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Abstract

Background: Missing data is an inevitable phenomenon in gene expression microarray experiments due to
instrument failure or human error. It has a negative impact on performance of downstream analysis. Technically,
most existing approaches suffer from this prevalent problem. Imputation is one of the frequently used methods for
processing missing data. Actually many developments have been achieved in the research on estimating missing
values. The challenging task is how to improve imputation accuracy for data with a large missing rate.

Methods: In this paper, induced by the thought of collaborative training, we propose a novel hybrid imputation
method, called Recursive Mutual Imputation (RMI). Specifically, RMI exploits global correlation information and local
structure in the data, captured by two popular methods, Bayesian Principal Component Analysis (BPCA) and Local
Least Squares (LLS), respectively. Mutual strategy is implemented by sharing the estimated data sequences at each
recursive process. Meanwhile, we consider the imputation sequence based on the number of missing entries in
the target gene. Furthermore, a weight based integrated method is utilized in the final assembling step.

Results: We evaluate RMI with three state-of-art algorithms (BPCA, LLS, Iterated Local Least Squares imputation
(ItrLLS)) on four publicly available microarray datasets. Experimental results clearly demonstrate that RMI
significantly outperforms comparative methods in terms of Normalized Root Mean Square Error (NRMSE), especially
for datasets with large missing rates and less complete genes.

Conclusions: It is noted that our proposed hybrid imputation approach incorporates both global and local
information of microarray genes, which achieves lower NRMSE values against to any single approach only. Besides,
this study highlights the need for considering the imputing sequence of missing entries for imputation methods.

Introduction
Gene expression profiling has been widely used in var-
ious studies over a wide range of biological disciplines,
such as cancer classification, specific therapy identifica-
tion, drug mechanism investigation [1]. However, data
missing is an inevitable phenomenon in gene expression
microarray experiment due to many factors, such as
instrument failure, human error. Then, this situation
will produce a negative impact on subsequent analysis.
Many existing microarrays technologies, which require a

complete data sequence as model input, have been dis-
turbed to be put into practice for incomplete data [2],
such as multivariate supervised classification methods
(e.g. Support Vector Machines (SVMs) [3]), multivariate
statistical analysis methods (e.g. Principal Component
Analysis (PCA) [4] and Singular Value Decomposition
(SVD) [5]).
In practice, there are three types of methods to pro-

cess the genes with missing value before data analysis.
The first method is to directly delete the missing genes,
which may lead to information loss [6] as the missing
genes may be diverse and some of them may play a cru-
cial role in the subsequent analysis [7,8]. The second
method is to replace the missing values by some simple
numerical operations, such as imputed by zero, mean or
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mode of gene attributes [9]. Although this method
requires quite a few computations, it may import error
for the analysis of the studied mechanism. Actually, this
approach would produce lots of same values, which is
somewhat disagree with the situation of reality. The third
method is to impute the missing values by their esti-
mated values based on the observed information in the
microarray dataset. The latest studies have shown that
this method has strong adaptability and can obtain better
imputation accuracy. Therefore, several methodologies
have been developed in recent years [10].
Algorithms on imputing missing values can be classi-

fied into four categories [11,12]: global approach, local
approach, hybrid approach and knowledge assisted
approach. Each of them has its own characteristics. We
will give a brief introduction on these approaches.
Global approach estimates missing values based on

global correlation information extracted from the entire
data matrix [12]. The frequently used global approaches
include Singular Value Decomposition (SVD) [13] and
Bayesian Principal Component Analysis (BPCA). These
methods is characterized by the ability of capturing glo-
bal correlation information to restore the missing values.
But they ignore the local structure hidden in the data.
Details of BPCA will be presented in later sections.
Correspondingly, local approach uses the potential

local information to estimate the missing values, such as
Local Least Squares (LLS) and Weighted K-Nearest
Neighbor imputation (WKNN) [14]. LLS estimates miss-
ing values using a multiple regression model [11] based
on K-nearest neighboring genes with respect to the
target gene. Currently, several LLS variants have been
proposed to improve algorithm performance in different
aspects, such as Iterated Local Least Squares imputation
(ItrLLS) [15], sequential Local Least Squares (sLLS) [16],
weighted Local Least Squares (wLLS) [17]. Obviously,
this type of method could estimate missing values accu-
rately if the data matrix contains rich local structure. In
other words, algorithms would obtain poor imputation
performance when the missing values have strong correla-
tion with the global information rather than local struc-
ture. In the next section, a short review of LLS and ItrLLS
will be given.
Hybrid approach, apparently, is derived by combined

both global and local correlations of the data matrix.
Hence, using the hybrid method may achieve higher
imputation performance than a single type approach
only. LinCmb [18] and EMDI [19] are two typical hybrid
approaches.
Knowledge assisted approach integrates domain knowl-

