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ABSTRACT 

The proposed algorithm introduces a novel vague set 
approach to develop a selective but robust, flexible 
and intelligent contrast enhancement technique for 
mammograms. Wavelet based filtering analysis can 
produce Low Frequency (LF) and High Frequency 
(HF) subbands of the original input images. The ex-
tremely small size microcalcifications become visible 
under multiresolution techniques. LF subband is then 
fuzzified by conventional fuzzy c-means clustering 
(FCM) algorithm with justified number of clusters. 
HF components, representing the narrow protrusions 
and other fine details are also fuzzified by FCM with 
justified number of clusters. Vague set approach 
captures the hesitancies and uncertainties of truly 
affected masses/other breast abnormalities with 
normal glandular tissues. After highlighting the 
masses/microcalcifications accurately, both LF and 
HF subbands are transformed back to the original 
resolution by inverse wavelet transform. The results 
show that the proposed method can successfully en-
hance the selected regions of mammograms and pro-
vide better contrast images for visual interpretation. 
 
Keywords: Multiresolution; Vague Set Approach; True- 
membership Functions; False-Membership Functions 

1. INTRODUCTION 

Breast cancer continues to be a significant public health 
problem. Primary prevention seems to be impossible 
since the causes of this disease still remain unknown. 
Thus early detection is the key to improving breast can-
cer prognosis. Screen/Film mammography is one of the 
most reliable, effective methods for early detection of 
breast carcinomas in women [1]. Screening of asympto-
matic women using screen/film mammography has been 
shown a significantly reduction of breast cancer death 
rate. 

Major advances in screen/film mammography have been 

occurred in the past few decades which in turns improved 
the image resolution and film contrast [2]. Despite of 
these advantages, screen/film mammography based im-
age interpretation still remains very difficult. Breast ma- 
mmograms are generally examined in presence of be- 
nign/malignant masses and other indirect signs of ab-
normalities like microcalcifications, skin thickening. The 
major reason of poor visibility is due to the slight dif-
ferences of X-ray attenuation between normal glandular 
tissues and affected mass/microcalcification spots. The 
extreme small size of microcalcifications is also a rea-
sonable cause of its low contrast appearance in mam- 
mograms. These facts create problem in the detection of 
breast cancer, especially in younger women with dense 
breasts. For this purpose development of computerized 
automated breast cancer diagnosis system attracts much 
attention of the researchers. 

As it is described that contrast enhancement of mam-
mographic features is critical but essential for breast can- 
cer diagnosis. Many conventional contrast enhancement 
techniques adopt a global approach to enhance the im-
ages. However, it is quite difficult to enhance all features 
equally in the mammograms using those global app- 
roaches, because many local contrast information and 
details may be lost in the dark or bright regions of the 
breast [3]. 

As a result local-contrast enhancement techniques are 
developed to highlight the necessary local features. 
Adaptive neighborhood contrast enhancement (ANCE) 
method was implemented for improvement of medical 
image quality [4]. ANCE method provides the advan-
tages of enhancing or preserving image contrast while 
suppressing the noise. However, it has a drawback. The 
performance of the ANCE method largely depends on 
how to determine the parameters used in the processing 
steps. In the article [5], contrast-to-noise ratio (CNR) of 
the low-contrast lesions is improved relative to the back- 
ground. Moreover, adaptive contrast enhancement (ACE) 
algorithm is developed to adjust high frequency compo-
nents of the images using contrast gains [6]. Incorporat-
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ing non-linear function for computing ACE produces an 
adequate contrast gains resulting in little noise over en-
hancement. Mammographic feature enhancement algo-
rithms are also key to the detection of breast abnormali-
ties [7]. Lai et al. [8] compared several image enhance-
ment methods for detecting circumscribed masses in ma- 
mmograms. Authors compared an edge-preserving smoo- 
thing function [9], a half-neighborhood method [10], 
k-nearest neighborhood, directional smoothing [11], and 
median filtering [12]. In addition, authors also proposed 
an algorithm of selective median filtering. Among the 
techniques implemented, they concluded that selective 
median filtering with a particular size of mask performed 
best for image enhancement. 

The fuzzy set theory [13] provides a suitable algorithm 
in analyzing complex systems and decision processes 
when the pattern indeterminacy is due to the inherent 
variability and vagueness. Image enhancement using 
smoothing with fuzzy sets [14] is developed for improv-
ing contrast of the pixels. Adaptive fuzzy logic based 
contrast enhancement method [15] is also developed to 
enhance the important mammographic features. In this 
technique, uncertain nature of mammograms is captured 
by the fuzzy membership functions. The index of fuzzi-
ness along with entropy of an image also reflects a kind 
of quantitative measure of its enhancement quality [16]. 
In this approach, fuzzy theory is adapted to the fre-
quency content of each coefficient block in the DCT 
(Discrete Cosine Transform) encoded JPEG images. In 
decision making problems, particularly in a case of me-
dical diagnosis, there is a fair chance of the existence of 
a non-null hesitation part at each moment of evaluation 
of any unknown object. 

Vague Sets (VS) is intuitively straightforward exten-
sions of Zadeh’s fuzzy sets [17]. The drawback of using 
single membership value in fuzzy set theory is that the 
evidence for an element Uu  and the evidence 
against  are mixed together (U is a classical set 
of objects, called the universe of discourse). The nota-
tion of VS, proposed by Gau et al. [18] allows more 
generalized interval based membership values instead of 
point based single membership as in fuzzy sets. To be 
more precise, a basic assumption of fuzzy set theory is 
that, if we specify the degree of membership of an ele-
ment in a fuzzy set as a real number from [0,1], say a, 
then the degree of its non-membership is automatically 
determined as 1-a, need not hold for vague sets. In VS 
approach, it is assumed that non-membership should not 
be more than 1-a. The difference expresses the hesitancy 
concerning both membership and non-membership of an 
element to a set. This is mainly due to the fact that VS is 
more consistent with human behavior by reflecting the 
hesitancy present in real life situations. 

Uu

In the proposed algorithm, VS approach is imple-
mented to develop a selective but robust, flexible and 

intelligent contrast enhancement method for mammo-
grams. Moreover, the hesitation of the breast mass boun- 
daries and other abnormalities with the surrounding 
dense breast tissues is captured by VS. Multiresolution 
technique is incorporated to achieve more accurate en-
hancement of the detail features. Experimental results 
successfully enhance the selected mass regions of mam- 
mograms. Experimental results evaluate the proposed 
technique with conventional fuzzy based contrast enhan- 
cement methods. 

2. METHODOLOGY FOR CONSTRAST 
ENHANCEMENT 

The overall proposed selective contrast enhancement 
scheme implemented on mammogram has been demon-
strated in Figure 1 stepwise and in subsequent sections. 
The scheme involves a) decomposition of input images 
by wavelet transform for multiresolution analysis of 
coarse and fine objects b) fuzzification by standard FCM 
with justified number of clusters c) implementation of 
Vague Set approach for capturing the uncertainties be-
tween truly masses/microcalcifications from the sur-
rounding dense glandular breast tissues d) defuzzifica-
tion of membership functions to the spatial intensity 
domain and finally e) reconstruction of selectively en-
hanced image by inverse wavelet transform. 

2.1. Multiresolution Approach for Decomposition 
of Input Image in Fine and Coarse Objects 

In an image, if both fine and coarse objects or low and high 
contrast objects are present simultaneously, it is advan- 
 

 
Figure 1. Block diagram for selective 
contrast enhancement scheme. 
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tageous to study them at several resolutions. This is the 
fundamental motivation for multiresolution processing. 
In the mammograms, very fine shades of gray-level in-
tensities can be pointed out clearly by using multiresolu-
tion approach [18-19]. The mathematical concept behind 
this approach is described below. 

To determine the fine details of level j image, we first 
interpolate the level j-1 image to produce one of the 
same sizes as the level j image. This interpolated image 
is also known as prediction of level j image. 

Subtracting the prediction of level j image from the 
original level j image produces level j residual image. 
This residual image contains only the fine details or the 
high frequency sub-band component of level j image. 
The technique for producing level j-1 approximation and 
level j prediction residual is the fundamental logic of 
wavelet based multiresolution processing. 

Image pyramid: An image pyramid is a collection of 
decreasing resolution images arranged in the shape of a 
pyramid as shown in Figure 2. The base of the pyramid 
contains the highest resolution representation of the im-
age. Moving up the pyramid both size and resolution of 
the images are decreased. The apex contains the low-
est-resolution approximation. The base level J is size N 
 N when N=2J, intermediate level j is size 2j2j, where 
0  j  J. Fully populated pyramids are composed of J+1 
resolution levels from 2J2J to 2020, but in practice 
most pyramids are truncated to P+1 levels, where J-p 
jJ and 1 < P  J, since a 11 pixel image is of little 
value. 

In multiresolution analysis (MRA), scaling function is 
used to create a series of approximations of an image, 
each differing by a factor of 2 from its nearest neighbor-
ing approximations. Additional functions, called wave-
lets, are then used to encode the difference in informa-
tion between adjacent approximations. 

In the multiresolution approach, input image is de-
composed into LF and HF subbands by forward wavelet 
transform whereas after defuzzification, LF and HF 
subbands are composed by inverse wavelet transform. 

As shown in Figure 3, any image of level j can be ap-
proximated to level j-1 by applying HAAR wavelet 
transform. It will contain only the gross structure of level 
j. The size of level j-1 image is just half of level j image. 

 

 

Figure 2. A pyramidal image structure. 
 

 

Figure 3. System for constructing image pyramids. 

 
2.2. Intensity Based Clustering of LF and HF 

Details of Input Image Using Fuzzy C-Mean 
  
Fuzzy c-means clustering is the most widely used algo-
rithm of fuzzy classification. While considering the 
fuzzy set theory, the algorithm is developed based on k- 
means clustering. In this algorithm, each pixel does not 
belong exclusively to any single cluster but is represent- 
ed by several memberships of each cluster. For a pixel, 
membership of each cluster is [0,1] and sum of those 
memberships is defined to be 1. The algorithm is per-
formed with an iterative optimization of minimizing a 
fuzzy objective function. 

In fuzzification step, the HF detail image is fuzzified 
by 3 clusters whereas LF approximate image fuzzified 
by 4 clusters. This particular choice of clusters repre-
sents the different gray shades of mammograms (clusters 
due to dark, gray, semi bright sets of pixels) along with 
the mass region (brighter sets of pixels). 

Since FCM is intensity based clustering technique, it 
groups the dark, gray, bright pixels into separate clusters. 
 
2.3. Vague Sets for Capturing              

Incompleteness/Hesitancy of Data 
 
In this section the basic concepts related to Vague Sets 
(VS) and Fuzzy Sets are described. It is also illustrated 
that algebraic/graphical representation of VS is more 
intuitive for capturing the hesitancy or incompleteness of 
data. 
 
2.3.1. Basics 
Let U be a classical set of objects, called the universe of 
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discourse, where an element of U is denoted by u. 
Fuzzy Set: A fuzzy set A = {< u, µA(u) > | u   U} in 

a universe of discourse U is characterized by a member-
ship function, µA, as follows: µA : U → [0,1]. 

Vague Set: A vague set V in a universe of discourse U 
is characterized by a true membership function, αV , and 
a false membership function, βV , as follows: αV: U → 
[0,1], βV: U → [0,1], and αV(u)+βV(u) ≤ 1, where αV(u) 
is a lower bound on the grade of membership of u de-
rived from the evidence for u, and βV(u) is a lower 
bound on the grade of membership of the negation of u 
derived from the evidence against u. 

It can be seen that the difference between VS and FS 
is due to the definition of membership values. In VS, the 
boundary (1-βV) is able to indicate the possible existence 
of a data value. This subtle difference gives rise to a 
simpler but meaningful graphical view of datasets. Fig-
ure 4 and Figure 5 depict a VS and a FS respectively. It 
can be seen that, the shaded part formed by the boundary 
in a given VS in Figure 4 represents the possible “hesi-
tation region” corresponds to the intuition of represent-
ing vague data. 

In order to compare vague values, it is required to in-
troduce two derived membership values for discussion. 
The first is called the median membership, Mm = (αV + 
1 − βV)/2, which represents the overall evidence con-
tained in a vague value. The second is called the impre-
cision membership, Mi = (1 − βV − αV), which repre-
sents the overall imprecision/hesitation of a vague values. 
 

 

Figure 4. Membership functions of a VS. 
 

 

Figure 5. Membership functions of a FS. 

2.4. Defuzzification and Reconstruction of 
Images Using LF and HF Subbands 

In fuzzification step, each pixel-intensity of LF and HF 
subband images are transformed to intuitionistic fuzzy 
membership domain. After highlighting the appropriate 
cluster, both LF and HF subband images are transformed 
back to the spatial gray-level intensity domain. Then LF 
and HF subbands reconstruct the resulting image of 
original resolution by inverse wavelet transform. 

3. RESULTS AND DISCUSSIONS 

We have applied the proposed algorithm to a database 
consisting of 100 images obtained from Mammographic 
Image Analysis Society (MIAS), BIRADS and from 
EKO X-Ray & Imaging Institute, Kolkata. In the fuzzi-
fication step, the number of clusters (c) chosen by 4 and 
3 for approximate images (low- frequency subband) and 
detail images (high frequency subband) respectively. 
These numbers of clusters are appropriate to represents 
the different gray shade intensities of the Mammo-
graphic features. 

In approximate image, 4 clusters, denoted as A, B, C 
& D is shown graphically in Figure 6. Cluster A indi-
cates the dark background of the images. Cluster B indi-
cates the fatty breast tissues. Cluster C & D represents 
the diffused breast tissues and true mass regions respec-
tively. 

 

 
Figure 6. Schematic of fuzzy membership partition 
functions for approximate images. 

 

 
Figure 7. Schematic of fuzzy membership partition 
functions for detail images. 
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In detail image, 3 clusters, denoted as A, B & C is 
presented graphically in Figure 7. Cluster A indicates 
the drk background of the images. Cluster B indicates 
the irregular shades of breast due to dense parencymal 
tissues and Cluster C represents the fine boundaries of 
masses present in the mammograms. 

JBiSE 

After fuzzification with proper number of clusters, 
the vague set approach has been introduced for cap-
turing the hesitancy and incompleteness of mammo-
graphic features. In the case of approximate images, 
only cluster D represents the membership function in 
evidence to true mass region (αV), and clusters A, B, 
C represent the evidence against the true mass region 
Thus the average membership function in evidence to 
false mass region (βV) is calculated by (A+B+C)/3. 

Similarly cluster C of detail images, represents the 
evidence of true mass boundaries (αV) whereas cluster A 
and B indicate the evidence against the true mass regions. 
The average membership function in evidence to false 
mass region (βV) is calculated by (A+B)/2. 

The median membership value Mm = (αV+1−βV)/2, 
is set for the boundary value between the membership 

functions αV and 1−βV. In the present article, median 
membership value is considered as the limit of affected 
mass or other type of breast abnormalities. 

The following mammograms are used to demonstrate 
the improved contrast of masses/microcalfications using 
VS approach in compare to the standard fuzzy set theory. 

Figure 8(a) is the original mammogram to be en-
hanced. Figure 8(b) indicates the improved contrast 
between true mass region and normal breast tissues us-
ing the proposed algorithm, whereas Figure 8(c) high-
light the same region using standard FCM. It is noted 
that Figure 8(b) obtained by VS approach, is capable of 
highlighting the true masses properly because of its effi-
ciency to handle the uncertainty /hesitancy between true 
and false membership functions. 

