum confidence rule is used to
determine the tumor type for the test sample and to
report the confidence and relative confidence for the pre-
diction. Figure 6 shows the flow process of the algorithm.

The mathematical process is illustrated in Figure 7. The
data set contained three tumor types labeled A, B and C
with na, nb and nc training samples, respectively. T is the
test sample for which the tumor type is to be determined,
and CLA, CLB and CLC represent the three classifier
ensembles for tumor type A, B and C, respectively. p(T T
A|CLA- i) represents the probability that test sample T
belongs to tumor class A under classifier CLA-i,, where
the subscript i indicates that sample Ai was removed from
the training set. All other probabilities are defined in the

same way.  and  represent the confidences
that T belongs to tumor type A, B and C, respectively, and

 and  are the relative confidences. P(T) = λ
indicates that sample T has been classified as tumor type
λ (λ = A, B or C), and F(T) and R(T) are the prediction
confidence and relative confidence, respectively.
Prediction uncertainty
Uncertainty is usually evaluated through its reverse rela-
tionship with some confidence measurements [6,7,11].
However, a low prediction confidence for a given sample
may stem from the inadequacy of the classifiers used and/
or the sample itself. In this study, for a test example T, in
addition to the confidence measurement F(T) to be used
for class determination, the relative confidence R(T) was
calculated in order to provide insight into the sources of
uncertainty in the statistical classification. It was defined
as the aggregated difference between the estimates (from
the series of sub-classifiers based on the training sets) of
the probability that the blind test sample T belongs to the
assigned tumor type, and the correspondent values for
the training samples that actually belong to the class
which are paired with T. As showed in Figure 1, R(T)
measures the similarity of a particular test sample that
has been assigned to a specific tumor type class relative to
samples known to be of the same tumor type. If R(T) does
not deviate much from zero, the sample could be consid-
ered as an "average" tumor of the assigned type. In this
case, even a low F(T) does not represent a severe problem
because the uncertainty is mainly due to potential limita-
tions of the used classifier. However, when R(T) deviates
substantially from zero in the negative direction, a small
to medium magnitude for F(T) could indicate that the
test sample is likely to be a member of an unknown sub-
type or variant that is absent or less represented in the
training set. A large positive R(T) will very likely indicate
a high heterogeneity between the training samples in the
tumor type in which the test sample was classified as
indicated in Figure 8.

Binary classification algorithm
A binary classification algorithm was nested in PST and
was performed to establish the series sub-classifiers and
calculate the classification probabilities, such as CLA- i
and p(T T A|CLA- i) as indicated in Figure 7. Prior to each
implementation, the genes were selected with the infor-
mation of the involved training samples and by using the
methods described in section 2.3.

In this algorithm, the relationship between the binary
response, Y = (Y1, Y2, ... Yn), and the gene expression
matrix, X = (X1, X2, .. Xn), was modeled via a continuous
and unobserved latent random variable (liability) λ = (λ1,
λ2, ..., λn) such that

F FT
A

T
B( ) ( ), FT

C( )

R RT
A

T
B( ) ( ), RT

C( )

Figure 6 Flow chart of paired-sample test algorithm.

OVR scheme: assume one cancer type as the positive class and 
the remain type as negative class alternatively

Based on each sub-classifier, calculate the probability and relative 
confidence that the blind test sample belongs to the positive class

Determine the cancer type of the blind test sample from the results of all 
the OVR partitions by using a maximum confidence rule

For each OVR partition, establish multiple sub-classifiers based 
on the perturbed datasets with one training sample held-out alternatively

Aggregate the confidence measures from the multiple sub-classifiers

Report the confidence and relative confidence for the prediction
for the blind test sample. 
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and

where β was a vector containing model parameters.
The link function of the linear predictor  with the
binary response Yi was structured via a probit model
[6,22,23]. That is

where Φ (·) was the standard normal cumulative distri-
bution function.