edge or external information into the imputation process,
which may significantly improve the imputation accuracy
[12], such as Fuzzy C-Means clustering (FCM) [20] and
Projection Onto Convex Sets (POCS) [21]. Wherein, FCM

used gene ontology annotation as external information to
process missing values imputation. However, the priori
knowledge is difficult to extract and its veracity is hard to
control. Thus, this problem causes poor applicability with
these methods for data imputation.
Recently, many novel imputation algorithms have been

developed, such as bicluster-based impute (BIC) [22],
bicluster-based Least Square (bi-iLS) [23] and bicluster-
based Bayesian Principal Component Analysis (bi-BPCA)
[11]. Although they properly utilize data local structure
and global correlation information inspired by bicluster
algorithm, and a novel framework for missing value esti-
mation is also designed, they still just use them separately
without considering the advantage of their combination.
Besides, most methods estimate missing values without
considering the imputation sequence among incomplete
genes. Since incomplete genes that have less missing
entries might be recovered more accurately than those
with more. The successful design of an estimation method
for missing values depends mainly on making full use of
the observed information. Thus the question is, how to
build models using the different information and, more
importantly, how the different methods can strengthen
each other. Therefore, it is important to develop a strategy
which could use the observed information fully for restor-
ing the missing expression gene values.
In this paper, induced the thought of semi-supervised

learning [24] with collaborative training, we propose a
novel hybrid imputation method, called Recursive
Mutual Imputation (RMI). In the field of machine learn-
ing and data mining, we always expect to collect a large
amount of labeled data to build a powerful model. But
obtaining large labeled data is time consuming and not
practical for some fields, especially medical field. Yet,
large unlabeled samples are often easy to obtain, making
semi-supervised learning methods attractive. Moreover,
semi-supervised learning can strengthen the model
trained by labeled data through exploiting general knowl-
edge among unlabeled samples. Co-training paradigm,
one of a popular used semi-supervised method, is pro-
posed by Blum and Mitchell [25]. It trains two classifiers
with sufficient and redundant restrictions, respectively.
But in reality, it is not easy to meet those two restrictions.
Thus, in contrast to standard co-training configuration,
CO-training REGressors (COREG) [26] has a broad
applicability as no sufficient and redundant restrictions
needed. COREG involves two classifiers, and the core
idea of its training process is to select the confident
labeled instances from dataset labeled by one learner, and
then put them into another learner training set. Inspired
by the idea of COREG, for a microarray dataset with a
large missing rate, we treat the complete and incomplete
genes as labeled and unlabeled examples correspond-
ingly. Then, mutual imputation strategy is designed to
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share both global and local information extracted by two
different types of imputation methods. To make full use
of those information, an recursive imputation for data
sequence is developed to improve all estimation results
gradually. In our framework, Bayesian Principal Compo-
nent Analysis (BPCA) and Local Least Squares (LLS) are
introduced as our global and local approaches. Therefore,
RMI is a hybrid imputation method, and has several
distinguished advantages over other methods for restor-
ing the missing expression gene values. Firstly, RMI aims
to build a recursive mutual process by assembling two
single methods, BPCA and LLS, which can exploits global
correlation information and local structure in the missing
dataset as full as possible. Secondly, it considers the genes
that have less missing entries should be estimated firstly,
which can improve the performance of estimation results
for genes with more missing entries. Furthermore, a
novel weight-based ensemble method is applied to RMI
method. Experimental results conducted on several real-
world datasets prove the effectiveness of the recursive
mutual strategy, even in the case of larger missing rates
and less complete genes.
The remainder of the paper is organized as follows.

Section 2 reviews BPCA, LLS and ItrLLS approaches.
Section 3 describes the proposed algorithm in detail.
We presents the experimental results in Section 4.
Finally, Section 5 concludes the work.

Review on BPCA, LLS and ItrLLS
Bayesian principal component analysis
BPCA [1] method is performed by three steps in the pro-
cesses of missing value estimation, as follows: 1) Principal
Component (PC) regression, 2) Bayesian estimation, and
3) an Expectation-Maximization (EM)-like repetitive algo-
rithm. In detail, the following example is taken to explain
how BPCA works. BPCA regards d-dimensional gene
expression vectors y as a linear combination of principal
axis
vectors wl (1 ≤ l ≤ K, and K < d):

y =
K∑

l=1
xlwl + ε,

where xl are called factor scores, ε denotes the residual
error. The lth principal axis vector wl =

√
λlul, where ll

and µl denote the lth eigenvalue and the corresponding
eigenvector of the covariance matrix S for the data set Y
. The principal axis vectors W = (Wobs, Wmiss), where
Wobs denote the observed part in the data, and Wmis

denote the miss part. If the number K is given, the fac-
tor scores x = (x1, x2, . . . xK ) for the expression vector
y can be obtained by minimizing the residual error over
the observed data set yobs:

err = ||yobs − Wobsx||2.

Then, the missing value in the expression vector y can
be estimated by:

ymiss = Wmissx.