On the contrary, the enhanced result obtained by FCM 
skips to highlight some of the true mass regions that ef- 
fect severely in proper diagnosis. Figure 9(b) and Fig-
ure 10(b) also represent improved contrast mammo-
grams with circumscribed masses using the proposed 
methodology. 

 

              
(a)                                       (b)                                       (c) 

Figure 8. (a) Original Mammographic Image; (b) Enhanced image by VS; (c) Enhanced image by FCM. 
 

     
(a)                          (b) (a)                        (b) 

Figure 9. (a) Original Mammographic Image; (b) Enhanced 
image by proposed method. 

Figure 10. (a) Original Mammographic Image; (b) Enhanced 
image by proposed method. 
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Figure 11(b) also shows the enhanced indistinct shap- 
ed mass region properly. In Figure 12(b) the proposed 
algorithm highlights comparatively large shaped mass 
boundary clearly along with the presence of few micro-
calcification spots surrounding the mass. 

Table 1 exhibits the median and imprecision mem-
bership values of VS approach for a particular mammo-
gram. The single membership grade of conventional 
fuzzy set theory for same mammographic image also list- 
ed in right most column. The larger values of median 
membership function, obtained from VS approach is 
capable of highlighting the true masses /microcalci fica-
tions with allowable hesitation margins (Mm-μA) in com- 
pare to ordinary fuzzy set theory. 

 

   
(a)                         (b) 

Figure 11. (a) Original Mammographic Image; (b) Enhanced 
image by proposed method. 
 

4. CONCLUSIONS 

During the past two decades, interval based intuitionistic 
fuzzy sets have been used increasingly in the research 
areas focused on fuzzy sets and fuzzy logic. Goal of this 
paper is not to develop an interval based fuzzy set ap-
proach for handling the imprecise data but to apply more 
 

  
(a)                        (b) 

Figure 12. (a) Original Mammographic Image; (b) Enhanced 
image by proposed method. 

Table 1. Membership values of vague set theory and fuzzy set approach. 

Elements of clusters 
in Approx image 

Median Membership Value (Mm) 
according to VS Approach 

Imprecision /hesitation 
membership Value(Mi) 

according to VS Approach 

Membership Value μA 
according to Fuzzy 

Set Approach 

1st element of cluster D 1.0000 0.0000 1.0000 

2nd element of cluster D 0.9999 0.0000 0.9999 

3rd element of cluster D 0.9995 0.0004 0.9991 

4th element of cluster D 0.9993 0.0013 0.9980 

5th element of cluster D 0.9984 0.0006 0.9978 

6th element of cluster D 0.9982 0.0023 0.9959 

7th element of cluster D 0.9967 0.0032 0.9935 

8th element of cluster D 0.9948 0.0019 0.9929 

9th element of cluster D. 0.9942 0.0036 0.9906 

10th element of cluster D 0.9926 0.0036 0.9890 

11th element of cluster D 0.9910 0.0037 0.9873 

12th element of cluster D 0.9901 0.0059 0.9842 

13th element of cluster D 0.9874 0.0038 0.9836 

14th element of cluster D 0.9869 0.0056 0.9813 

15th element of cluster D 0.9844 0.0050 0.9794 
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robust Vague Set approach for uncer tainty management. 
Introducing two parameters, like median and impreci-
sion membership values, VS approach becomes much 
easier to interpret and to visualize the vague data objects. 
Since medical diagnosis deals with the imprecise and 
incomplete information, accurate detection of truly af-
fected region as well as degree of prognosis of the dis-
eases is a difficult task. VS approach is then appropriate 
for the area concerning medical diagnosis. The authors 
have presented VS approach, which is efficient than the 
ordinary fuzzy sets for this purpose. The major advan-
tage of VS over conventional fuzzy sets is that, VS in-
cludes both positive and negative evidences of an ele-
ment in the universal set. As a result, the proposed 
method has the advantages of modelling and analyzing 
the uncertainties and hesitancies which are present in the 
diagnostic system in a more flexible and intelligent man-
ner. Measurement of impreciseness in practice, it is 
found from the experimental results that VS is more 
natural than the conventional FS, especially for overlap-
ping membership function domain. Introduction of mul-
tiresolution analysis makes the methodology more robust 
in that sense it is capable of enhancing very fine detail 
features by processing the high frequency subband 
components. For Mammographic images, ordinary con-
trast enhancement algorithms are unable to provide good 
contrast information in the selected region of interests. 
The concept of VS is found to be applied successfully to 
the problems of selective contrast enhancement. The 
resulted performance of the proposed algorithm shows 
improvements over the ordinary fuzzy based operations. 
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ABSTRACT 

We developed a new approach for the reconstruction 
of phylogeny trees based on the chaos game represen-
tation (CGR) of biological sequences. The chaos game 
representation (CGR) method generates a picture 
from a biological sequence, which displays both local 
and global patterns. The quantitative index of the 
biological sequence is extracted from the picture. The 
Kullback-Leibler discrimination information is used 
as a diversity indicator to measure the dissimilarity of 
each pair of biological sequences. The new method is 
inspected by two data sets: the Eutherian orders using 
concatenated H-stranded amino acid sequences and 
the genome sequence of the SARS and coronavirus. 
The phylogeny trees constructed by the new method 
are consistent with the commonly accepted ones. 
These results are very promising and suggest more 
efforts for further developments. 
 
Keywords: CGR (Chaos Game Representation); 
Discrimination Information; Phylogeny Tree 
 
1. INTRODUCTION 

Development of the nucleotide and protein sequencing 
technology have resulted in an explosive growth in the 
number of known DNA and protein sequences, it has 
raised many fundamental and challenging questions to 
modern biology. By analyzing a set of amino acid se-
quences (or proteins) of different species, reconstruction 
of the evolutionary history of genes and species is one of 
the most important subjects in the current study of mo-
lecular evolution. Although it is an important problem in 
bioinformatics, and, like many other problems, it is still 
an open subject for research. It is mainly due to the high 
degree of complexity of the problem [1] that leads to 
intractable search spaces when dealing with the phylog-
eny of a large number of species. 

Current methods for the reconstruction of phylogeny 
trees can be roughly grouped into three kinds: maximum 

likelihood [2,3], maximum parsimony method [4] and 
distance-based methods. Maximum parsimony and max- 
imum likelihood methods use previously aligned se-
quences of nucleotides as input, and they are less suscep-
tible to errors. On the other hand, distance-based me- 
thods, such as UPGMA (unweighted pair group method 
using arithmetic averages) [5], Fitch-Margoliash [6] and 
neighbor-joining [7] use a matrix representing the dis-
tances between pairs of species, and they are based on the 
principle of similarity. 

CGR [8,9] of biological sequences can investigate dif-
ferent hiding patterns of different biological sequences. 
It has been reported that for biological sequences at least 
2000 bases are required to generate identifiable patterns 
[9], which do not depend on the order in which they are 
concatenated. In this paper, when the length of sequence 
is shorter than 2000 bases, we concatenate the sequence 
with itself repeatedly until the whole length has sur-
passed 2000. And we use the Kullback-Leibler dis-
crimination information to measure the dissimilarity of 
each pair of biological sequences. The results proved the 
method is promising. 

2. MATERIALS AND METHODS 

2.1. Data Sets 

In order to test our method, we have selected two test 
data, protein sequence and DNA sequence separately. 
The reconstruction of whole protein and nucleotide phy-
logenies using our new distance, all achieved very en-
couraging results. 

2.1.1. Protein Data Set 
It has been debated which two of three main groups of 
placental mammals are more closed related: Primates, 
Ferungulates, and Rodents. This is because by the maxi-
mum likelihood method, some proteins support the 
(Ferungulates, (primates, Rodents)) grouping while other 
proteins support the (Rodents, (Ferungulates, Primates)) 
grouping [10]. Cao et al. aligned 12 concatenated mito-
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chondrial proteins from the following species (available 
in the EMBL database (release 61)): human (Homo 
sapiens, V00622), common chimpanzee (Pan troglodytes, 
D38116), pygmy chimpanzee (Pan paniscus, D38113), 
gorilla (Gorilla gorilla, D38114), orangutan (pongo pyg-
maeus, D38115), gibbon (Hylobates lar, X99256), Su-
matran orangutan (pongo pygmaeus abelii, X97707), rat 
(Rattus norvegicus, X14848), house mouse (Mus mus-
culus, V00711), grey seal (Halichoerus grypus, X72004), 
harbor seal (Phoca vitulina, X63726), cat (Felis catus, 
U20753), white rhino (Ceratotherium simum, Y07726), 
horse (Equus caballus, X79547), finback whale (Bala- 
enoptera physalus, X61145), blue whale (Balaenoptera 
musculus, X72204), cow (Bos taurus, V00654), using 
opossum (Didelphis virginiana, Z29573), wallaroo (Ma- 
cropus robustus, Y10524) and platypus (Ornithorhyn-
chus anatinus, X83427) as the out-group, and built the 
maximum likelihood tree to confirm the grouping (Ro-
dents, (Primates, Ferungulates)). So we select this con-
troversial data set to test our method. 

2.1.2. DNA Data Set 
From NCBI (National center for biotechnology informa-
tion), we download the 12 coronavirus sequences and 12 
SARS virus sequences [11,12] that have been cultured 
isolating from the index case from all over the world. 
The 24 complete genome sequences’ logo, accession, 
host, and location are listed in the Table 1. 

2.2. Chaos Game of Representation of Proteins 

It is known that the protein sequence is formed by 20 
different kinds of amino acids. Basu. et al. [8] classify 20 
kinds of amino acids to 12 different groups according to 
 
Table 1. Coronaviruses and SARS virus sequences’ information. 

Logo Accession Host Location 
cAvian NC_001451.1 Avian  
cBovine_1 AF391541.1 Bovine  
cBovine_2 AF391542.1 Bovine  
cBovine_3 U00735.2 Bovine  
cBovine_4 AF220295.1 Bovine  
cHuman AF304460.1 Human  
cMouse AF029248.1 Murine  
cMurine_1 AF208066.1 Murine  
cMurine_2 AF201929.1 Murine  
cMurine_3 AF208067.1 Murine  
cPig_1 NC_002306.2 Pig  
cPig_2 NC_003436.1 Pig  
SARS_BJ01 AY278488.2 Human Beijing 
SARS_HK_1 AY282752.1 Human Hong Kong 
SARS_HK_2 AY278491.2 Human Hong Kong 
SARS_HK_3 AY278554.2 Human Hong Kong 
SARS_SG_1 AY283794.1 Human Singapore 
SARS_SG_2 AY283795.1 Human Singapore 
SARS_SG_3 AY283796.1 Human Singapore 
SARS_SG_4 AY283797.1 Human Singapore 
SARS_SG_5 AY283798.1 Human Singapore 
SARS_TOR2 AY274119.3 Human Toronto in Canada
SARS_TW1 AY291451.1 Human Taiwan 
SARS_Urban AY278741.1 Human United States 

their different conservative substitutions such as alanine 
(A) and glycine (G), are considered as one vertex; serine 
(S) and threonine (T) represent a vertex; and so on. Fur-
thermore, Basu. et al. claims that the following 12-ver-
tex CGR algorithm is optimum for generation of distinct 
patterns for different protein families. 

Following the chaos game algorithm, the first amino 
acid residue of the concatenated protein sequence is plot-
ted halfway between the random initial point and the 
vertex labelled with the first residue. The second residue 
in the sequence is then plotted halfway between the first 
point and the vertex labelled with the second residue. The 
process must be repeated until the last residue in the se-
quence is plotted. 

The 12-sided polygon is divided into 24 segments 
(grid) as shown in Figure 1 and the segments are la-
belled serially with numbers 1-24. For each segment, 
says Sk, we count the number of points fall in Sk, says Lk. 
(The points falling on boundaries should be counted in 
any one of the neighboring segments). Then set Gk = 
Lk/N; k = 1; 2; …; 24; where N is the length of the pro-
tein sequence. From the above 12-vertex CGR algorithm, 
we can transform each protein sequence into a 24-di-
mensional vector (G1; …; G24). 

 

 
Figure 1. Chaos game representation of protein. 
 

 
Figure 2. Chaos game of representation of DNA. 
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2.3. Chaos Game Representation of DNA Sequence 

Similar to the chaos game representation of proteins, 
each of the four vertex of the square is labelled ‘a’, ‘c’, 
‘g’, or ‘u’. According to the DNA sequence [9], we plot 
half way between the random initial point and the vertex 
labeled with the first nucleotide acid. Then the second 
nucleotide acid in the sequence is plotted halfway be-
tween the first point and the vertex labelled with the 
second one. Following this method, it is repeated until  
the last nucleotide acid is plotted. 

 JBiSE 

The square is divided into 16 segments (shown in Fig-
ure 2). Each of segments is labelled with the numbers 
1-16.Then we can count the percent of the points that are 
fallen into each of segment. Following this algorithm, 
each DNA sequence will induce a 16-dimensional vector 
(G1; …; G16). 

2.4. The Kullback-Leibler Discrimination 
Information 

X is a discrete random variable. It has the different dis-
tribution laws under the different hypotheses. Such as, 
under hypothesis H1, its distribution law is defined as 
follow: 

1 2
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By similarity, under hypothesis H2, its distribution is 
similar: 
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The Kullback-Leibler discrimination information be-
tween the two distributions is defined as follow: 
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The detailed step to measure the dissimilarity using 
this concept is listed as follow. 

For example, there are two sequences, X and Y. Fol-
lowing the CGR algorithm, they can transform into the 
vector of the percent, (GX(1); …; GX(k)) and (GY(1); …; 
GY(k)) k = 16 or 24, according to the kind of biological 
sequence. The two vectors can be seen as the two dif-
ferent distribution laws. 
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Then the Kullback-Leibler discrimination information 
of two frequencies distribution is defined as follow: 

I(X, Y) denote the discrimination information between 
the X and Y. It is should be noted that maybe some GY(i) 
= 0, this make GX(i)/GY(i) no sense. In this case, we may 
treat GY(i) as a very small positive real number, and this 

would not cause trouble, and make our discussion very 
conversional. At the same, we always note that 

00log0  . 
Because the discrimination information has direction 

(also termed as directed divergence), it is I(X, Y) ≠ I(Y, 
X) in general, so we now introduce another measure J(X, 
Y) as the following: 

J(X, Y) = I(X, Y) + I(Y, X) 
Then J(X, Y) has the following properties: 
(1) J(X, Y) ≥ 0 
(2) J(X, Y) = 0 if and only if X = Y. 
(3) J(X, Y) = J(Y, X). 
At last, we introduce Distance (X, Y) to measure the 

diversity (dissimilarity) of the biological sequences, X 
and Y. 

3. RESULTS 

3.1. Protein Data Set 

With the protein data set, firstly, the out-group species 
separate from other mammals. Secondly, the three 
classes grouped each other obviously. Above all, we 
computed the Distance (X, Y) for each pair of species X 
and Y and constructed a tree (shown in Figure 3) using 
the neighbor joining [7] program in the MOLPHY 
package. The tree is very close to the maximum likeli-
hood tree of Cao et al [10]. We also support the collu-
sion of the (Rodents, (Ferungulates, Primates)) grouping. 
And we try to connect the midpoint of every edge to 
divide the polygon into 84 segments. Then following the 
same routine, we get the similar phylogeny tree, there is 
one difference from the previous tree that the horse’s 
position is different. 