Due to the fact that the number of genes was larger
than the number of samples, a dimension reduction tech-
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Figure 7 Illustration of paired-sample test algorithm.
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CLA-I represents  a classifier trained without sample Ai in the training set. CLB-j and CLC-k are defined in the same way.

Figure 8 Illustration of classification in the presence of a hetero-
geneous cancer type. "B" indicates samples in training set and "T" is a 
test sample. The latter is closer to the center of the class than some 
training samples leading to a positive relative confidence.
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nique called singular value decomposition (SVD) was
performed on the gene expression matrix X [6]. The
resulting model is equivalent to the one in equation (3)
but with "eigen-genes" as the exploratory factors [24].The
reduced regression model had the dimension of its
parameter vector γ equal to the number of samples in the
training set. The parameter vector, γ was estimated using
Gibbs sampling, and β in equations (2) and (3) was
obtained as a by linear transformation of the estimates of
the reduced model [6,7]. The technical details of the
implementation of SVD and Gibbs sampling can be found
in West et al (2001) and Zhang et al (2006) [6,7]. We also
tried using ICA (Independent Component Analysis) to
replace SVD for dimension reduction [25], however no
positive improvement in the prediction performance was
achieved (results not shown).

Feature selection
Feature selection steps were required for cancer classifi-
cation with gene expression profiling. In this study, four
gene ranking methods were combined with PST. All the
calculations were based on log2 transformed gene expres-
sion data.
Fold change (FC)
It is calculated with the formula FC = |Mo - Mr|. In OVR
setup, Mo represents the mean of the training samples in a
single tumor type to be separated from the others, and Mr
represents the mean of the training samples in all other
cancer types.
t-statistic
It is defined as

where Sp is the pooled standard deviation, No and Nr are
the numbers of the training samples in the two groups,
respectively, and Mo and Mr are the same as defined
above. Gene ranking is based on the absolute values.
Penalized t-statistic
It penalizes genes with small Sp by adding a positive quan-
tity, a, to the denominator of the t-statistic, represented
by the formula:

In this study, δ was set to a value equal to the ninetieth
percentile of the distribution of the standard deviations of
Sp for all genes in the array [26].
Kruskal Wallis non-parameter test (NP-ANOWA)
The statistic in this test was defined as

where Ri is the sum of ranks in group i, ni is the number
of observations in the ith group, and n is the sample size.
There are e distinct values, with v1 equal to the smallest,
v2 equal to the next smallest and so on. In OVR setup, the
test reduces to the two-sided Mann-Whitney's Test. For
gene ranking, only the statistic W is required.

Data
The proposed method was applied to two well-known
and challenging datasets that have been analyzed previ-
ously by several groups.
GCM dataset
It consisted of 144 and 54 training and testing samples,
respectively, representing 14 tumor types [11]. These
tumor types included BR (breast adenocarcinoma), PR
(prostate adenocarcinoma), LU (lung adenocarcinoma),
CO (colorectal adenocarcinoma), LY (lymphoma), BL
(bladder transitional cell carcinoma), ML (melanoma),
UT (uterine adenocarcinoma), LE (leukemia), RE (renal
cell carcinoma), PA (pancreatic adenocarcinoma), OV
(ovarian adenocarcinoma), ME (pleural mesothelioma)
and CNS (central nervous system). All samples were pri-
mary tumors with the exception of eight metastatic
tumors in the test set. Expression data was generated
using Affymetrix high-density oligonucleutide microar-
rays containing 16,043 known human genes or expressed
sequence tags (EST). Cancer types LY, CNS and LE have
more training samples in the original dataset. Based on
literature [11,15] and our primary analysis of the data,
samples for these three types were consistently predicted
with very high accuracy (95-100%). In the current study,
in order to remove the concern that the high accuracy
was related to the larger training sets, only 8 training
samples for each of the tumor types were used for the
prediction of test samples.
NCI60
The 60 cell lines were derived from tumors: 8 breast, 5
central nervous system, 7 colon, 6 leukemia, 8 melanoma,
9 non-small-cell-lung-carcinoma (NSCLC), 6 ovarian, 2
prostate, and 8 renal [20]. Because of their small class
size, the two prostate cell lines were excluded from our
analysis. Expression data was generated using Affymetrix
high-density oligonucleutide microarrays containing
6,817 human genes [20].