The parameter W is unknown beforehand in the above
procedure. BPCA use a probabilistic model, which is called
probabilistic PCA (PPCA). Meanwhile, the model is based
on the assumption that the residual error ε and the factor
scores x obey normal distributions, as follows:

p(x) = NK(x|0, IK),

p(ε) = Nd(ε|0, (1/τ )Id),

where IK is a (K × K) identity matrix and τ is a scalar
inverse variance of ε. NK (x |u, s ) denotes a K-dimen-
sional normal distribution for x, whose mean and covar-
iance are u and s, respectively. BPCA assumes Y = {Yobs,
Ymis}, where Yobs and Ymis denote observed part and the
missing part. The variational Bayes algorithm [27] is used
to estimate the posterior distribution of the parameter θ ≡
{W, u, τ} and Ymis simultaneously. The value of k is d − 1
as default.

Local least squares
Two steps are included in the local least squares imputa-
tion procedure [2]: 1) selecting k genes based on Pearson
correlation coefficients or Euclidean distance; 2) regression
and estimation. Without loss of generality, let Y ∈ Rn×d

denote the expression matrix consisting of m genes and n
conditions, and the expression value of the ith gene in the
jth condition is present as gij . Here we assume the target
gene gt has missing values at the first z positions. As the
following presents, there are k coherent genes (gt1, gt2, ...
gtk) for gt in matrix G:⎛

⎜⎜⎜⎝
gt

gt1
...
gtk

⎞
⎟⎟⎟⎠ =

(
g1×z wT

Bk×z Ak×(n−z)

)
,

where B denotes the z columns in the k coherent genes
corresponding to the z missing positions of the target gene
gt, and matrix A denotes the n-z columns in the k coherent
genes corresponding to the n-z non-missing positions. wT

consists of the non-missing positions of gt. The k-dimen-
sional coefficient vector X is regarded as a least squares
problem with AT and w, that is present as follow:

X = arg min
X

|ATX − w|2,
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Then the z missing values in the target gene gt are
estimated by a linear combination of BT and X :

gT
1×p = BTX = BT(AT)∇w,

where (AT)∇ denotes the pseudoinverse of AT. All the
missing values in the matrix can be recovered according
to the same procedure. Also LLS uses an artificial
method to estimate the proper k mentioned above. In
detail, for each target gene, the missing value is replaced
by the row average at first. Secondly, a certain number
of known entries are removed randomly to create the
artificial missing matrix and save the true expression
values. Then, LLS is performed on the artificial matrix
using every value of k ranging from 1 to the total num-
ber of genes in the matrix. The imputation quality, mea-
sured by Normalized Root Mean Square Error (NRMSE)
can be calculated once the pseudo missing values are
estimated with every k value. Note that we know the
true expression value for each of the pseudo missing
value. Finally, the parameter k is set to the value corre-
sponding to the best imputation quality.

Iterated local least squares imputation
Iterated Local Least Squares imputation (ItrLLS) [15]
method, one of LLS-derived methods, improves LLS
method from two aspects. Firstly, the way of selecting
coherent genes in ItrLLS is different from LLS. In LLS,
the k coherent genes are selected as k nearest neighbor-
ing genes. The k value is fixed for all target genes after
the k is selected at the artificial stage. While in ItrLLS,
the number of coherent genes for target genes is not a
fixed number. In practice, ItrLLS defines a distance
threshold selecting the coherent gene, and the threshold
θ is set as times the average distance to the target gene.
Where θ denotes the distance ratio, which is chosen
from a range [0.5, 1.5] with an increment 0.1 in the
default setting. Secondly, ItrLLS uses iterative strategy.
At each iteration, the estimated results from the last
iteration is used to re-select coherent genes for every
target gene with the same distance ratio, and then
applies LLS method to re-estimate the missing values.
The number of iterations is 5 as default.

Recursive mutual imputation
To some extent, the single imputation method mentioned
above works well in estimating missing values. They utilize
local structure or global correlation information in the
matrix properly. However, using a single type of usual
imputation method may achieves less estimation accuracy
than the hybrid method. Recently, several studies have
shown that the performance of estimation algorithms is
seriously constrained by the correlation information and
structure in the data matrix [12,28].

In this paper, we propose a novel hybrid imputation
method using recursive mutual strategy, called RMI. RMI
aims to build a recursive mutual process by assembling
two single methods, which could provide more accurate
estimation. Two frequently- used methods, BPCA and
LLS, are chosen as our baseline imputation algorithms.
Since BPCA and LLS are able to capture global correlation
information and local structure in the microarray matrix,
respectively.
Below we describe the algorithm in detail. Let C and

M denote complete genes set and incomplete genes set,
extracted from the whole matrix D respectively. At the
initial stage, the incomplete matrix M is divided into
p parts, M = (m1, m2, ... mp)

T , where mi includes all
genes with i missing entries, p is equal to the max num-
ber of missing entries. For example, for a matrix with
100 incomplete genes and 10 experiments, all genes that
have one missing entries are selected as the gene group
m1. Apparently, all genes that have two missing entries
are selected as group m2, and the rest group can be
formed in the same way. The p value might be less than
10 according to the attribute length of microarray data.
Generally, RMI consists of three major steps: two

complete gene subsets construction; recursive mutual
imputation and estimation results ensemble. Below we
describe them in detail.