3.2. DNA Data Set 

With the DNA data set, we reconstructed the phylogeny 
tree (shown in Figure 4), separated the coronavirus se-
quences and SARS sequences completely. And the 
SARS sequences are more resemble to the first group of 
coronavirus. These results are similar to the commonly 
accepted results [13]. The 12 SARS virus sequences are 
obviously separated from the 12 coronavirus sequences. 
It supports the conclusion that SARS virus belong to the 
coronavirus, but they are different from the conventional 
coronavirus. On the phylogeny tree, SARS viruses are 
closest to the c_pig1, c_pig2 and c_Human which be-
long to the first kind of the coronavirus according to the 
serotype. It shows that SARS virus is nearest to the first 
kind of coronavirus. This is different from the Rota et al 
[13]. But it supports the experiment result of the Ksiazek 
et al [14]. 

Then we further divide the every segment into four 
average parts. That is to say, we divide the square into 64 
segments. With the same method, we get the completely 
same tree. 
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Figure 3. Phylogeny tree with the mitochondrial proteins from 20 species. 
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Figure 4. Phylogeny tree with coronavirus and SARS virus sequences. 
 
4. CONCLUSIONS 

We develop the new method based on the CGR of bio-
logical sequences. We achieved the promising results. 
This method is universal. It can reconstruct the phylog-
eny tree not only with the protein sequences data but 
also with the DNA (or RNA) sequences data. The nu-
merical experiments show its stability. We tried to divide 
the square (or polygon) into more segments, and then we 
reconstruct the phylogeny tree in the similar way. We 
achieved the similar results. That is to say, the CGR 
method can show the distinct pattern for different pro-
teins, no matter how to divide the pictures. And the 
Kullback-Leibler discrimination information can meas-
ure the dissimilarity of the proteins rightly. 

The successful application to reconstruct the phylog-

eny tree means that this new measurement of the dis-
similarity between the biological molecules can not only 
use to reconstruct the phylogeny tree, but also apply to 
other comparative genomics research communities. 
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ABSTRACT 

The evolution of protein family is a process along the 
time course, thus any mathematical methods that can 
describe a process over time could be possible to de-
scribe an evolutionary process. In our previously con-
cept-initiated study, we attempted to use the differen-
tial equation to describe the evolution of hemaggluti-
nins from influenza A viruses, and to discuss various 
issues related to the building of differential equation. 
In this study, we attempted not only to use the dif-
ferential equation to describe the evolution of matrix 
protein 2 family from influenza A virus, but also to 
use the analytical solution to fit its evolutionary 
process. The results showed that the fitting was pos-
sible and workable. The fitted model parameters 
provided a way to further determine the evolutionary 
dynamics and kinetics, a way to more precisely pre-
dict the time of occurrence of mutation, and a way to 
figure out the interaction between protein family and 
its environment. 
 
Keywords: Amino-Acid Pair Predictability; Differential 
Equation; Evolution; Fitting; Influenza A Virus; Matrix 
Protein 2 
 
1. INTRODUCTION 

Very recently, we explored the possibility to use a dif-
ferential equation to describe the evolution of hemagglu-
tinin proteins from influenza A virus [1]. 

However, there are ten types of proteins from influ-
enza A viruses, it is necessary to explore whether or not 
this differential description can be applied to other pro-
teins from influenza A viruses. Also, it is intriguing to 
use the analytic solution of differential equation to fit the 
evolution of proteins from influenza A viruses. 

This is so, because the mathematical modeling is gen-

erally the ending point of empiric experiments, and more 
importantly the mathematical modeling can provide us 
the tool for predicting the future of evolution. 

As the evolution is a process along the time course, 
we at first needed to represent an evolutionary subject 
along the time course, and then we could consider how 
to apply the mathematical modeling to this process. 

Now we are particularly interested in the evolution of 
proteins. However, a protein generally is a sequence of 
letters, which represent amino acids. Thus we need a 
method to represent a protein family along the time 
course before modeling [2-5]. 

In general, the evolution is a process of exchanging 
substances between a living subject and its environment. 
In this context, the differential equation is quite suitable 

because we defined outputinput
dt

dy
  for exchang-

ing substance between a protein family and its environ-
ment along the time course [1]. 

As we know that the evolution of proteins goes 
through mutations, which bring in new mutating amino 
acids and take out mutated amino acids. This again re-
quires the conversion of amino acids into numbers to 
represent the exchange [2-5]. 

Among ten types of proteins from influenza A virus, 
the matrix protein 2 (M2) is important because it con-
structs a proton channel in the virion and it is essential 
for infection [6]. Thus, the M2 protein was the target for 
anti-influenza drugs, and the M2 ion channel blockers 
was approved to treat influenza virus infections [7,8], 
but their use is limited by high frequencies of the resis-
tance among currently circulating strains [9,10]. Also, a 
vaccine was designed basing on the conserved ectodo-
main of M2 protein, which could match multiple influ-
enza virus strains including multiple subtypes [11]. 

In this study, our effort was made to apply the differ-
ential description to the evolution of M2 protein family 
from influenza A virus, and to use the analytical solution 
of differential equations to fit the evolutionary process of 
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M2 proteins. 

2. MATER

2.1. Data 

5926 full-length M
from 1959 to 2008 were obtained from the influenza virus 
resources [12]. After excluded identical sequences, 1084 
M2 proteins were actually used in this study. 

2.2. Conversion of Proteins into Numb

For two purposes, we needed to convert M2 prote
numbers: 1) we needed a single number for a single M2 
protein so that we could present the evolution of M2 
protein family over time, and 2) we needed a number to 
present mutation, which resulted in numerical exchange 
between M2 protein and its environment. We used the 
amino-acid pair predictability to do this job [2-5]. 

For example, an M2 protein (accession number 
755) from an avian influenza virus, strain A/chi- 

cken/Magetan/BBVW/2005(H5N1), had 97 amino acids. 
The first and second amino acids could be counted as an 
amino-acid pair, the second and third as another amino- 
acid pair, the third and fourth, until the 96th and 97th, 
thus there were 96 amino-acid pairs. 

This M2 protein had 10 glutamic
ucines (L): if the permutation could predict the ap-

pearance of amino-acid pair EL, it would appear once 
(10/9711/9696=1.13); actually it did appear once, so 
the pair EL was predictable. By contrast, this M2 protein 
had 7 isoleucines (I): if the permutation could predict the 
appearance of amino-acid pair IL, it would appear once 
(7/9711/9696=0.79); however, it appeared three times 
in realty, so the pair IL was unpredictable. 

In this way, all amino-acid pairs in A
otein were classified as predictable and unpredictable, 

which were 17.71% and 82.29%. 
Taking another M2 protein (ac
771) as example, this M2 protein had only one amino 

acid different from ABF01755 M2 protein at position 65. 
However, its predictable and unpredictable portions were 
20.83% and 79.17%. Thus, the amino-acid pair predict-
ability distinguished the difference between M2 proteins 
in numbers rather than in letters that represented amino 
acids in proteins. 

Based on the a
edictable portion between ABF01755 and ABF01771 

M2 proteins was −3.12% (17.71%−20.83%), which was 
regarded as the exchange between M2 protein and its 
environment. 

2.3. Differen

If ABF01755 and ABF01771 M
direct relation due to a single mutation, the difference 

between them was outputinput
dy

 , where y was 

the difference in pred e time re-
quired for mutation, input was the predictable portion 
brought in by mutating amino acid, output was the pre-
dictable portion taken away by mutated amino acid. 

Unfortunately, we had no way to know if ABF01

dt
icable portion, t was th

755 
an

sing the 
pe

est and Mann-Whitney U-test were used 

3. RESULTS AND DISCUSSION 

utation rela-

d ABF01771 M2 proteins had a direct mutation rela-
tionship although both were sampled in 2005. 

As the predictable portion was determined u
rmutation based on random principle, thus this ex-

change was in fact the exchange of randomness between 
M2 proteins and their environment, more accurately was 
the exchange of entropy between M2 proteins and their 
environment [1]. 

2.4. Statistics 

The Student’s t-t
to compare the difference between uphill and downhill 
half-life, and P<0.05 was considered statistically sig-
nificant. The SigmaPlot for Windows was used for fit-
ting [13]. 

Ideally, we would hope to have a direct m
tionship for all 1084 M2 proteins from 1959 to 2008 
involved in this study, because then we would have 

outputinput
dt

dy
 for each mutation relationship be-

 M2 proteins. 
Although it was impossible to fi

 

tween any related two
nd out such a rela-

tio

hand, our computations on predictable 
po

Figure 1 presented 
th

al Solution 

ted that the possi-  

nship among all of these M2 proteins sampled every-
where in the world, the real mutation relationship 
worked in this way no matter if we had sampled them or 
not. Thus, we had a system of differential equations for 
all M2 proteins. 

On the other 
rtions of 1084 M2 proteins provided us with the most 

update evolutionary process in Figure 1, which was read 
as follows. For example, the solid curve in the top panel 
presented the evolution of 1084 M2 proteins from 1959 
to 2008, and each point was the mean value of predict-
able portions of all M2 proteins in given year with its 
standard deviation (vertically grey line). The similar 
reading was applied to other panels. 

So the fluctuating solid curves in 
e evolutionary process over time. If we could use the 

differential equation to describe these solid curves, it 
would mean that we were able to model the evolutionary 
process of M2 proteins. 

3.1. Possibly Analytic

These fluctuating solid curves sugges
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Figure 1. Evolutionary process of M2 proteins from influenza A viruses from 1959 to 2008 in terms of 

   

predictable portions with respect to different subtypes. The data are presented as mean±SD. The solid and 
dotted lines are the actual evolutionary process and fitted evolutionary process with analytical solution of 
differential equation. 
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ly analytic erential equations would 

ating solid curve representin

olution governed a decaying trend with 

 

al solution for n diffb
be a sum of decaying exponential and sinusoidal func-

tions     CteAty
n

tk
i

i   cos  , where y was the 

fluctu g the predictable por-
tion over time, A, α and k were parameters, t was time,  
was phase difference, and C was a constant [14]. 

3.2. Half-Life 

i
ii

1

 JBiSE 

This analytical s
fluctuating solid curve because of negative exponential. 
Hence, we were able to determine the half-life of de-
caying phase of the fluctuating solid curve immediately.
With decaying exponential, the half-life was 

 
kk

T
696.02ln

2/1  , where 
   

erval

troughpeak yy
k

lnln 
 , which 

alf-life. S re able 
 

tint

was the downhill h ymmetrically, we we

to compute the uphill half-life too because the uphill 

owed the computed half-life for all possible 
st

uggested that we were able to use the 
an

able 1. Half-life for all and each subtype of M2 proteins from influenza A viruses. 

) Half-life (years) 

phase suggested that mutations led M2 proteins to be-
come more predictable whereas the downhill phase sug-
gested that mutations led M2 proteins to become less 
predictable. 

Table 1 sh
ratified peaks and troughs, and Figure 2 compared the 

uphill half-life with the downhill one. As no statistical 
difference was found in Figure 2, it indicated that the 
uphill half-life was not different from the downhill half- 
life in principle. 

These results s
alytical solution to fit the solid curve, because the un-

solved problems in our previous study were that we were 
not able to determine the input function for this differen-
tial equation and were not able to determine if this evo-
lutionary process was at steady-state. 

T

M2 Period Length Predictable portion (%

S e Peak/Tr Trough Uphi hill ubtyp Year Years ough Peak/ ll Down

All 19 2 60-196 3 20.83 23.44 18  

 1962-1963 2 23.44 18.23  6 

 1963-1966 4 18.23 23.26 1  

17 

58 

20 

12 

33 

51 

 

19 

38 

59 

25 

35 

22 

32 

1

H  

14 

1

1  

 

1

18 

12 

H  12 

14 

 1979-1982 4 19.53 21.67 27  

1  

 1966-1967 2 23.26 21.46  

 1967-1970 4 21.46 22.51  

 1970-1973 4 22.51 19.59  

 1973-1974 2 19.59 21.93  

 1974-1978 5 21.93 19.73  

 1978-1981 4 19.73 20.83  

 1981-1983 3 20.83 17.14  11

 1983-1987 5 17.14 20.50  

 1987-1991 5 20.50 18.69  

 1991-1997 7 18.69 20.30  

 1997-1998 2 20.30 19.19  

 1998-2001 4 19.19 20.76  

 2001-2004 4 20.76 18.32  

 2004-2007 4 18.32 19.97  

 2007-2008 2 19.97 18.58  9 

1 1976-1979 4 21.35 18.75  21 

 1979-1980 2 18.75 22.92 7  

 1980-1983 4 22.92 16.15  8 

 1983-1987 5 16.15 20.63  

 1987-1990 4 20.63 15.63  0 

 1990-1992 3 15.63 18.75 1  

 1992-1994 3 18.75 15.63  11

 1994-1996 3 15.63 20.83 7  

 1996-1999 4 20.83 17.07  4 

 1999-2000 2 17.07 22.94 5  

 2000-2004 5 22.94 18.85  

 2004-2008 5 18.85 25.00  

3 1972-1973 2 22.20 19.79  

 1973-1975 3 19.79 25.00 9  

 1975-1979 5 25.00 19.53  
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 1982-1985 4 21.67 17.80  14 

 1985-1987 3 17.80 22.92 8  

 1987-1988 2 22.92 18.75  7 

 1988-1989 2 18.75 22.92 7  

 1989-1990 2 22.92 17.90  6 

 1990-1991 2 17.90 22.92 6  

 1991-1998 8 22.92 17.19  19 

 1998-1999 2 17.19 19.68 10  

 1999-2003 5 19.68 17.65  32 

 2003-2008 6 17.65 19.59 40  

H  

H  

H  

N  35 

18 

N  

21 

5 1994-1996 3 21.35 17.71  11 

 1996-1997 2 17.71 20.60 9  

 1997-1999 3 20.60 16.67  10 

 1999-2000 2 16.67 23.96 4  

 2000-2007 8 23.96 16.48  15 

7 1996-1999 4 18.75 20.31 35  

 1999-2000 2 20.31 18.06  12 

 2000-2002 3 18.06 20.57 16  

 2002-2006 5 20.57 17.19  19 

 2006-2007 2 17.19 18.75 16  

9 1997-1999 3 23.62 18.06  8 

 1999-2001 3 18.06 23.24 8  

 2001-2004 4 23.24 18.93  14 

 2004-2005 2 18.93 21.42 11  

 2005-2008 4 21.42 17.01  12 

1 1976-1978 3 21.46 20.21  

 1978-1979 2 20.21 21.88  

 1980-1983 4 21.88 16.15  9 

 1983-1985 3 16.15 20.14 9  

 1985-1986 2 20.14 17.23  9 

 1986-1987 2 17.23 20.63 8  

 1987-1990 4 20.63 15.63  10 

 1990-1993 4 15.63 19.15 14  

 1993-1994 2 19.15 15.63  7 

 1994-1997 4 15.63 21.13 9  

 1997-1999 3 21.13 19.18  22 

 1999-2000 2 19.18 21.37 13  

 2000-2004 5 21.37 17.98  20 

 2006-2007 2 18.07 20.70 10  

 2007-2008 2 20.70 18.52  13 

2 1961-1962 2 20.83 23.44 12  

 1966-1967 2 23.26 21.35  16 

 1967-1972 6 21.35 23.34 47  

 1972-1973 2 23.34 19.59  8 

 1973-1976 4 19.59 23.57 15  

 1976-1979 4 23.57 19.79  16 

 1982-1983 2 21.67 15.89  4 

 1983-1987 5 15.89 18.75  

 1987-1988 2 18.75 17.19  16 

 1989-1990 2 17.19 19.89 10  

 1990-1992 3 19.89 16.67  12 

 1992-1994 3 16.67 19.87 12  

 1994-1995 2 19.87 18.85  26 

 1995-2001 7 18.85 21.36 39  

 2001-2004 4 21.36 18.15  17 

 2004-2006 3 18.15 19.17 38        
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Figure 2. Comparison of uphill half-life with downhill half- 
life in all and different subtypes of M2 proteins from influ-
enza A viruses. The data are presented as mean±SD. 

e 
2 proteins because the process of finding 

According eneral fitting principle,  were 
able to deter the goodnes  our fitting rough 
se

 

 fit 

Subtype All H1 H3 H5 H7 H9 N1 N2 

 to the g  we
mine s of  th

veral ways, for example, 1) the Akaike’s information 
criterion [15], 2) the plotting of residuals versus fitted 
predictable portion [16], 3) the plotting of residuals ver-
sus time [16], 4) the R or squared R value between fitted 
and actual data [13], etc. We mainly used the squared R 
value (Table 2) and Akaike’s information criterion to 
determine if the difference between solid and dotted 
lines was acceptable. This was so because the sampled 
influenza A viruses were very unbalanced due to the 
practical difficulty in sampling, thus the solid lines could 
be biased on this account. 