For both datasets, the expression intensities for each
gene were calculated using Affymetrix GENECHIP anal-
ysis software. In the current study, some preprocessing
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was conducted on the data provided in literature [11,20].
It consisted of threshold treatment of the expression
intensities with 20 for GCM data (1 for NCI60 data) and
16,000 as the lower and upper limit, respectively, after
which the log2 transformation was applied. Further, genes
with the highest transformed intensity smaller than two
times the minimum expression across all samples of each
dataset were deleted.

Authors' contributions
WZ and RR developed the algorithm. WZ carried out statistical analysis and
drafted the manuscript. KR, YW and KB participated in writing. All authors read
and approved the final manuscript.

Acknowledgements
The authors are grateful to the two reviewers for their constructive comments.

Author Details
1Department of Animal and Dairy Science, University of Georgia, Athens, GA 
30602, USA, 2Department of Statistics, University of Georgia, Athens, GA 30602, 
USA and 3Institute of Bioinformatics, University of Georgia, Athens, GA 30602, 
USA

References
1. Furey S, Cristianini N, Duffy N, Bednarski DW, Schummer M, Haussler D: 

Support vector machine classification and validation of cancer tissue 
samples using microarray expression data.  Bioinformatics 2000, 
16:906-914.

2. Golub TR, Slonim DK, Tamayo P, Huard C, Gassenbeek M, Mesirov P, Coller 
H, Loh ML, Downing JR, Caligiuri MA: Molecular classification of Cancer: 
Class discovery and class prediction by gene expression prediction.  
Science 1999, 286:531-537.

3. Dudoit S, Fridlyyand J, Speed T: Comparison of discrimination methods 
for classification of tumors using gene expression data.  J Am Stat Ass 
2002, 97:77-87.

4. Khan J, Wei JS, Ringner M, Saal LH, Ladanyi M, Westermann F, Berthold F, 
Schwab M, Antonescuy CR, Peterson C, Meltzer PS: Classification and 
diagnostic prediction of cancers using gene expression profiling and 
artificial neural networks.  Nat Med 2001, 7:673-679.

5. Tusher VG, Tibshirani R, Chu G: Significance analysis of microarrays 
applied to the ionizing radiation response.  Proc Natl Acad Sci 2001, 
98:5116-5121.

6. West M, Blanchette C, Dressman H, Huang ER, Ishida S, Spang R, Zuzan H, 
Olson JA Jr, Marks JR, Nevins JR: Predicting the clinical status of human 
breast cancer by using gene expression profiles.  Proc Natl Acad Sci 
2001, 98:11462-11467.

7. Zhang W, Rekaya R, Bertrand JK: A method for predicting disease 
subtypes in presence of misclassification among training samples 
using gene expression: application to human breast cancer.  
Bioinformatics 2006, 22:317-325.

8. Hanahan D, Weinberg R: The hallmarks of cancer.  Cell 2000, 100:57-7.
9. Yeang CH, Ramaswamy S, Tamayo P, Mukherjee S, Rifkin RM, Angelo M, 

Reich M, Lander E, Mesirov J, Golub T: Molecular classification of multiple 
tumor types.  Bioinformatics 2001, 17(suppl.1):S316-S322.

10. Statnikov A, Aliferis CF, Tsamardinos I, Hardin D, Levy S: A comprehensive 
evaluation of multicategory classification methods for microarray 
gene expression cancer diagnosis.  Bioinformatics 2005, 21:631-643.

11. Ramaswam S, Tamayo P, Rifkin R, Mukherjee S, Yeang CH, Angelo M, Ladd 
C, Reich M, Latulippe E, Mesirov JP, et al.: Multiclass cancer diagnosis 
using tumor gene expression signatures.  Proc Natl Acad Sci 2001, 
98:15149-15154.