Two complete gene subsets construction
The first step is to construct two complete genes subset,
C1 and C2. As we discussed above, using the more
observed information, the more accurate the estimation
results. BPCA and LLS can be applied on the whole
missing matrix G at the initial stage. Then, we obtain
complete matrix Gbpca and Glls. It is not proper to make
C1 or C2 using all genes in Gbpca and Glls, since they
contain the genes with so many estimated value, which
can induce more error. If C1 and C2 are both set to C,
there would less observed information be used, which
conflicts with our original view. Here, we set C1 by the
part of genes in Gbpca that have less than p/2 missing
entries in the original matrix G. Similarly, C2 includes C
and part of genes in Glls corresponding to the genes
that have less than p/2 missing entries in G.

Recursive mutual strategy
In the recursive mutual process, each subset can use
information from each other for C1 and C2. We con-
sider that incomplete genes should be recovered in the
sequence of the size of i, which means RMI uses tactics
to recover genes that have less missing entries firstly. In
the process of semi-supervised co-training, a key step is
to select the confident labeled instances from dataset
labeled by one learner, and then put them into another
learner training set. They can take respective advantages
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to improve the estimation results of each other in this

way. In every iteration of RMI, the complete genes mbpca
i

taken out from Cbpca are regarded as confident genes,
then we put them into complete genes set C2 which
would be used in the next iteration of LLS imputation,
where Cbpca and Clls denote the imputed results by
BPCA and LLS respectively. Correspondingly, mlls

i taken
out from Clls should be added into complete genes set
C1 in the next iteration of BPCA imputation. Following
that, data imputation would stop until all missing entries
in M are recovered. Note that RMI uses the complete
genes’ results from the last iteration.
At the end of RMI, the final complete matrix Gim

should be constructed by C1 and C2. We assemble the
results using different weights for C1 and C2. The ques-
tion is how to determine their weight. In the following,
we define a novel confidence measure that suits our
imputation model. Confidence in the imputation can be
defined as the acceptance of imputation model to all
estimation results. We consider that recursive mutual
imputation tends to improve their accuracy as the
amount of data over the observed entries grows. Actu-
ally, how well the estimator works directly depends on
the number of observed entries in the missing gene and
the correlation information between conditions. Based
on this idea, we propose a simple definition for the con-
fidence of each missing entry. For example, the target
gene gt contains missing entries gmis

t and observing

entries gobs
t · gi

t denotes one missing entry in gmis
t , at the

ith position. The confidence of gi
t in C1 can be calcu-

lated by the following equation:

CON(gi
t) =

1
di ∗ reg − error(gt

g)
,

where di denotes the mean distance between gobs
t and

its k nearest genes in C1. regerror(gi
t) denotes the linear

regression error, in which the ith position is the variable
and the other positions in are variables. Note that these
calculations are all based on the complete genes C1 or
C2.

Assembling the results
The confidence matrix CON (Mbpca) and CON (Mlls),
corresponding to C1 and C2, can be obtained, according
to the way we described above. The final step is to
assemble the estimation results C1 and C2. Here the
confidences can be used as the assembling weights, as
following:

wij
bpca =

CON(Mbpca)ij

CON(Mbpca)ij + CON(Mlls)ij
,

wij
lls = 1 − wij

bpca,

Gij
im = wij

bpca ∗ C1ij + wij
lls ∗ C2ij,

where i and j denote the missing positions in G.
Algorithm 1 gives the algorithm framework.
Algorithm 1 RMI
Input:
The missing matrix Gm×n includes the complete

genes set C and the incomplete genes set M.
Here M = (m1, m2, ... mp)

T.
Output:
The complete matrix Gim

Step 1: Constructing two complete genes subsets;

1: Two complete matrix Gbpca and Glls can be obtained
by using BPCA and LLS methods, respectively. The
complete subset C1 is construct from Gbpca. For each
gene in C1, it has more than 1 and less than p/2 miss-
ing entries in the original matrix G. Similarly, The
complete subset C2 is construct from Glls.