One possibility with this analytical solution was that 
the fluctuations would become less intensive as the time 
went on. This was possible because the evolutionary 
speed was becoming slower as less and less functional 
units needed to evolve. In fact, influenza viruses became 
more and more adapt to their environments after long- 
time evolution, thus they did not need to mutate a lot to 
suit for the changes in environments. This adaptation 
would lead the evolutionary speed of influenza A virus 
to be slower over time. For another example, the appen-
dix in human could have very little speed for its evolu-
tion because its function is very much limited in general. 

The use of differential equation to describe the evolu-
tion of proteins from influenza A viruses not only ad-
va

 
3.3. Fitting 

t was possible to use the analytical solution to fit thI
evolution of M
half-life provided the initial estimate for the parameter ki 
in exponential terms. 

The dotted lines in Figure 1 were fitted lines using the 
analytical solution, and Table 2 listed the fitted parame-
ters for the analytical solution. As seen, the dotted lines 
generally were quite approximate to the evolutionary 
trend presented by the solid curve, indicating that the 
analytical solution was able to present the evolutionary 
process of M2 proteins from influenza A virus. 
 
Table 2. Parameters obtained after using the analytical solution to

nced our modeling ability in this field, but also pro-
vided us the tool to predict future mutations of influenza 
A viruses. For prevention of possible epidemic/pandemic,
it is very important how to time mutations in proteins 

the evolutionary process of M2 proteins in Figure 1. 

A1 -1.0962 1.4086 -4.0515 -2.3573 1.5353 -3.9688 7.5911 -5.9992 

k1 0.  0  0  0.  0  0.  0.  0.  0292 .0000 .1087 0762 .0000 1360 2128 0677

a 1 0.9733 1.1999 1.0116 1.6356 1.2230 0.7309 0.6387 -0.1797 

 1 -0.6025 -6.8726 1.1214 -1.9029 -2.5712 2.1098 3.8746 4.6835 

A -

K

2 60.1439 46.9288 17.0142 -2.3072 -0.5694 -1.6362 2.1476 -2.0694 

2 0.5698 0.0157 0.1206 0.0312 0.0000 0.0000 0.0557 0.0356 

a 2 3.0209 6.3110 0.0685 -21.0433 1.9395 1.5054 1.5402 1.2495 

 2 -10.7687 -4.0610 1.6425 -

A

k

12.2725 3.0707 -3.1941 4.7661 0.7923 

3 -2.5565 -1.4254 -2.6202 -1.2754 1.8712 3.3257 1.2562 1.1683 

3 0.0687 0.0395 0.0589 0.0000 0.0000 0.0596 0.0198 0.0452 

a 3 1.2499 2.4881 1.2671 2.8407 1.1729 0.2823 1.2257 4.2995 

 3 -0.5466 3.2902 -2.6996 -0.1830 0.5379 4.8288 -1.5888 -10.0636 

C

R 

 20.02 50.7341 18.4548 18.8510 19.1760 20.3824 18.9722 19.2776 

0.5619 0.7951 0.8123 0.7793 0.8057 0.9601 0.7297 0.8772 

R2 0.3158 0.6322 0.6599 0.6074 0.6491 0.9217 0.5325 0.7695 
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ABSTRACT 

Studying the thermophysical properties of disaccha-
ride based ternary solutions are gaining increasing 
importance because of their role as excepients in pres-
ervation protocols for biologics in general and mam-
malian cells in particular. Preservation strategies in-
volve not only cryopreservation, but novel approaches 
like room temperature vitrification and lyophilization. 
In this study we investigate the water activity and glass 
transition temperature of citrate and tris buffers 
(widely used in the gamete preservation industry) with 
trehalose or sucrose after partial desiccation. After 
obtaining the water activity (aw) through equilibration 
at different relative humidity environments, we 
measured the glass transition temperature (Tg) of these 
partially desiccated solutions using a differential 
scanning calorimetry (DSC). The experimental data 
was used in conjunction with the Gordon-Taylor 
equation to obtain 3-D contours of Tg as a function of 
water content and relative salt/sugar concentration. 
Results indicate that the glass transition behavior is a 
strong function of the excepient combination. Overall, 
that trehalose solutions yielded larger values for Tg 
than sucrose counterparts at low moisture contents in 
combination with the same buffer. We also saw that 
citrate solutions yielded larger glass transitions than 
their tris counterparts. Based on these results, a tre-
halose-citrate mixture can be picked as the preferred 
composition for storage applications. The 3-D contours 
which show a wide variation in slope depending on the 
salt-sugar concentration constitute important infor-
mation for the desiccation preservation of biologics. 
 
Keywords: Trehalose; Sucrose; TRIS; Citrate; DSC; 
Glass; Transition; Tenperature 
 
1. INTRODUCTION 

Desiccation preservation offers an attractive alternative 
to cryopreservation for the long term storage of mam-

malian cells and gametes. While cryopreservation has a 
stringent requirement of storage in liquid nitrogen at a 
temperature in the vicinity of-196°C, desiccation pres-
ervation offers the ability to store cells at or near ambi-
ent conditions. At the same time it eliminates the usage 
of toxic cryoprotectants such as glycerol and DMSO 
which require removal upon returning cells to ambient 
temperatures, severely affecting cell survival in the 
process [1]. 

One of the hypotheses behind the mechanism of des-
iccation preservation is the formation of glassy structure, 
a highly viscous state that minimizes molecular mobility 
of the matrix thereby suspending metabolic activities in 
the cells. Sugars, particularly disaccharides, have been 
effective in imparting cellular protection in the desic-
cated state. A number of studies have demonstrated the 
ability of different sugars such as trehalose, sucrose, 
raffinose and maltose to sustain a stable glassy state at 
low moisture content [2,3,4,5,6,8]. Such sugars form 
glasses at ambient temperature, thereby reducing mo-
lecular mobility and allowing a prolonged stable storage 
of biomaterials and cellular components [3,8,9,10,11]. 

The survival of mammalian cells in vitro requires a 
buffer or culture media generally consisting of various 
salt mixtures. In our study we chose to study ternary 
sugar-salt-water solutions. The interactions of ternary 
solutions can often be extremely difficult to predict 
without proper experimental studies of their thermo- 
physics [6]. These interactions can produce results that 
may vary significantly even from similar studies of bi-
nary solutions [1,12]. 

Two key thermophysical parameters that will deter-
mine a desiccation preservation protocol include water 
activity (aw) and glass transition temperature (Tg) 
[6,8,9,13,14]. Water activity (aw) is defined as the ratio 
of the vapor pressure of water in a material (p) to the 
vapor pressure of pure water (po) at the same tem-
perature [15]. It is an equilibrium state that is greatly 
responsible for a solution’s ability to participate in 
physical, chemical and microbiological reactions [2, 
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16]. The glassy state is a non-equilibrium state at 
which substances exhibit an amorphous glass structure. 
Glass transition (Tg) is the temperature at which 
amorphous solids transition from solid to a less vis-
cous state. The glass transition temperature is a func-
tion of the solution constituents and the moisture con-
tent, as well as a function of the water activity of the 
storage condition [17]. 

The objective of the current experimental study was 
to investigate the effect of water activity (given by the 
equilibrium relative humidity of the storage environ-
ment for room temperature conditions) on moisture 
contents and the subsequent effect of moisture content 
on Tg of various sugar-buffer-water ternary system. 
The particular buffers chosen for this study were the 
Tris and Citrate buffers whose composition can be 
seen in Table 1. These buffers are widely used bovine 
sperm extenders under a wide range of temperatures 
[18,19,20,21,22]. These buffers have an excellent 
buffering characteristics for biochemical studies, are 
non-toxic to living cells, and effective for maintaining 
osmotic pressure in cells. Trehalose and sucrose were 
chosen as the excipient sugars owing to their superior 
glass forming ability and their effective role in desic-
cation preservation which have been well documented 
in the studies of various biologics [4,5,8,11,23,24, 25]. 
The goal of our study was to create water activity ta-
bles for different concentrations of the sugars in each 
of the buffers. The Tg of samples were then plotted in 
as a 3D surface plot as a function of sugar concentra-
tion as well as moisture content. These 3D plots are 
extremely important for references in future work in 
determining which solutions will produce glass transi-
tions at appropriate temperature levels. 

2. MATERIALS AND METHODS 

2.1. Sample Preparation 

Trehalose dihydrate (Sigma Aldrich assay > 99%) and 
sucrose (Sigma Aldrich assay > 99.5%) were both pur-
chased from Sigma Aldrich. The tris and citrate buffers 
were obtained from ABS global, Deforest, WI in con-
centrated forms and diluted with distilled water to 1X 
concentrations, which corresponds to an isotonic solu-
tion of 325 mosm. The composition of the tris and cit-
rate buffers are presented in Table 1. Molar calcula-
tions were carried out to determine the appropriate 
quantity of trehalose or sucrose to be added to each 
individual volume of the buffer. Vials were then mixed 
thoroughly to ensure homogeneity. The range of each 
sugar in combination with respect to the buffer for the 
tris buffer were 0.713, 1.426, 2.139, 2.85, 5.705, 11.41 
g sugar/g tris while solutions utilizing the citrate buffer 
used the range of 1.485, 2.97, 4.455, 5.94, 11.72, 23.76 
g sugar/g citrate. 

2.2. Generation of Humidity Environment and 
Drying Kinetics Curves 

Stable relative humidity (RH) environments were gener-
ated by equilibrating samples in humidity boxes at room 
temperature (20C). Humidity boxes consisted of a 
sealed plastic food container with a chosen desiccant 
inside, that was placed inside larger stackable desicca-
tion cabinets (Sanplatec Polystyrene Mini Desiccator, 
Osaka, Japan) [26,27]. Our chosen desiccants were su-
persaturated solutions of magnesium nitrate, potassium 
acetate, lithium chloride, and lithium bromide that pro-
vided us with 53%, 21%, 11%, and 6% RH respectively. 
Drierite salts (Drierite Aldrich Chemical Company, St 
Louis, MO) was used to obtain 1.5% RH environment. A 
digital hygrometer (Oakton Thermohygrometer, Vernon 
Hills, IL) was used to determine the equilibrium RH 
values generated by the various desiccants. Dry samples 
(0% RH) were obtained by baking in a natural convec-
tive drying oven (Quincy Labs Model 10 Lab Oven, 
Chicago, IL) at 75°C for a minimum of 14 days or till no 
detectable variation in weight was observed. A 30μL 
volume of sample solution was carefully placed in a 
standard aluminum Differential Scanning Calorimeter 
(DSC) pan from TA Instruments (New Castle, DE). Pan 
weight and the sample weight measured using a digital 
scale (Mettler Toledo AB265S FACT, Columbus, OH) 
and recorded for gravimetric analysis and for the DSC 
experiment to determine the glass transition temperature 
(Tg). Pans were then carefully transported with tweezers 
to the appropriate relative humidity (RH) box where they 
were allowed to equilibrate. The samples were weighed 
periodically after they had been placed into the humidity 
box. Based on these weight measurements, a drying ki-
netics chart was generated. These charts were used to 
ascertain the time at which the samples had reached 
equilibrium moisture content. 

2.3. DSC Experiments 

After equilibration, the samples in the DSC pans were 
promptly hermetically crimped and sealed using a crimp 
from TA instruments to reduce any exposure to the room 
RH conditions. Samples were then ready for appropriate 
DSC experiments. 
 
Table 1. Shows a breakdown of components of both the par-
ticular tris and citrate buffers which were used in this study. gm 
%=grams/100mL water. 

Tris Buffer Citrate buffer 

2.42 gm % tris 
(hydroxymethyl aminomethane)

2.12 gm % sodium 
citrate dihydrate 

1.38 gm % citric acid 
mono-hydrate 

0.183 gm % citric acid 
monohydrate 

1.0 gm % fructose  
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Table 2. Provides a generalized walkthrough of each portion of a DSC run. Each step is given a general description and the explana-
tion for its use is found in the same row. Experiments were taken to at least 30˚C above the expected glass transition temperature 
while also considering degradation of samples. 

Step # Function Description 

1 low temperature equilibration 
The low temperature equilibration is used to view for any crystallization. It also pro-
vides a constant starting point for each of the runs to begin for consistency.  

   

2 First Heating Cycle 
The purpose of this heating run is to erase any thermal history of the sample.  During 
this run we want release any of  the non-equilibrium properties of the sample such as 
a buildup of entropy and enthalpy which occurs due to the non equilibrium glassy state.

   

3 Holding Isothermal 
The isothermal run is to equilibrate the sample at a temperature above the glass tem-
perature.  This makes sure that all we will have a sample in the equilibrium for our 
run. 

   

4 Cooling 
Now we need to cool our sample back down to our initial baseline.  We have erased 
all the thermal history of the sample and are now ready to begin our actual experiment.

   

5 Second Heating Cycle 
It is during this heating cycle where we will be able to determine our glass transition 
temperature.  This is the cycle which we analyze and is the one we are interested in. 

   

6 Cooling to ambient 
This is merely to return the sample to ambient conditions where it can be safely re-
placed into the auto sampler. 

 Note: 
All heating and cooling runs were performed at a rate of 5 degrees Celsius per minute 
from -40˚C to 180˚C except for final cooling to ambient which was performed at 15 
degrees Celsius per minute to ambient 25˚C. 

 
Table 3. Shows the k values used in the gordon taylor equation 
when it was used for solutions containing moisture. k values 
were dependent upon sugar concentration in the buffer as well 
as the combination of sugar-buffer being modeled. 