12. Lyons-Weiler J, Patel S, Bhattacharya S: A classification-based machine 
learning approach for the analysis of genome-wide expression data.  
Genome Res 2003, 13:503-12.

13. Skurichina M, Duin RPW: Bagging, boosting and the random space 
method for linear classifiers.  Pattern Anal Appl 2002, 5:121-135.

14. Statnikov A, Wang L, Aliferis CF: A comprehensive comparison of 
random forests and support vector machines for microarray-based 
cancer classification.  BMC Bioinformatics 2008, 9:319.

15. Bagirov AM, On B, Ivkovic S, Aaunders G, Yearwood J: New Algorithms for 
multi-class diagnosis using tumor gene expression signatures.  
Bioinformatics 2003, 19:1800-1807.

16. Antonov AV, Tetko IV, Mader MT, Budczies J, Mewes HW: Optimization 
models for cancer classification: extracting gene interaction 
information from microarray expression data.  Bioinformatics 2004, 
20:644-652.

17. Shen L, Tan EC: Reducing multiclass cancer classification to binary by 
output coding and SVM.  Comput Biol Chem 2006, 30(1):63-71.

18. Li T, Zhang C, Ogihara M: A comparative study of feature selection and 
multiclass classication methods for tissue classification based on gene 
expression.  Bioinformatics 2004, 20:2429-2437.

19. Ross DT, Scherf U, Eisen MB, Perou CM, Rees C, Spellman P, Irer V, Jeffrey 
SS, Rijin M Van de, Waltham M, et al.: Systematic variation in gene 
expression patterns in human cancer cell lines.  Nat Genet 2000, 
24:227-235.

20. Staunton JE, Slonim DK, Coller HA, Tamayo P, Angelo MJ, Park J, Scherf U, 
Lee JK, Reinhold WO, Weinstein JN, Mesirov JP, Lander ES, Golub TR: 
Chemosensitivity prediction by transcriptional profiling.  Proc Natl Acad 
Sci 2001, 98:10782-10794.

21. Breiman : Bagging predictors.  Machine Learning 1996, 24(2):123-140.
22. Albert J, Chib S: Bayesian analysis of binary polychotomous response 

data.  J Am Stat Ass 1993, 88:669-670.
23. Johnson VE, Albert JH: Ordinary Data Model Springer New York; 1999. 
24. Wall ME, Rechtsteiner A, Rocha LM: Singular value decomposition and 

principal component analysis.  In A Practical Approach to Microarray Data 
Analysis Edited by: Berrar DP, Dubitzky W, Granzow M. Kluwer: Norwell; 
2003:91-109. 

25. Huang D, Zheng C: Independent component analysis-based penalized 
discriminant method for tumor classification using gene expression 
data.  Bioinformatics 2006, 22:1855-1862.

26. Efron B, Tibshirani R, Storey D, Tusher V: Empirical Bayes analysis of a 
microarray experiment.  J Am Stat Ass 2001, 96:1151-1160.

doi: 10.1186/1471-2164-11-273
Cite this article as: Zhang et al., A jackknife-like method for classification and 
uncertainty assessment of multi-category tumor samples using gene expres-
sion information BMC Genomics 2010, 11:273

Received: 10 March 2009 Accepted: 29 April 2010 
Published: 29 April 2010
This article is available from: http://www.biomedcentral.com/1471-2164/11/273© 2010 Zhang et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.BMC Genomics 2010, 11:273

http://www.biomedcentral.com/1471-2164/11/273
http://creativecommons.org/licenses/by/2.0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11120680
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10521349
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11385503
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11309499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11562467
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16267079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10647931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11473023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15374862
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11742071
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12618382
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18647401
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14512351
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15033871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16321568
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15087314
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10700174
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16709589


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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 [612.000 792.000]
>> setpagedevice