Step 2: Recursive mutual strategy;

2: for i ∈ 1, 2, ..., p do
3: For each missing entries in the target gene gt in
mi, obtain the confidences CONbpca(gt) and CONlls

(gt) by Eq:

CON(gt) =
1

d. ∗ reg − error(gt)
,

4: Note that CONbpca(gt) is calculated based on C1 ∪
C, and CONlls(gt) based on C2 ∪ C.
5: end for
6: Recover the missing entries in mi based on C1 ∪
C using BPCA method, denoted mbpca

i
7: Recover the missing entries in mi based on C2 ∪
C using LLS method, denoted mlls

i

8: Update: C1 = C1 ∪ mlls
i ; C2 = C2 ∪ mbpca

i
;

Step 3: Assembling the results;

9: Gim = Assemble(C1, C2) ∪ C

Evaluation
Datasets
We used two types of microarray datasets, time series
data and non-time series data to illustrate and evaluate
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RMI, following some previous studies [1,2,15]. Time series
(TS) data includes three datasets, and two of them are
used for identification of cell cycle-regulated genes of the
yeast Saccharomyces cerevisiae (http://genome-www.stan-
ford.edu/cellcycle/) [29]. The tab delimited data file con-
tains three parts: the Alpha-part, cdc-part, and Elu-part.
We choose Alpha-part and Elu-part. The first dataset,
Alpha, contains 6075 genes in the original file. By remov-
ing genes with missing values, it remains 4489 genes and
18 experiments in total. The second dataset contains 5766
complete genes with 14 experiments, named Elu. The
third dataset, Ronen, includes two time series in yeast
from a study of response to environmental changes
(>http://ncbi.nlm.nih.gov/Projects/geo/query/acc.cgi?
acc=GSE4158) [30], and is also used in [11] to assess
bi-BPCA. The matrix contains 10749 genes in 26 experi-
ments originally. It contains 5342 genes with 26 experi-
ments finally, using the same preprocessing method
mentioned in study [11]. The forth dataset, Tacrc, is
non-time series dataset and is the cDNA microarray data
relevant to human colorectal cancer (CRC) studied in [31].
It contains 758 genes with 50 experiments. The details of
these four datasets are shown in Table1.
Evaluation measures
The quality of the imputation results is measured by the
Normalized Root Mean Square Error (NRMSE), which is
described as following

NRMSE =

√√√√ N∑
j=1

(yj − ŷj)
2/N/σy,

where y is the real value and ŷ is the value estimated
by imputation method, and sy is the standard deviation
for the real values. N is equal to the total number of the
missing entries. The smaller NRMSE is, the higher esti-
mation accuracy.
Experimental setup
Three imputation methods, BPCA (http://www.csbio.sjtu.
edu.cn/bioinf/EMDI/), ItrLLS (http://webdocs.cs.ualberta.
ca/ghlin/src/WebTools/Imputation/) and LL-S (http://
www.cs.umn.edu/hskim/tools.html) are selected as
comparative methods with RMI. In our experiments, all
the missing entries are generated based on the general
principle. In a first step, the observations with missing
values are deleted from the initial gene expression data-
sets to obtain testing datasets. We consider all complete

genes and eliminate genes that have missing entries from
the original datasets. Then artificial missing matrices
with different missing rate are generated, and all the
missing values in a dataset occur randomly. Let t denotes
the complete ratio and r represents the missing rate.
That means about t% of the whole genes in G are
randomly selected as complete genes C, while r% of
entries in the rest genes are removed randomly, denoted
M. For example, assuming one matrix contains 1,000
genes, when t is equal to 0.20, then 200 genes are
maintained as complete genes C and the rest 800 genes
make up missing matrix M with r% of entries in M are
removed. In a second step, different imputation methods
are applied on these matrices. The evaluation performance
between the estimated values and the original real values
is calculated with criterion RMSE.
Results and analysis
In this work, nine different missing rates r at 1%−40%
with five different complete ratios t at 5%−25% are
simulated in each dataset. Each kind of random case is
generated 10 times by varying the set of missing entries
to ensure a correct sampling. All the results present in
the following figures are the NRMSE average value of
10 results. Figure 1, 2, 3, 4 show the results of four data-
sets: Alpha, Elu, Ronen and Tacrc. On the whole, it can
be seen that RMI achieves the best performance by
comparing these results for various missing rates r.
When comparing the three single imputation meth-

ods, there is no dominant method suitable for all data-
sets, different performances are present on the different
datasets. Specifically, LLS is powerful for low rates of
missing values on Ronen (seen from Figure 3). However,
it should be noted that the efficiency of LLS is reduced
when the missing rate increases. The same rule can be
found from ItrLLS, Figure 3, 4 show us that ItrLLS
obtains the lower NRMSE on env and Ronen, while it
outperforms BPCA or ItrLLS on the other datasets,
Alpha and Elu, especially in the low missing rates cases
(seen from Figure 1 and Figure 2). Intuitively, RMI
obtains the lower NRMSE on four datasets, which
means it can maintain a stable performance, even for
dataset with less complete genes and large missing rates.
In order to see quantitative performance of RMI, Figure
5, 6, 7, 8 show the NRMSE error between the results of
BPCA algorithm or LLS algorithm and RMI. Mathema-
tically, NRMSE error is calculated by the BPCA NRMSE
result or LLS NRMSE result minus the RMI NRMSE
result on the same dataset. The greater is the z axis
value, the better RMI performs. We can see that RMI
method obtains lower N-RMSE than BPCA and LLS on
the four datasets. Specifically, compared to BPCA, the
NRMSE error averaged on all the test examples is
improved by 2.16% on Alpha, 0.91% on Elu, 1.56% on
Ronen and 1.71% on Tacrc, with RMI performing the