 
Table of k 

Trehalose- 
Tris solutions 

Trehalose- 
Citrate 

solutions 

Sucrose- 
Tris solutions 

Sucrose- 
Citrate 

solutions

Lowest sugar 
Concentration 

k=1.4 k=0.37 k=0.5 k=0.57

Largest sugar 
concentration 

k=0.17 k=0.34 k=0.35 k=0.4 

 
A typical DSC run with a heat-cool-heat cycle is 

show-n in Table 2. All experiments for evaluating Tg 
were performed using a Q1000 DSC (TA Instruments, 
New Castle, DE) which is also equipped with a refriger-
ated cooling system (RCS). High purity nitrogen gas was 
used to purge at a flow rate of 50 mL/min for each run to 
ensure an inert experimental environment. Sample pans 
were placed in the auto sampler alongside a reference 
pan of known weight for comparison during the actual 
running of the DSC. After the DSC run had been con-
cluded, the TA Universal Analysis software was used to 
analyze the graph of heat flux as a function of tempera-
ture. The glass transition was then located on the graph 
and calculated using the Tg software function. 

2.4. Data Analysis 

Initially large quantity of our sugar buffer concentration 
range samples were baked to determine a wet to dry 
weight ratio by weighing samples before entering the 
oven and then again after being baked at 75°C for at 

least 2 weeks. This ratio would then be multiplied to the 
initial weights of other samples prior to entering equili-
bration in humidity chambers in order to provide a 
weight for the sample if all moisture were removed 
which is required for the calculation of Dry Basis Mois-
ture Content (DBMC). DBMC is a measure of residual 
moisture in samples in relation to their dry weight which 
is calculated to be void of moisture. 

E B

B

W  - W
% Dry basis moisture content (DBMC) = *100

W  
(1) 

where WE is the equilibrated weight and WB is the baked 
weight. 

All experimental Tg’s were plotted as a function of 
DBMC to see the plasticizing effect of moisture on our 
ternary solutions. All experiments consisted of at least 3 
repeats (n=3). The error bars in the figures represented 
the standard deviations of the repeats. The statistical 
significance of the experiment data were evaluated using 
the analysis of variance. Moisture contents as well as  
Tg’s were tested for significance using Microsoft Excel’s 
ANOVA Single Factor variance test. Statistical signifi-
cance was assessed as p<0.05. 

2.5. Modeling of Tg 

Gordon and Taylor first developed a model for the pre-
diction of glass transition in 1952 in their study of syn-
thetic rubbers based upon individual components con-
tribution to the glass transition of the overall homoge-
nous uniformly packed mixture [10]. This Eq.1 was used 
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for modeling our desiccated ternary solutions.  

1 1 2 2

1 2

* *
g

g gw T kw T

w kwT



          
 (2) 

where, w1 represents the weight fraction and the sub-
script 2 designates the component with larger Tg. k is a 
model specific parameter. For baked samples (without 
any moisture) the value of k was given as the ratio of the 
smaller Tg over that of the larger Tg (k= Tg1/Tg2) com-
monly referred to as the Fox equation. However, sam-
ples containing moisture required the determination of a 
different k value than the dried samples. This was ac-
complished by using the Tg of water (136K) as Tg1 in 
Eq.2 and the baked salt-sugar mixture as Tg2. Best fit 
analysis using a minimization function for percent dif-
ference of analytical and experimental data was used in 
order to determine the most accurate value for k. All the 
values for k were then used for the creation of 3D plots. 

3. RESULTS 

3.1. Drying Kinetics of Solutions 

Figure 1 is a representative plot of the drying kinetics 
of different weight fraction sugar-buffer solution sam-
ples equilibrated at room temperature. Trehalose-tris 
solutions dried in a 7% RH environment and measured 
on a weekly basis for 12 weeks. Figure 1 shows that 
most of the drying takes place within the first week of 
storage. The samples attain almost constant moisture 
contents after a period of three weeks. Figure 1(b) 
suggests a lower trehalose concentration resulted in a 
greater retention of moisture in the equilibrated state. 
While the equilibrium value of DBMC averaged 
16.46% for samples with a trehalose-tris ratio of 0.713 
g trehalose/ g tris, the corresponding value was 5.43% 
for the 11.41 g trehalose/ g tris concentration with 
p<0.05 between the sets. Similar results demonstrating 
a lower DBMC for higher sugar content solutions were 
observed for all buffer- sugar combinations in this 
study. 

3.2. Effect of Sugar on the Tg of Baked Samples 

3.2.1. Effect of Trehalose Concentration on Baked 
Samples Tg 

Figure 2 shows the plot of Tg as a function of trehalose 
concentration. The trend shows that both trehalose- buffer 
solutions Tg asymptotically approach approximately 
105˚C upon increasing trehalose concentration. The tre-
halose-tris samples increased their Tg too from a low 
starting point due to tris’ low Tg value. Figure 2 also 
shows that for trehalose-citrate samples fell towards the 
105˚C value due to the elevated Tg of citrate. Trehalose 
tris buffer at 0.713g trehalose/g tris concentration showed 
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Figure 1. (a) Shows the drying kinetics of trehalose tris solu- 
tions in our 7% humidity environment. The blue diamonds 
(♦) represent the drying kinetics of 0.713g trehalose/g tris, 
the pink square (■) represents 2.85g trehalose/g tris, and 
the yellow triangle (▲) represents 11.41g trehalose/g tris. 
The second graph is a zoomed view showing the equilibra-
tion of samples over time. 

 
an average Tg of approximately 30˚C. As trehalose con 
tent was then increased to 11.41g trehalose/ g tris the av-
erage glass transition increased to around 106˚ C. When 
using the citrate buffer the lowest trehalose concentration 
of 1.485 g trehalose/g citrate produced an average glass 
transition temperature of approximately 125˚C. When our 
trehalose mass ratio was increased to 23.76g trehalose/g 
citrate an average Tg of approximately 102˚C was ob-
served. During the heating and cooling of samples no 
crystallization was present in any of the thermographs 
irrespective of the salt/sugar mixture content. The trendli-
nes in the figure, which were fitted using the Gordon 
Taylor model, show that the values for Tg assimilate 
themselves with the majority mass fraction component of 
the solution. Samples with low sugar concentrations as-
similated Tg’s with the buffer involved (tris Tg ≈28.6°C 
citrate Tg ≈130°C) and move towards that of trehalose 
(Tg≈115°C). 
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Figure 2. Shows glass transition as a function of treha-
lose concentration. The square blocks (■) represent the 
trehalose with citrate buffer while the diamond symbol 
(♦) show trehalose combined with tris buffer. The figure 
also depicts the Gordon Taylor depicted by the black 
dashed lines. 

3.2.2. Effect of Sucrose Content on Baked Samples Tg 
Figure 3 suggests the Tg of sucrose glasses as a function 
of sucrose concentration. Sucrose glasses demonstrated a 
similar asymptotic behavior with increasing sucrose 
content. Sucrose-tris samples showed an increase in their 
glass transition as sucrose concentration increased be-
cause pure sucrose has a larger Tg than tris. Sucrose- 
citrate samples showed a decrease in Tg as sucrose con-
centration was increased as the Tg of sucrose is below 
that of what we found for citrate. At mass ratio 0.713g 
sucrose/g tris, the average Tg was 45˚C. When sucrose 
concentration was increased 11.41 g sucrose/g tris the 
samples produced and average Tg of 48˚ C. The 1.485 g 
sucrose/g citrate concentration samples average glass 
transition temperature was approximately 103˚ C. As our 
mass ratio of sucrose increased all the way to a concen-
tration of 23.76 g sucrose/g citrate the glass transition 
fell to approximately 46˚C. The trendlines fitted to the 
experiment data show that the samples follow the 
Gordon Taylor model of the two component models. 
Similar to the trehalose results, Tg assimilates itself with 
the majority fraction of the samples. The data sets ex-
hibit a trend of approaching a Tg slightly below that of 
pure sucrose (Tg≈60˚C) as the concentration of sucrose 
increases. 

3.3. Role of Moisture in Modulating        
Thermophysical Behavior of           
Sugar Based Buffers 

First, water activity curves were generated from sample 
weight measurements taken after equilibration under 
different relative humidity environments used in the 
calculation of DBMC. These curves allowed us to de-
termine effect of both sugars and buffers to retain mois-
ture at equilibrium, and determine the Tg of the solution. 
In the corresponding sections we show sample plots of  
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Figure 3. Shows glass transition as a function of sucrose 
concentration. The diamond symbol (♦) represents the su-
crose with tris buffer while the square blocks (■) show su-
crose combined with citrate buffer. Gordon Taylor model-
ing is depicted by the black dashed lines. 

DBMC vs. aw and Tg vs. DBMC for a high and low 
sugar-buffer combination. Finally, we show the 3-D sur- 
face contour of Tg as a function of moisture and sugar 
content by using the Gordon Taylor equation. 

3.3.1. Effect of Moisture on Trehalose Tris Solutions 
Figure 4 shows that over the range of relative humidity 
environments trehalose tris samples tended to equilibrate 
to specific moisture contents and then hold this in the 
range. The lower concentration of 0.713g trehalose / g 
tris show an initial jump in residual moisture content 
followed by a leveling in the 0.07 to 0.21 aw where 
points are statistically the same (p>0.05). We then show 
a significant increase in moisture from aw of 0.21 to 0.53 
(p<0.05). The 11.41 g. trehalose/g. tris concentration 
solution shows a similar trend however after the initial 
jump in moisture the next successive four points are sta-
tistically the same (p>0.05). The figure also shows that 
residual moisture content was affected by trehalose con-
centration in the solution. Under similar equilibration 
environment, solutions containing higher concentrations 
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Figure 4. Shows trehalose tris solutions DBMC as a function 
of water activity. The diamond symbol (♦) represents 0.713g 
trehalose/g tris, while the square blocks (■) show 11.41 g 
trehalose/g tris. 
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of trehalose equilibrated to lower end moisture contents 
then lower trehalose concentration solutions. 

although low concentration of trehalose, such as the 
0.713g trehalose/g tris level, has a much lower Tg than the 
11.41g trehalose/g tris level, the lower concentration is 
far less affected by the addition of moisture into the ter-
nary solution. 

Figure 5(a) shows trehalose-tris solutions exhibit a 
linear trend of decrease in Tg with increasing residual 
moisture. It also shows that samples with higher treha-
lose concentration undergoes a more drastic decrease in 
glass transition upon gaining moisture as compared to 
lower trehalose concentrations. The slopes illustrate that  

The Gordon Taylor modeling in Figure 5(a) shows 
that our 0.713g trehalose/g tris concentration prediction 
misses three of the experimental points; however fall 
directly upon the other three data points in the set. The 
three missing points seem to be outliers of the general 
linear trend of the decreasing glass transition as moisture 
increases. The largest sugar concentration of 11.41 is 
modeled quite effectively. The Gordon Taylor modeling 
was also used to determine values for k for all trehalose- 
tris concentrations to create the surface plot shown in 
Figure 5(b). Figure 5(b) shows that the rate at which Tg 
decreases is a function of sugar concentration. The result 
also indicates the possibility for in intermediate maxi-
mum in larger moisture levels. 

 

-60

-40

-20

0

20

40

60

80

100

120

140

0 5 10 15 20 25 30

DBMC (%)

T
g
 (
°C

)

3.3.2. Effect of Moisture on Trehalose Citrate Solutions 
Figure 6 shows equilibrated moisture content in treha-
lose-citrate solutions as a function of water activity (aw). 
The lowest trehalose concentration of 1.485 g treha-
lose/g citrate seems to continue on a gradual increase as  

 
(a) 

moisture content as aw increases. We see significant 
difference between the 0.015 and 0.21 aw environments 
(p<0.05) followed by a continued increase in the next 
successive points (p<0.05).The largest concentration of 
23.76g trehalose/g citrate shows gradual gain before 
reaching a plateau around 12% DBMC. Figure 6 also 
shows that especially at the largest aw environment 
there is a large difference in the moisture capacities for 
the samples (p<0.05) where the samples containing 
larger trehalose concentrations equilibrate to lower 
DBMC’s. 

Figure 7(a) shows the predictable decrease in Tg of 
trehalose-citrate solutions as residual moisture increases. 
The lowest concentration of 1.485 g trehalose/g citrate 
shows a average Tg of 122°C at approximately 6% 
DBMC and it is reduced to 7°C at the largest DBMC of 
31%. The 23.76g trehalose/g citrate yielded an average 
Tg of 98°C at a DBMC of 25% and 20°C at 12% DBMC. 
The plot also shows that the trehalose - citrate solutions 
show decreasing linear slopes of -5 indicating that the 
decrease in glass transition seems to be more affected by 
the moisture content. The figure also shows larger con-
centration of trehalose had slightly lower glass transition 
over the range of moisture content. The possibility of 
salts precipitating out when these solutions were equili-
brated in the larger RH environments is a possibility for 
the large variation in the 23.76 concentration data at ap-
proximately 12% DBMC. 

 
(b) 

Figure 5. (a) Shows glass transition of trehalose tris solutions 
as a function of dry basis moisture content. The diamond 
symbol (♦) represents 0.713 g trehalose/g tris and the triangle 
(■) represents 11.41 g trehalose/g tris. The figure also shows 
Gordon Taylor modeling of glass transition of trehalose tris 
solutions as a function of dry basis moisture content. The blue 
dashed line represents Gordon Taylor modeling of the 0.713g 
trehalose/g tris while the black dotted line shows Gordon 
Taylor modeling of 11.41g trehalose/g tris solutions; (b) 
shows a 3D surface plot of the Gordon Taylor models of our 
ternary trehalose tris moisture solution using our calculated k 
values. This surface plot includes all intermediary solution 
values for k plotted which were not shown in Figure 5(a). 

The Gordon Taylor model was then used to create the 
surface plot shown in Figure 7(b). The plot was created 
from calculated k values for intermediary solutions and 
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Figure 6. Shows trehalose citrate solutions DBMC as a function of water activity. The diamond 
symbol (♦) represents 1.485g trehalose/g citrate while the square blocks (■) show 23.76g treha-
lose/g citrate. 
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Figure 7. (a) Shows glass transition of trehalose citrate solu-
tions as a function of dry basis moisture content. The diamond 
symbol (♦) represents 1.485g trehalose/g citrate and the square 
blocks (■) represents 23.76g. trehalose/g. citrate. The figure 
also shows Gordon Taylor modeling of glass transition of tre-

halose tris solutions as a function of dry basis moisture content. 
The blue dashed line represents Gordon Taylor modeling of the 
1.485g trehalose/g citrate while the black dotted line shows 
Gordon Taylor modeling of 23.76g trehalose/g citrate solutions; 
(b) shows a 3D surface plot of the Gordon Taylor models of 
our ternary trehalose citrate moisture solution using our calcu-
lated k values. This surface plot includes all intermediary solu-
tion values for k plotted which were not shown in Figure 7(a). 
 
then the plotting of the Gordon Taylor equations in a 3D 
plot. We see that the profile of the surface is fairly flat 
due to the similarity Tgs of trehalose and citrate. 

3.3.3. Effect of Moisture on Sucrose Tris Solutions 
Figure 8 shows the sucrose-tris solutions equilibrated to 
different DBMC’s as a function of aw. Both concentra 
tion samples show a gain in moisture at 0.015 aw envi-
ronment. From this point forward we see that both 
sam-ples show a general trend of decrease in equilibrated 
DBMC (p<0.05 for both concentrations) before showing 
an increase at our highest aw. Figure 8 also shows that 
the larger sugar concentration solutions equilibrate to 
lower end moisture contents across the entire aw range. 
While this trend is more prevalent in the 0.21 and 0.53 aw 
environments; however even in the lower RH environ-
ments samples with lower sugar concentrations still 
equilibrated to larger average end moisture contents 
while being just barely significantly different at the 0.21 
aw environment (p≈0.05). 