Table 1 Testing datasets

Original size Complete size Type

Alpha 6075*18 4489*18 Time Series

Elu 6075*14 5766*14 Time Series

Ronen 10749*26 5342*26 Time Series

Tacrc 758*50 758*50 Non-Time Series
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best among the methods. For LLS, it is improved by
5.18% on Alpha, 6.79% on Elu, 0.77% on Ronen and
1.22% on Tacrc respectively. It can be seen that the
worse results for the RMI occur occasionally. However,
these just happens in the case of lower missing rates,
besides it is hard to make a big gap between the perfor-
mance of these imputation methods when few missing
entries involved.
It should be noteworthy that RMI performs the lower

NRMSE error than BPCA with the increase of missing
rate r and decrease of complete ratio t (see the left figure
of Figure 5, 6, 7, 8). On the contrary, it performs the

higher NRMSE error than LLS with the increase of r and
decrease of t (see the right figure of Figure 5, 6, 7, 8). This
phenomenon is particularly prominent on Elu (see from
Figure 6) and Ronen (seen from Figure 7). Because BPCA
and LLS can make up for each other via the collaborative
strategy in RMI. It also embodies the efficiency of the col-
laborative strategy. We consider that RMI outperforms
comparative methods owing to using not only the local
structures but also the global correlation information.
Firstly, it aims to build a mutual process by assembling
two single methods, BPCA and LLS, which can exploits
global correlation information and local structure in the

Figure 1 NRMSE on Alpha. The left and the right picture correspond to complete ratio at 0.05 and 0.25 respectively.

Figure 2 NRMSE on Elu. The left and the right picture correspond to complete ratio at 0.05 and 0.25 respectively.

Li et al. BMC Genomics 2015, 16(Suppl 9):S1
http://www.biomedcentral.com/1471-2164/16/S9/S1

Page 7 of 11



missing dataset as full as possible. Secondly, it considers
the genes that have less missing entries should be esti-
mated firstly, which can improve the performance of esti-
mation for genes with more missing entries. Furthermore,
a novel weight-based ensemble method is utilized in it.

Conclusion
With the deepening research of DNA microarray, there
produces a large number of microarray expression data.
Missing values, as an important problem, has been influ-
enced the research progress on this area. Numerous
effective single methods have been proposed to estimate

the missing values. However, they just uses the global
information or local structure in the data matrix, which
cannot fully used the observed information. In this
study, inspired from collaborative training strategy, we
propose a novel imputation method, called RMI. To our
best knowledge, this work is the first attempt to focus
on using an recursive mutual strategy to estimate miss-
ing values. Two frequently used methods BPCA and
LLS are incorporated into RMI in order to fully exploit
the observed information. In the process of the RMI, we
consider the imputation sequence based on the number
of missing entries in the target gene. Furthermore, a

Figure 3 NRMSE on Ronen. The left and the right picture correspond to complete ratio at 0.05 and 0.25 respectively.

Figure 4 NRMSE on Tacrc. The left and the right picture correspond to complete ratio at 0.05 and 0.25 respectively.
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Figure 5 NRMSE error on Alpha. NRMSE error between the results of BPCA algorithm (left) or LLS algorithm(right) and RMI on the missing
data problem for Alpha.

Figure 6 NRMSE error on Elu. NRMSE error between the results of BPCA algorithm (left) or LLS algorithm(right) and RMI on the missing data
problem for Elu.

Figure 7 NRMSE error on Ronen. NRMSE error between the results of BPCA algorithm (left) or LLS algorithm(right) and RMI on the missing
data problem for Ronen.
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weight-based ensemble method is utilized in the final
assembling step. We test four datasets to evaluate the
performance of RMI. Various datasets with different
missing rates are generated randomly for simulating the
reality situation for modeling the real situation of miss-
ing matrix, randomly. Experimental results indicate that
RMI is powerful and effective to impute missing values.
And it is able to perform better performance than com-
parative methods even when the missing rate is large.
Some further research directions are worth for us to

make a deeper study. It includes applying more sophisti-
cated imputation methods in the recursive mutual strat-
egy and to improve our current recursive mutual
imputation framework. Another interesting issue is how
to choose the right single methods in RMI. Meanwhile,
the hybrid strategy is easily extended to develop a multiple
hybrid version by using more than two single methods,
which is a specific recommendation task.

Funding
This work and its publication were supported by the
Natural Science Foundation of China under grant no.
61273305 and no. 81274007, no.61402422.

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

Authors’ contributions
H Li and F Shao wrote the paper and done all the computational and
analysis works. GZL conceived this paper and proposed the novel idea of
RMI. C Zhao and × Wang participated in the design of the experiment. Also
GZL and C Zhao revised the paper. All authors read and approved the final
manuscript.

Acknowledgements
We would like to thanks all the scientists who have developed missing value
imputation methods. This work ware supported by Open Fund of MOE Key
Laboratory of Embedded System and Service Computing of Tongji University

(ESSCKF201308), Key Project of Science and Technology Research of the
Education Department of Henan Province, (14A520063) and Doctoral
Research Fund of Zhengzhou University of Light Industry (2013BSJJ082).
This article has been published as part of BMC Genomics Volume 16
Supplement 9, 2015: Selected articles from the IEE International Conference
on Bioinformatics and Biomedicine (BIBM 2014): Genomics. The full contents
of the supplement are available online at http://www.biomedcentral.com/
bmcgenomics/supplements/16/S9.

Authors’ details
1The Key Laboratory of Embedded System and Service Computing, Ministry
of Education, Department of Control Science and Engineering, Tongji
University, 201804 Shanghai, China. 2Data Center of Traditional Chinese
Medicine, China Academy of Chinese Medical Science, 100700 Beijing, China.
3School of Computer and Communication Engineering, Zhengzhou
University of Light Industry, 450002 Zhengzhou, China.

Published: 17 August 2015

References
1. Oba S, Sato MA, Takemasa I, Monden M, Matsubara K, Ishii S: A Bayesian

missing value estimation method for gene expression profile data.
Bioinformatics 2003, 19(16):2088-2096.

2. Kim H, Golub GH, Park H: Missing value estimation for dna microarray
gene expression data: local least squares imputation. Bioinformatics 2005,
21(2):187-198.

3. Hearst MA, Dumais ST, Osman E, Platt J, Scholkopf B: Support vector
machines. IEEE 1998, 13(4):18-28.

4. Máckiewicz A, Ratajczak W: Principal components analysis (PCA).
Computers & Geosciences 1993, 19(3):303-342.

5. Alter O, Brown PO, Botstein D: Singular value decomposition for genome-
wide expression data processing and modeling. Proceedings of the
National Academy of Sciences 2000, 97(18):10101-10106.

6. 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(5):631-643.

7. Celton M, Malpertuy A, Lelandais G, De Brevern AG: Comparative analysis
of missing value imputation methods to improve clustering and
interpretation of microarray experiments. BMC Genomics 2010, 11(1):15.

8. Wang D, Lv Y, Guo Z, Li X, Li Y, Zhu J, et al: Effects of replacing the
unreliable cDNA microarray measurements on the disease classification
based on gene expression profiles and functional modules. Bioinformatics
2006, 22(23):2883-2889.

9. Allzadeh A, Elsen M, Davis R, Chi M, Lossos I, Rosenwald A, et al: Distinct
types of diffuse large B-cell lymphoma identified by gene expression
profiling. Nature 2000, 403(6769):503-511.

Figure 8 NRMSE error on Tacrc. NRMSE error between the results of BPCA algorithm (left) or LLS algorithm(right) and RMI on the missing data
problem for Tacrc.

Li et al. BMC Genomics 2015, 16(Suppl 9):S1
http://www.biomedcentral.com/1471-2164/16/S9/S1

Page 10 of 11

http://www.biomedcentral.com/bmcgenomics/supplements/16/S9
http://www.biomedcentral.com/bmcgenomics/supplements/16/S9
http://www.ncbi.nlm.nih.gov/pubmed/14594714?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14594714?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15333461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15333461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15374862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15374862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15374862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20056002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20056002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20056002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16809389?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16809389?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16809389?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10676951?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10676951?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10676951?dopt=Abstract


10. Grużdž A, Ihnatowicz A, Ślkezak D: Gene expression clustering: Dealing
with the missing values. In Intelligent Information Processing and Web
Mining. Springer, Gdansk, Poland;Klopotek, M.A 2005:521-530.

11. Meng F, Cai C, Yan H: A bicluster-based bayesian principal component
analysis method for microarray missing value estimation. Biomedical and
Health Informatics, IEEE Journal 2014, 18(3):863-871.

12. Liew AWC, Law NF, Yan H: Missing value imputation for gene expression
data: computational techniques to recover missing data from available
information. Briefings in Bioinformatics 2011, 12(5):498-513.

13. Yang YH, Buckley MJ, Dudoit S, Speed TP: Comparison of methods for
image analysis on cDNA microarray data. Journal of Computational and
Graphical Statistics 2002, 11(1):108-136.

14. Troyanskaya O, Cantor M, Sherlock G, Brown P, Hastie T, Tibshirani R, et al:
Missing value estimation methods for DNA microarrays. Bioinformatics
2001, 17(6):520-525.

15. Cai Z, Heydari M, Lin G: Iterated local least squares microarray missing
value imputation. Journal of Bioinformatics and Computational Biology 2006,
4(5):935-957.