Figure 9(a) shows the sucrose-tris samples’ rapid de-
creases in Tg with even low levels of moisture. Our low-
est sucrose concentration 0.713g sucrose/g tris yielded 
average Tg’s of approximately 20°C in the vicinity of 
10% DBMC and -4°C at a DBMC of 21%. Larger con-
centration of sucrose samples yielded slightly lower Tg’s 
than the smaller sucrose concentration solution. The 
11.41 g sucrose/g tris solutions experimental values fall 
above and below our predicted values in the larger 
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Figure 8. Shows sucrose tris solutions DBMC as a 
function of water activity. The diamond symbol (♦) 
represents 0.713g sucrose/g tris while the circles (●) 
show 11.41g sucrose / g tris. 

 
DBMC’s but effectively show the trend. The Gordon 
Taylor models were then used to create the surface plot 
shown in Figure 9(b). The surface plot shows that the Tg 
for the range of sucrose tris concentrations varies far 
more drastically as a function of moisture content as 
opposed to sucrose concentration. At low moisture con-
tents we see that Tg is almost invariant between the con-
centrations of sucrose. 

3.3.4. Moistures Effect on Sucrose Citrate Solutions 

Figure 10 shows sucrose-ctrate samples equilibrated 
DBMC at the different relative humidity environments. 
We see that initially both the 1.485g sucrose/g citrate 
and the 23.76g sucrose/ g citrate gain significantly dif-
ferent moisture in the 1.5% RH environment (p<0.05). 
The next two aw levels both solutions show a plateau 
(p>0.05 for both 23.76g sucrose/g citrate and 1.485g 
sucrose/g citrate). From this point the lower concentra-
tion shows the expected gain of moisture as a function of 
increasing relative humidity (p>0.05 between successive 
points), however the 23.76 g sucrose/ g citrate solution 
shows a decrease in it moisture contents (p>0.05 be-
tween successive points). 

In Figure 11(a) we see that sucrose-citrate solutions 
decrease Tg as their residual moisture content increases. 
The 1.485 g sucrose/ g citrate solution yielded an aver-
age Tg of 64°C at 5% DBMC and 46°C at 18% DBMC. 
The 23.76 g sucrose/ g citrate yielded an average Tg of 
37° at 5% DBMC and 8°C at 16% DBMC. Figure 11(a) 
also shows that Tg is affected by sucrose content. Lower 
concentrations of sucrose yielded higher glass Tg’s when 
equilibrated to the same level as their higher concentra-
tion counterparts. The Gordon Taylor model slightly 
overestimates the glass transition of solutions. Baked 
solutions at this concentration had fairly large error bars 
showing large variation in Tg. This could cause an over-
estimation of Tg since we used this value for Tg 2 in the 
Gordon Taylor equation. Should Tg 1 be lower it would-
flatten the entire curve and possibly hit all experimental 
points as well providing a better fit for our baked predict-  

 (%)

(a) 
 

 
(b) 

Figure 9. (a) Shows glass transition of sucrose tris solutions 
as a function of dry basis moisture content. The diamond 
symbol (♦) represents 0.713 g sucrose/g tris and the square 
blocks (■) represent 11.41g sucrose/g tris. We can see here 
that as DBMC increases the trend is that our glass transition 
decreases in respect to a DBMC of 0%. The trend seems to 
be fairly flat over the general area of DBMC’s we have 
mapped. The figure also shows Gordon Taylor modeling of 
glass transition of trehalose tris solutions as a function of dry 
basis moisture content. The blue dashed line represents 
Gordon Taylor modeling of the 0.713g sucrose/g tris while 
the black dotted line shows Gordon Taylor modeling of 11.41 
g sucrose / g tris solutions; (b) shows a 3D surface plot of the 
Gordon Taylor models of our ternary sucrose tris moisture 
solution using our calculated k values. This surface plot in-
cludes all intermediary solution values for k plotted which 
were not shown in Figure 9(a). 

 
tion as well. 

The Gordon Taylor models were then used to create 
the surface plot shown in Figure 11(b) from calculated k 
values for all solutions. The surface plot shows that Tg 
decreases at a similar rate for increasing moisture con-
tent regardless of sucrose concentration. The surface is 
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similar to a plane in which all solutions undergo the 
same rate of decreasing Tg with residual moisture with 
the difference in levels being a function of baked solu-
tions Tg. 
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4. DISCUSSION 

The current thermophysical study of the ternary solu-
tions was driven by a larger goal of obtaining optimal 
excipient conditions for desiccation preservation of 
mammalian cells. Majority of studies showing the sugar 
stabilization effects are derived from the food preserva-
tion or pharmaceutical literature [28,29,30,31,32]. Di-
saccharides, particularly trehalose and sucrose, have 
shown to be important in the preservation of cells and 
biologics [2,3,4,5,6,7,9,10,11]. These sugars exhibit lar-
ger glass transition temperatures and possess excellent 
water replacement abilities. In combination with these 
sugars, tris and citrate salts were chosen for being indus-
try standards for bovine sperm preservation [18,19,20, 
33]. The complicated ternary solutions in this study were 
chosen based upon previous research showing their abil-
ity to sustain cellular life. The thermophysical properties 
of preservation medium were important in understanding 
which would be applicable as a desiccation medium. 
Solutions which undergo glass transition at less than 
ambient are clearly not appropriate since stability of me-
dium is essential. 

4.1. Baked Samples 

The completely dried samples behaved exactly as the 
Gordon Taylor (Fox equation) two-component model 
predicted [12]. The variation in Tg of a given sugar- 
buffer mixture was a function of the glass transition of 
each component and its weight fraction. Similar trend 
for other mixtures have been observed in varying de-
grees by several studies [6,12]. 

The Tg of trehalose-tris and Trehalose-citrate mixtures 
converged to a limit of 105°C as trehalose concentration 
increased. The limit was approached both from above 
and below as the tris and citrate buffer were found to 
have a Tg at approximately 28.6°C and 133°C respec-
tively. Though we would expect Tg to reach that of the 
pure sugar, extrapolation out to the pure limit may not be 
accurate for complex materials containing salts as de-
scribed by Mazzobre et al [34]. Since we approach this 
limit from very different starting points, we assume that 
the lowered limit for Tg is caused by a common sub-
stance found in both biological buffers, in our case the 
citric acid monohydrate. This commonality between the 
buffers could be the most logical reason for both solu-
tions to approach a common Tg roughly 10°C below that 
of pure trehalose. The deviation from the expected limit 
of the pure substance has been shown in previous studies 
in the literature. Jeong-Ah Seo and coworkers demon- 
strated that when different monosaccharides are com- 
bined with disaccharides, glass transition deviated from 

 
Figure 10. Shows sucrose citrate solutions DBMC as a 
function of water activity. The diamond symbol (♦) repre-
sents 1.485g sucrose/g citrate while the circles (●) show 
23.76g sucrose/g citrate. 
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Figure 11. (a) Shows glass transition of sucrose citrate so-
lutions as a function of dry basis moisture content. The 
diamond symbol (♦) represents 1.485g sucrose / g citrate 
and the square blocks (■) represent 23.76g sucrose/g citrate; 
(b) shows a 3D surface plot of the Gordon Taylor models of 
our ternary sucrose citrate moisture solution using our cal-
culated k values. This surface plot includes all intermediary 
solution values for k plotted which were not shown in Fig-
ure 11(a). 
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the expected value both on the high and low side of the 
Gordon Taylor prediction as a result of size and shape of 
molecules involved [35]. 

Similar to the trehalose results, the Tg of sucrose- 
buffer solutions also converged to a common limit at 
47°C as the sucrose content increased. Again the limit of 
the solutions approached both from above and below due 
to the Tg’s of our buffers involved and still they converge 
upon a common value which falls approximately 10°C 
below that of pure sucrose (Tg ≈60°C). For similar rea-
son as with trehalose, we again make the argument that 
since we approach a common limit found below the Tg of 
the sugar, the structure must be altered by a common 
component of the buffers, the citric acid monohydrate. 

Trehalose based mixtures consistently showed larger 
Tgs than their sucrose equivalents. The glass transition 
temperature of trehalose is approximately two times lar-
ger than that of sucrose making it far superior in terms of 
the thermophysical property of glass transition. In com-
paring tris to citrate from a thermophysical standpoint, 
citrate clearly dominates with a roughly five times larger 
Tg than that of tris. However the Tg of the pure buffer is 
very weak and it is in combination with sugars that the 
glass transition becomes stronger and more prevalent. 
Based on Freeze dried results, Kets and coworkers have 
shown that the citrate was able to increase the glass tran-
sition of sucrose [6]. These numbers are slightly larger 
but comparable to our results. Even though the Tg of tris 
buffer could not be correlated to any literature value, our 
experimental results were quite clear and consistent. 
Hence, from a purely thermophysical standpoint, solu-
tions containing larger fractions of citrate salt produce 
consistently larger Tg values than their tris counterparts. 

4.2. Role of Moisture 

4.2.1. Water Activity 
Water activity curves are extremely important in this 
ternary study in order to predict a solution’s ability to 
retain or release moisture under different relative humid-
ity environments. Moisture content is also greatly re-
sponsible for a solution’s glass transition temperature. Its 
role as a plasticizer has been shown in many similar 
studies of wide varieties of solution composition [2,12, 
36,37]. 

The general trend observed from our water activity 
study is that larger sugar concentrations equilibrate to 
lower end moisture contents. At the largest aw values, we 
consistently see that the lower sugar concentration solu-
tions have a significantly larger DBMC, which is due to 
the more hygroscopic nature of salts compared to sugars. 

Trehalose solution isotherms vary depending on sugar 
concentration. Solutions containing lower concentrations 
of trehalose equilibrated to larger end moisture contents. 
Solutions containing high concentrations of trehalose 
seem to plateau at constant moisture content after an 
initial increase in moisture content. The leveling shows 

the formation of stable trehalose dihydrate which results 
in the resilience of high trehalose concentration solutions 
to gain moisture [34]. On the other hand, sucrose water 
sorption isotherms show that the sucrose solutions con-
tain large amounts of moisture at lower water activity. 
However the moisture content decreases when exposed 
to larger aw environments. This is due to the fact that 
anhydrous sucrose crystallizes above this water activity 
[34]. Sucrose-tris solutions show more of a leveling than 
a decrease, possibly due to the fact that there is a lower 
sucrose concentration in relation to the buffer for our tris 
solutions. Mazzobre and coworkers also showed a very 
similar trend in there isotherms for sucrose-potassium 
chloride solutions. Their trend shows that as aw increased 
moisture content decreased until levels which fall above 
our range of study. A comparison of our sucrose iso-
therms to trehalose isotherms show that sucrose tends to 
equilibrate to lower DBMC’s in the upper aw range 
whereas the reverse is true for lower aw range. 

On the other hand, it is difficult to dr aw distinctions 
between tris and citrate salts in terms of water activity. 
Depending on the specific water activity examined it 
seems as if each sugar buffer solution show something 
slightly different. 

4.2.2. Glass Transition 
In comparing trehalose to sucrose one very important 
trend arises about there rate at which glass transition 
decreases as a function of moisture. Crowe and cowork-
ers showed in their Stabilization of Dry Mammalian 
Cells study that at upon the gain of moisture sucrose and 
trehalose begin to assimilate Tg’s. They show that at ap-
proximately 10% DBMC the Tg of trehalose and sucrose 
seem to be approximately 10°C different compared to 
dry states where trehalose has a Tg roughly two times 
larger than sucrose. This shows that the rate of change at 
which sucrose’s glass transition decreases as a function 
of moisture content is less than that of trehalose, a trend 
which our data replicates. This was determined by fitting 
data points with a linear regression and comparing the 
slopes of the 3D surface plots. The surface plots show 
that in order to reach a similar Tg at 10% DBMC the tre-
halose graph shows a sharper decrease in Tg as a function 
of moisture content. When we compare solutions con-
taining the largest sugar concentrations between sucrose 
and trehalose utilizing the same buffer the trehalose so-
lutions slope is approximately twice as large as the su-
crose samples. This may have far reaching implication in 
trying to stabilize mammalian cells near room tempera-
ture. 

A notable difference between trehalose-tris and tre-
halose-citrate solutions lies on the rate at which Tg de-
creases as a function of moisture content. Comparing 
the 3-D contour plots, while sucrose samples exhibit 
similar rates for both the tris and citrate buffers treha-
lose does not. While the trehalose-citrate samples show 
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a rapid decrease in their glass transition upon the arri-
val of moisture, the trehalose tris-samples are far less 
affected. 

When comparing tris and citrate buffers samples, the 
major difference is that the rate at which Tg decreases as 
a function of moisture content varies between the buffers. 
Comparing the 3D plots 7b and 11b, both sugars in 
combination with the citrate buffer show fairly constant 
rates of decreasing glass transition within that particular 
sugar buffer solutions range of sugar concentration. Tris 
samples on the other hand show a more varied rate 
which seems to increase as a function of sugar concen-
tration. While sucrose-tris samples seem to present a 
very slight increase in the rate at which Tg decreases with 
increasing moisture, trehalose-tris samples show large 
variation in their slope of their 3D surface contour. The 
lowest concentration of trehalose exhibits a slope of ap-
proximately -1 in as a function of moisture content while 
our largest trehalose concentration produces a signifi-
cantly larger slope of approximately -10 almost identical 
rates for Tg of trehalose water solutions. This is a clear 
difference between the tris and citrate buffer. 

4.2.3. Modeling of Glass Transition 
The use of the Gordon Taylor was chosen for its accu-
racy and overall simplicity. Other far more complex 
equations such as Millers equation and the Miller-Fox 
equation include specific component parameters such as 
excess thermal expansion coefficient and excess volume 
coefficients. Our buffer solution in itself is a complicated 
solution making these coefficients difficult to determine. 
Shah and Schall compared the Fox, Miller, and Miller 
Fox’s equations ability to predict Tg [12]. When we look 
at the percent differences of the data which they compare 
to the experimental data we see that even for the least 
precise Fox equation the percent differences all fall be-
low 9%. Without any given standard deviations of their 
experimental data it is difficult to even further comment 
on deviations between experimental and model data. 
When we examined the average percent difference for 
Shah and Schall work, we see that the Miller Fox equa-
tion is the most accurate with an average 1.86% percent 
difference while the least accurate Fox equation falls in 
at an average 2.98%. The additional 1% average accu-
racy hardly seems to warrant the usage of the far more 
complex equation. 

5. OVERALL CONCLUSIONS 

Increasing sugar concentration allows solutions to 
equilibrate at lower moisture contents. 

Trehalose solutions yielded larger values for Tg at 
lower moisture contents than their sucrose counterparts.  

Citrate solutions yielded larger glass transitions than 
their tris counterparts. 

The rate of change of Tg with moisture content, d Tg /d 
(moisture content), had very different behavior depend-

ing on which sugar was present as the excepient. While 
sucrose content did not change that behavior, the pres-
ence of trehalose had a strong influence-an increasing 
trehalose concentration caused solutions to increase d Tg 
/d (moisture content) when compared to lower trehalose 
solutions. 