16. Zhang X, Song X, Wang H, Zhang H: Sequential local least squares
imputation estimating missing value of microarray data. Computers in
Biology and Medicine 2008, 38(10):1112-1120.

17. Ching WK, Li L, Tsing NK, Tai CW, Ng TW, Wong A, Cheng KW: A weighted
local least squares imputation method for missing value estimation in
microarray gene expression data. International Journal of Data Mining and
Bioinformatics 2010, 4(3):331-347.

18. Jörnsten R, Wang HY, Welsh WJ, Ouyang M: DNA microarray data
imputation and significance analysis of differential expression.
Bioinformatics 2005, 21(22):4155-4161.

19. Pan XY, Tian Y, Huang Y, Shen HB: Towards better accuracy for missing
value estimation of epistatic miniarray profiling data by a novel
ensemble approach. Genomics 2011, 97(5):257-264.

20. Mohammadi A, Saraee MH: Estimating missing value in microarray data
using fuzzy clustering and gene ontology. Bioinformatics and Biomedicine,
2008. BIBM’08. IEEE International Conference IEEE; 2008, 382-385.

21. Gan X, Liew AWC, Yan H: Microarray missing data imputation based on a
set theoretic framework and biological knowledge. Nucleic Acids Research
2006, 34(5):1608-1619.

22. Ji R, Liu D, Zhou Z: A bicluster-based missing value imputation method
for gene expression data. Journal of Computational Information Systems
2011, 7(13):4810-4818.

23. Cheng KO, Law NF, Siu WC: Iterative bicluster-based least square
framework for estimation of missing values in microarray gene
expression data. Pattern Recognition 2012, 45(4):1281-1289.

24. Chapelle O, Schölkopf B, Zien A, et al: Semi-supervised learning 2006.
25. Blum A, Mitchell T: Combining labeled and unlabeled data with

co-training. Proceedings of the Eleventh Annual Conference on Computational
Learning Theory ACM; 1998, 92-100.

26. Zhou ZH, Li M: Semi-supervised regression with co-training-style
algorithms. Knowledge and Data Engineering, IEEE Transactions on 2005,
19(11):1479-1493.

27. Attias H: Inferring parameters and structure of latent variable models by
variational bayes. Proceedings of the Fifteenth Conference on Uncertainty in
Artificial Intelligence Morgan Kaufmann Publishers Inc; 1999, 21-30.

28. Brock GN, Shaffer JR, Blakesley RE, Lotz MJ, Tseng GC: Which missing value
imputation method to use in expression profiles: a comparative study
and two selection schemes. BMC Bioinformatics 2008, 9(1):12.

29. Spellman PT, Sherlock G, Zhang MQ, Iyer VR, Anders K, Eisen MB, et al:
Comprehensive identification of cell cycle-regulated genes of the yeast
saccharomyces cerevisiae by microarray hybridization. Molecular Biology
of the Cell 1998, 9(12):3273-3297.

30. Ronen M, Botstein D: Transcriptional response of steady-state yeast
cultures to transient perturbations in carbon source. Proceedings of the
National Academy of Sciences of the United States of America 2006,
103(2):389-394.

31. Takemasa I, Higuchi H, Yamamoto H, Sekimoto M, Tomita N, Nakamori S,
et al: Construction of preferential cdna microarray specialized for human
colorectal carcinoma: molecular sketch of colorectal cancer. Biochemical
and Biophysical Research Communications 2001, 285(5):1244-1249.

doi:10.1186/1471-2164-16-S9-S1
Cite this article as: Li et al.: A hybrid imputation approach for
microarray missing value estimation. BMC Genomics 2015 16(Suppl 9):S1.

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

Li et al. BMC Genomics 2015, 16(Suppl 9):S1
http://www.biomedcentral.com/1471-2164/16/S9/S1

Page 11 of 11

http://www.ncbi.nlm.nih.gov/pubmed/21156727?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21156727?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21156727?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11395428?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17099935?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17099935?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18828999?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18828999?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20681483?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20681483?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20681483?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16118262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16118262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21397683?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21397683?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21397683?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16549873?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16549873?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18186917?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18186917?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18186917?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9843569?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9843569?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16381818?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16381818?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11478790?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11478790?dopt=Abstract

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Review on BPCA, LLS and ItrLLS
	Bayesian principal component analysis
	Local least squares
	Iterated local least squares imputation

	Recursive mutual imputation
	Two complete gene subsets construction
	Recursive mutual strategy
	Assembling the results
	Evaluation
	Datasets
	Evaluation measures
	The quality of the imputation results is measured by the Normalized Root Mean Square Error (NRMSE), which is described as following
	Experimental setup
	Results and analysis


	Conclusion
	Funding
	Competing interests
	Authors’ contributions
	Acknowledgements
	Authors’ details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /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 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 /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /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 <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