Based on the current results, a combination of treha-
lose and citrate would be the preferred composition for 
storage applications. 
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ABSTRACT 

Human face can be rebuilt to a three-dimensional (3 
D) digital profile based on an optical 3D sensing sys-
tem named Composite Fourier-Transform Profilo-
metry (CFTP) where a composite structured light 
will be used. To study the sampling effect during the 
digitization process in practical CFTP, the pectinate 
function and convolution theorem were introduced to 
discuss the potential phase errors caused by sampling 
the composite pattern along two orthogonal direc-
tions. The selecting criterions of sampling frequencies 
are derived and the results indicate that to avoid 
spectral aliasing, the sampling frequency along the 
phrase variation direction must be at least four times 
as the baseband and along the orthogonal direction it 
must be at least three times as the larger frequency of 
the two carrier frequencies. The practical experiment 
of a model face reconstruction verified the theories. 
 
Keywords: Optical 3D Sensing; Composite Structured 
Light; Sampling; Spectral Aliasing 

1. INTRODUCTION 

Structured-light illumination is commonly used as an 
active optical 3D sensing technique for automated in-
spection and measuring surface topologies. The Fourier- 
Transform Profilometry (FTP) [1,2] is one of the classi-
cal 3D acquisition methods and it has been widely inves-
tigated [3,4,5] because of its advantages of obtaining 
data from only one frame and analyzing spectrum in 
whole-field as well as high resolution. Recently, an im-
proved FTP method called Composite Fourier-Transform 
Profilometry (CFTP) was introduced [6,7]. This novel 
method prevents spectral aliasing between zero-frequen- 
cy and baseband by using only one grating namely Com- 
posite Pattern (CP) that generated by integrating multi-
frame ordinary patterns, so that it allows for real-time 
implementations [8]. 

However, the data in both CFTP and FTP are digitally 

sampled to discrete signals during the digitization proc-
ess in practice. The discrete images have periodical Fou-
rier spectrum, and the fundamental spectrum including 
the useful information would be overlapped by the adja-
cent periodical weight [9]. Furthermore, the CP in CFTP 
is much more complexity than traditional sine grating, 
another kind of spectrum aliasing would be brought in. 
In this instance, choosing a proper sampling frequency is 
very important for the precise survey. 

To study the influence caused by sampling, the know- 
ledge of pectinate function and convolution theorem was 
employed in this article and the suggestion that how to 
select proper sampling frequencies was given. The ex  
periment verified the theories, and a beautiful 3D digital 
profile of a model face was acquired. 

2. METHODS 

2.1. CFTP Theory 

A Composite Pattern (CP) in CFTP is generated as 
shown in Figure 1. The multiframe sine patterns to be 
modulated are as follows. 

cos(2  )nG c f y n              (1) 

where a constant  is used to offset  to be non-nega-
tive values, and 

c nG
f   is the baseband,  represents the y

 

 

Figure 1. A composite pattern formed by simple strips. 

depth distortion (i.e., phase dimension) direction,  re- 
presents the phase-shift index from 0 to 1. These signal 

n
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patterns are multiplied with different carrier frequencies 
respectively along the orthogonal direction. Accumulate 
all channels such that 

1

2

( , ) {[ cos(2 )]cos(2 )
              [ cos(2 )]cos(2  )}
I x y a b c f y f x

c f y f x




 
  

   
    (2) 

where 1f  and 2f  are carrier frequencies along the 

orthogonal direction x , and the projection constants  
and  are used to make sure the projection intensity of 
CP falls into the range of 

a
b

( , )I x y  [6,7]. Ideally, the 

reflected image of the specimen surface can be counted 
as follows 

1

2

( , ) ( , ) ( , ){

[ cos(2 ( , ))]cos(2 )

[ cos(2 ( , ) )]cos(2 )}

P x y ar x y br x y

c f y x y f x

c f y x y f





  
    x

 
 
  

     (3) 

where  and ( , )r x y ( , )x y  represent the albedo ra-

diation and distorted phase respectively. By means of 
2D Fourier-transform and predigestion, the expression 
(3) will be translated into (4) shown as follows, where 

( ,F )  , ( ,A )  , ( , )B    and ( , )    represent 

the two-dimension Fourier spectrum of ( , )P x y , 
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Expression (4) suggests that the two carrier frequen-

cies are evenly distributed and are separated by spectral 
frequency of background reflectance. Therefore, a smooth 
and flat background had better be selected to minimize 
the influence to the carrier spectrums. The distorted im-
age is processed as a set of 1-D signal vectors by 
band-pass filters to separate out each channel. Cutoff 
frequencies of each band represent the individual pat-
terns like that in traditional   Phase Shift FTP and are 
used to retrieve the depth of the measured object based 
on the traditional   Phase Shift FTP method [7] as 
follows: 

0( , ) ( , ) / 2h x y x y L f d                (5) 

where  and  are experimental setup parameters, 
 represents the reconstructed height. 
d

)
0L

( ,h x y

2.2. Influence of Sampling on CFTP 

Expression (3) indicates the continuous image, but in 
practical experiment it will be digitally sampled to dis-
crete signals by projector and camera, and the discrete 
distorted pattern  is captured as ( , )S x y

( , ) ( , ) ( / , / )

( , ) ( / ) ( / ) 

S x y P x y comb x x y y

P x y comb x x comb y y

 
 




       (6) 

where  is Pectinate Function, ( / , / )comb x x y y  x  

and  are sampling spacing along phase direction 

and orthogonal direction respectively so that 

y
 1 /xf x   

and  represent the sampling frequency along 

the two directions respectively. Here suppose 

 1/yf y 

 1 2

 1 /
1/  ( max{ , })

y

x

f y mf
f x nf f f f

  
           (7) 

where  and  are multiple units, respectively 
represents the multiple relationship between sampling 
frequency and the selected experimental setup frequen-
cies along the two orthogonal axes, and both them are 
positive numbers. These two introduced parameters en-
able us to calculate the proper sampling frequencies 
based on the known baseband and carrier frequencies, 
and the selecting criterions of sampling frequencies are 
determined as long as  and n  are definitely. 

m n

m
Eq.4 shows that besides the frequency of background 

reflectance (i.e. ( , ) A   ), there are four peak values 

along the orthogonal direction, namely 1,  2f f   ; in 

each peak   there are three peak spectrums along the 

phase direction, namely 0,  f    . To simplify the 

investigation, we will discuss the sampling effects along 
the two orthogonal directions respectively. 

2.2.1. Sampling Analysis along Phase Direction 
Any a peak value of   was selected, e.g. 1f  , there 

are three peak spectrums in the channel along the phase 
direction: 

1 1 1 1( , ) ( , ) ( , ) *( , )F f B f f f f f            

(8) 

The discrete spectrums of 1( , )F f   can be calculated 

as 
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where  is the convolution operator and  is integer. 
Eq.9 indicates that the spectrums of 

* N
1( ,F f )   repeat 

periodically. To against the overlapping of spectrums, we 
must make sure   is separated from *  in the same 

period, and also make sure ( *)   is separated from 

*( )   comes from the adjacent periods, in another word, 

the sampling frequency is restricted, there must be at least 
four sampling dots in one period [9] so that 

 4  ,    or   4yf mf f m               (10) 

 
2.2.2. Sampling Analysis along the Orthogonal 

Direction 
Any a peak value of   was selected to study the cor-

responding four peak spectrums of   along the or-

thogonal direction, e.g. f   : 
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Here suppose 2 1f f
comb

. Consider expression (7) and 

Pectinate Function  along the orthogonal 

direction, the discrete spectrums of 

( / )x x
( , )F f   can be 

calculated as (12): 
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Expression (12) indicates that the spectrums of 
( , )F f   repeat periodically with period of . As 

shown in Figure 2, the real lines represent the starboard 
of 

2nf

( , )F f  , and the dashed represent the larboard 

spectrums of the adjoining period. 
Figure 2 indicates that to escape the overlapping of 

spectrums, there must be have 
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Imitating the definition of instantaneous frequency in 
domain of signal processing [5], we get 
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Eq.13 can be modified by (5) and (14) such that 

 

 

Figure 2. Replicated spectrum distribution. 
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According to (15), we can get 

2 12 ( ) /n f f   2f

1

          (16) 

If the condition 2 2f f  is selected in survey, there 

must be , so there has 3n  2 23xf nf f  . 

2.3. Experiment 

To support the analysis above, a model face was used as 
a tentative test. The projector used was a Panasonic (PT- 
P2500) digital projector with resolution of 1024×768. 
The image sensor used was a low-aberrance color CCD 
camera (Prosilica, EC1350C, made in Canada) with 
resolution of 1360×1024 and pixel size of 4.65um× 
1.65um, and the maximum frame rate is 18fps. The fo-
cus of the camera lens (KOWA, LM12JCM, made in 
Japan) was 12mm. The image board was a 1394 card 
(KEC, 1582T, made in Taiwan). The reference plane as 
background was a piece of smooth and white board. 
Figure 3 illustrates the experimental setup, in which the 
geometric parameters were set as =73mm and 

=18mm, and the carrier frequencies 
0L

d 1f  and 2f  

were set as 3/40 line/pixel and 6/40 line/pixel respec-
tively and the baseband f   was given as 60/600 line/ 

pixel. The lens of projector and camera must be at a 
same geometric plane surface and here they were setup 
coplanar at vertical curve. The horizontal beam con-
tained CP illuminated over against model face, and the 
shooting angle of camera was setup as 45 degree which is 
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Figure 3. The diagram of the experimental setup. 

 
the optimal angle value [4,5]. Because the specimen was 
a model face, the gesture and expression could be with-
out consideration, however, with regard to a real human 
face, eyes exposure and shadows caused by gesture must 
be considered carefully. 

According to the analysis above, to avoid spectral 
aliasing, there must be have  and . Figure 4 
shows the captured distortion composite pattern. Figure 
5 indicates the reconstructed profile. From the drawings, 
we can find that when sampling frequencies do not sat-
isfy the sampling request, i.e. (a) when 

4m  3n 

m 3  and 
, the rebuilt errors were big and the details of face 

were lost. However, when  and , the de-
tails could be retrieved as shown in (b) and (c) with good 
resolution. 

2n 
4m  3n 

3. DISCUSSION 

The accurate acquisition of 3D human face appearance 
characteristics is very important for designing a facial 
contouring surgery, and a good work is based on an ex-
act 3-D face modeling [10]. People hope to find a non- 
ontact, rapid, precise way to acquire 3-D digital face 
depth, and then based on it to simulate and design an 
optimal plan for face surgery by modem technologies 
such as computer aided design etc [11]. 

 

 
Figure 4. The captured distortion composite pat-
tern modulated by height of the face model. 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Figure 5. The rebuild shape, (a) when m=3, n=2; (b) when 
m=4, n=3; (c) m=5, n=5. 
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At present, there are about three types of 3D face 
modeling method to extract human face profile: one is 
the method based on computer tomography (CT) tech-
nology [12,13,14] and another one is based on passive 
optical 3D sensing technique [15,16,17] and the other is 
based on active optical 3D sensing technique [18,19,20]. 

The 3D reconstruction method based on CT technol-
ogy is sensitively to skeleton and is convenient to be 
used for craniofacial plastics and oral and maxillofacial 
correction of abnormality and such fields, however, 3D 
profile of soft tissue is difficult to rebuilt by CT tech-
nology, especially the human face surface features. 

The passive optical 3D sensing technique such as ste-
reo vision uses two or more camera systems to capture 
the scene in ambient light from different viewpoints and 
to determine the height by matching image features of 
the corresponding surface features. In this method, a lot 
of factors need to be noticed, such as ambient light, 
background, vision angle and face gesture, expression 
and shading and so on, for they would influence the 
measuring accuracy directly. Besides, there always need 
to process a mass of data operation like correlation 
analysis and matching operation etc. Generally, the pas-
sive optical 3D sensing technique is more often used for 
3D object recognition and understanding. Along with the 
development of computing technique, arithmetic speed 
is no longer a key limiting factor, and the passive optical 
3D sensing technique is widely used in the field of ma-
chine vision. 

The active optical 3D sensing technique employs 
structured light to illuminate the specimen. The time or 
space in structured light will be modulated by height, 
and then the 3D information can be extracted from the 
observation light by certain unwrapping algorithm [5]. 
For its feature of non-contact, high resolution and highly 
automated, the active optical 3D sensing technique is 
used in most 3D sensing systems with the purpose of 3D 
surface-shape measurement. 

Phase Measuring Profilometry (PMP) is one important 
method of active optical 3D sensing technique [5]. In 
PMP, sinusoidal fringes and phase shifting technique are 
employed to acquire the height information that we 
wanted. A flaw of PMP is that it has to capture at least 
three continuous modulated phase shifting fringes cor-
responding to a static profile and therefore there will be 
some trouble for real-time dynamic measurement, and 
during the shooting process a little movement or facial 
expression changes of the target human face will poten-
tially bring errors to the demodulated results. By using 
fast digital grating projection approach, a series of phase 
shifting fringes can be projected and shot within a short 
span of time. However, the images photographed by 
CCD camera would easily cause drawbacks such as 
trailing and distortion etc. due to rapid rotation of the 
phase shifting fringes, and then the inaccuracy of meas-
urement will be raised. A one-shot technique, therefore, 

becomes a trend [19,20]. 
Here a novel one-shot approach for 3D human face 

profile measurement is introduced. A composite pattern 
(CP) is used in place of the series phase shifting fringes 
in PMP, and only a single frame of CP is needed to pro-
ject and capture. The CP efficiently combines some 
phase shifting fringes and the same number of carrier 
gratings, and so that the phase shifting technique can be 
also utilized in this approach. This one-shot technique 
can avoid some unwanted troubles such as trailing and 
distortion etc. that happened in PMP for needing only 
one projection and corresponding one capture. Based on 
the proposed approach, 3D digital model of real human 
face could be acquired more conveniently and exactly. 

Here we used this novel method to reconstruct a 
model face and acquired a good stereogram under the 
proper sampling frequencies which were the focus of our 
investigation. Because of the complexity of the compos-
ite pattern, another kind of spectrum overlapping would 
be brought in by the two modulating gratings during the 
digitization process. In this instance, choosing a proper 
sampling frequency is very important for the precise 
reconstruction. In the paper we discussed the sampling 
conditions along two directions and pointed out the rules, 
and then under the given sampling conditions we ac-
quired a perfect digital 3D face profile. 

4. CONCLUSIONS 

Composite Fourier Transform Profilometry (CFTP) is an 
improved FTP method where a composite structured 
light is employed. To study the influence caused by 
sampling, the knowledge of pectinate function and con-
volution theorem was used and the suggestion that how 
to select proper sampling frequencies was given, that is, 
the sampling frequency along the phrase variation direc-
tion must be at least four times as the baseband and 
along the orthogonal direction it must be at least three 
times as the larger frequency of the two carrier frequen-
cies. 
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ABSTRACT 
In recent year, a multipole graphical model, which is 
constructed by using individual MCG measurements 
based on the equivalent current dipole (ECD) or 
equivalent magnetic dipole (EMD) source model, has 
been developed with the aim of instead of the volume 
conductor model in the inverse solution of cardiac 
source estimation. In this paper, two graphical models 
known as the double magnetic dipole source model 
(DMD) and the dual current dipole source model (DCD) 
are introduced. The simulation results and the com-
parison of two evaluation criteria, i.e. average GOF 
(Goodness of Fit) and average RMSE (Root Mean 
Square Error), indicated that both multipole graphical 
models can provide a good representation of dynamic 
magnetic field from the noninvasively detected MCG- 
recordings, even when the heart is of the dilation. The 
time-averaged sources localization error and the 
RMSE for both models are demonstrated, and the 
characteristic of two multipole models is discussed. 
 
Keywords: Biomagnetics; Inverse Problems; Dipole 
Source Localization; Modeling; Magnetocardiography 

1. INTRODUCTION 
In order to investigate cardiac electrical activity, the is-
sue of reconstructing noninvasively the electrical or 
magnetic sources from detected MCG signals has re-
ceived much attention since 1970’. 

Due to the effect of human torso, the volume conduc-
tor model, i.e., heart-torso model, such as 3D finite ele-
ment model (FEM), boundary element model (BEM), 
and ventricular propagated excitation model were de-
veloped [1,2,3]. Front two models are created with 
magnetic resonance imaging (MRI) data and conductiv-
ity values are assigned to each region. It is demonstrated 
that the use of torso models has brought significant im-
provements in results of dipole source localization. 

In recent years, for both research and clinical applica-
tions, we developed a graphical model (GM) to describe 
the active magnetic field between detected MCG data 

and cardiac electrical sources [4]. The aim is to provide a 
simple model which can describe the varying magnetic 
field and conductivity properties of tissue. Furthermore, 
two multipole source models known as the double mag-
netic dipole source model (DMD) and the dual current 
dipole source model (DCD) are investigated. In Figure 1, 
there are three graphical models which are constructed 
based on different source models [5,6,7]. 

The graphical model consists of a set of magnetic 
field maps (MFM), which is constructed by using indi-
vidual MCG measurements based on the equivalent cur-
rent dipole (ECD) or equivalent magnetic dipole (EMD) 
source model. Each graphical model includes 25 mag-
netic field maps with a time interval of 4ms during 100 
ms in ST-T segment. Each map of the graphical model 
corresponds on a set of model parameters, by which the 
space time pattern of the magnetic field over the body 
surface can be obtained with high-resolution. The pro-
cedure of model constructing is illustrated in Figure 2. It 
is implemented with three steps: initial values determi-
nation, source estimation, and GM construction in terms 
of optimized source parameters, which are estimated by 
applying the Levenberg-Marquart (LM) or the Nelder- 
Mead (NM) algorithm. 

 

     
(a) GM of SCD           (b) GM of DMD 

     
(c) GM of DCD          (d) Detected MCG data 

Figure 1. Three graphical models and detected 
MCG data. 
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Figure 2. Schematic diagram of constructing a graphical 
model. 

 
Two multipole source models mentioned above, i.e., 

DMD and DCD, have different characteristic from cur-
rent dipole and magnetic dipole. The double magnetic 
dipole is similar as a single current dipole (SCD), which 
is more suitable for experimental implementation. The 
dual current dipole is originally used to research the 
method of constructing a multipole source model. In this 
paper, sources localization results of both source models 
are demonstrated, and the characteristics of two different 
multipole graphical models are discussed. 

2. METHODS 
2.1. Double Magnetic Dipole Source Model 
A simplified double magnetic dipole source model has 
developed with a pair of magnetic dipole as shown in 
Figure 3. The necessary conditions of the model are: 
one of magnetic moments should be positive, and an-
other should be negative. Two magnetic dipoles under 
the surfing and the sinking of the detected magnetic field 
over the body surface at the same time. In other words, 
the magnetic moments are simplified as all vertical to 
measuring plane and opposite in direction. Therefore, 
the simplified double magnetic dipole is similar to an 
equivalent current dipole. However, the model has more 
parameters than that of SCD model, thus, it has more 
degree of freedom. 

The magnetic field Bz detected along the Z-axis, which 
generated by a pair of magnetic dipole, is defined as: 
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where 0 0 0( , , )( 1, 2)i i ix y z i =  is the dipole position and 
( 1,2)im i =  is the magnetic moment of two magnetic dipo- 

les, respectively. 

2.2. Dual Current Dipole Source Model 
The dual current dipole source model was developed as 
the simplest multipole current source model. A magnetic 
field zero line (MFZL) method was proposed for deter- 

 

Measurement plane 

Depth, m 

X, m Y, m 
 

Figure 3. Sketch of a pair of magnetic dipole under 
the measurement plane. 

 
mining the number of dipoles and the initial values in 
multiple source inverse solution. In general, the slope of 
the magnetic field zero line (MFZL) of magnetic field 
maps is mutative, which has been shown in Figure 4(a). 
There are 25 varying MFZLs in the ST-T segment obtain- 
ed from the detected magnetocardiograms in Figure 1(d). 
As shown in Figure 4(b), the MFZL can be roughly di-
vided into several linear subsections, here are two sub-
sections, according to its slope transition. Thus, we as-
sume that there exist two current dipoles. Every one lo-
cates at the middle of a MFZL subsection. The strength 
of each current dipole depends on the length of the cor-
responding MFZL subsection [8]. Obviously, one current 
dipole is dominant; another is an accessorial equivalent 
dipole. Based on the above a priori assumptions, an ad-
visable method of constructing a multipole source model 
is to locate a current dipole on a MFZL subsection. The 
method can be used to determine the initial values of 
dipoles in inverse solution. The multiple current dipoles 
source model is defined as: 
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where (xi, yi, zi) is the position of the current dipole, Qx 
and Qy are the x and y components of current moments 
of the dipole, respectively. N is the number of dipoles. 

The simulation results of the dual current dipole are 
presented as followings. It demonstrated that the accu-
racy of the graphical model was improved by means of 
the multipole current source model. 

3. SIMULATION RESULTS 
3.1. Accuracy of Graphical Models 
It is necessary that the graphical model is of high accu-
racy for describing the detected MCG contour maps. The 
accuracy of graphical models depends on the accuracy of 
sources estimation. Thus, the source model and the algo-
rithm play an important role in inverse solution. In terms 
of two evaluation criteria, i.e. GOF (Goodness of Fit) 
and RMSE (Root Mean Square Error), a comparison 



614                S. Q. Jiang et al. / J. Biomedical Science and Engineering 2 (2009) 612-616 

SciRes Copyright © 2009                                                                   JBiSE 

performance among three graphical models is given in 
Figure 5 and Figure 6, respectively. Two evaluation cri- 
teria are defined as followings: 
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where Bz is the detected magnetic field, Bs is the calcu-
lated magnetic field, and N is the number of measuring 
points. Figure 5 and Figure 6 demonstrated that two 
graphical models, i.e. DCD and DMD, all have higher 
GOF (more than 0.97) and lower RMSE (about 30 pT), 
compared with that of the SCD model. 

3.2. Source Localization 
The accuracy of equivalent dipole source localization is 
tested based on the double magnetic dipole and the dual 
current dipole graphical models by using the MCG mea- 
surements as shown in Figure 1(d). The inverse prob-

lems are calculated with two non-linear local optimiza-
tion algorithms, LM and NM algorithms, respectively. 
Two noise levels are considered in simulation, i.e. no 
noise case and 20dB signals-noise-ratio (SNR), respec-
tively. The initial values are determined by means of a 
parameters calculation procedure. In simulation two 
cases were included: use of the calculated initial values 
and use of the calculated initial value adding a random 
number whose magnitude is 10% of the calculated initial 
values. 

The time-averaged localization error and the time-av-
eraged RMSE in 100ms ST-T segment with the DMD and 
DCD models are shown in Tables 1-2 and Tables 3-4, 
respectively. In Table 1, the P expresses the positive 
magnetic dipole, and the N is the negative magnetic di-
pole. In Table 3, D and A express the dominant current 
dipole and the accessorial equivalent dipole, respec-
tively. We can see that in most cases, the NM algori- 
thm performs better than the LM algorithm regarding 
both of the averaged localization error and the aver-
aged RMSE. By using NM algorithms, the sources 
localization results of the DCD model are 0.99 mm for 
the dominant dipole and 1.23 mm for the associate 
equivalent dipole when calculated initial values are  

 
 

       
 
 
 
 
 
 
 
 

 
(a) MFZLs in ST-T segment                                 (b) Slope variation of the MFZL 

Figure 4. Schematic diagram of magnetic field zero line.  

 
     
 
 
 
 
 
 
 
 
 
 

Figure 5. GOF curves of three GMs.                      Figure 6. RMSE curves of three GMs.  
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Table 1. Averaged localization error of DMD model (mm). 

Calculated Initial Values 10% Random Initial 
values 

Data 
noises LM NM LM NM 

No 
noise 

P 
N 

0.0 
0.0 

0.0 
0.0 

0.34 
0.69 

0.41 
1.06 

20db 
noise 

P 
N 

1.34 
3.69 

1.86 
4.84 

1.39 
3.74 

1.40 
3.72 

 
Table 2. Averaged RMSE of DMD model (pt). 

Calculated Initial Values 10% Random Initial 
values 

Data 
noises LM NM LM NM 

No noise 0.0 0.0 189 155 

20db noise 232 187 255 196 

 

Table 3. Averaged localization error of DCD model (mm). 

Calculated Initial Values 10% Random 
Initial 
vaues 

Data 
noises 

LM NM LM NM 

No 
noise 

D 
A 

20db 
noise 

D 
A 

0.0 
0.0 

1.20 
1.79 

0.0 
0.00 
0.99 
1.22 

1.14 
1.43 
1.71 
1.88 

0.89 
0.96 
0.99 
1.23 

 
Table 4. Averaged RMSE of DCD model (PT). 

Calculated Initial Values 10% Random Initial 
     values 
Data 
noises 

LM NM LM NM 

No noise 
20db noise 

0.0 
228 

0.0 
137 

211 
236 

112 
155 

 
used. In despite of the localization results of the DMD 
model have been improved, but they are still not as 
good as that of the DCD model. 

Furthermore, Figure 7 to Figure 8 show the time- 
varying position and orientation curves of two magnetic 
dipoles in the 100 ms ST-T segment. The positive mag-
netic dipole, i.e. the dipole under the surfing of the mag- 
netic field contour map, moved in a range of 0.11-0.12 m 
at Z direction, and the negative dipole moved in a dis-
tance about 0.106-0.116 m away from the measurement 
plane on the chest. In other words, the depth of two equi- 
valent magnetic dipoles changed in a small region. Two 
moving magnetic dipoles are confined within the region 
of the heart. It is noticeable that x, y, z components cur- 
ves of the location of two equivalent current dipoles are 
shown in Figure 9 and Figure 10. The first current di-
pole, i.e. the dominant dipole, moved in a range of 0.06- 

0.07 m at Z direction, and the accessorial equivalent 
dipole, moved in a distance of 0.11-0.14 m away from 
the measurement plane on the chest. In other words, the 
accessorial equivalent dipole located a little deeper than 
the dominant dipole. Two moving current dipoles are 
confined within the region of the heart. 

In sum, two equivalent magnetic dipoles are moved in 
almost the same depth as the accessorial equivalent cur-
rent dipole. The x and y components curves of the loca-
tion of the accessorial equivalent current dipole have 
obvious sudden variation, however, two equivalent mag-
netic dipoles have no such phenomena. 

4. CONCLUSIONS 
Two multipole graphical models are introduced for the 
investigation of the cardiac electrical activity in this paper. 
Because the accuracy of graphical models depends on the 
accuracy of sources estimation, thus, the initial value  
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Figure 7. The time-varying location curves of the positive 
magnetic dipole. 
 

0 10 20 30 40 50 60 70 80 90 100

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.11

0.12

0.13

Time(ms)

Lo
ca

tio
n(

m
)

 

 

Location in x
Location in y
Location in z

 
Figure 8. The time-varying location curves of the negative 
magnetic dipole. 
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Figure 9. The time-varying location curves of the dominant 
current dipole. 
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Figure 10. The time-varying location curves of the accessorial 
current dipole. 
 

determining of source estimation is very important. The 
simulation results of the DCD model demonstrated that 
MFZL method mentioned above is an advisable approach 
to determine the initial values and the number of dipoles. 
Despite the simulation and the comparison results indi-
cated that the both multipole graphical models have bet-
ter GOF and RMSE, however, how to improve the ac- 
curacy of the graphical models still is a problem that 
remains to be solved. We have noted that two groups of 
reconstructed sources had some obvious difference on 
the accuracy of source localization, especially, the loca-
tion variation of the accessorial current dipole in Figure 
10. The time-varying location curves of the accessorial 
current dipole as shown in Figure 10 revealed some 

useful information of electrophysiological characteristics 
and the function information of the heart during ven-
tricular repolarization, which needs analyzing together 
with the professional doctors in the future. 
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ABSTRACT 

The influences of ultra-high hydrostatic pressure treat-
ment on foaming and physical properties (solubility, 
hydrophobicity and sulfhydryl content) of egg white 
were investigated. A pressure range of 0-500 MPa, time 
range of 0-20 min and pH range of 7.5-8.5 were se-
lected. The foaming property of egg white is improved 
by 350Mpa and 10min. The treatment resulted in in- 
crease of sulfhydryl content of egg white, while solu-
bility and hydrophobicity were significantly decreased. 
 
Keywords: Ultra-High Hydrostatic Pressure; Egg White; 
Foaming Property 

1. INTRODUCTION 

Egg white is well known for their high nutritional quality, 
foaming, gelling and emulsifying characteristics, which 
can give the foods unique color, flavor, and texture char-
acteristics. Therefore, as an important ingredient, egg white 
has been wildly applied in the food industry, such as 
cakes, biscuits, breads, ice cream, and other protein 
products [1]. At present, for convenience and safety, 
liquid egg white products are widely used by home and 
producer. However, decrease of the foaming property 
after pasteurization is found in practice, which seriously 
affects the application and development of the egg white 
products. 

Ultra-high static pressure technology is a new sterili-
zation technology, which can be used to resolve the 
problems brought by pasteurization. Ultra-high pressure 
can improve the function of biological macromolecules 
by modifying their structure [2]. The high pressure does 
not affect the primary structure of protein molecules, but 
can cause agglutination of protein by changing the hy-
drogen bonds, disulfide bonds and hydrophobic groups 
among the protein molecules. In addition, ultra-high hy-
drostatic pressure can cause viscosity and surface ten-
sion of egg white increased [3]. The relationship be-
tween foaming property and solubility, hydrophobicity, 
sulfhydryl content under ultra-high hydrostatic pressure 

is also investigated in this paper, and only the irreversible 
changes in the properties are taken into account. 

2. MATERIALS AND METHODS 

2.1. Materials and Equipments 

Fresh eggs were obtained from supermarket. Eggshell was 
washed by clean water and exposed to ultraviolet light 
for 30 min to disinfect. The egg white was separated 
from egg yolk and the chalazae were removed. The al-
bumin was gently mixed and stored at 4  until use. ℃
The protein content of the egg white was determined to 
be 11.23 ± 0.56 % (w/v). 

2.2. Ultra-High Hydrostatic Pressure Treatment 

A volume of 200 mL of egg white was packed in poly-
ethylene plastic packs (170×120mm) and sealed. The ultra- 
high hydrostatic pressure treatment was performed in 
high pressure equipment (Hpp-M1, Senmiao, China) and 
a pressure range of 0-600 MPa, time range of 0-20 min 
were selected in the experiment. All samples were ana-
lyzed at room temperature after 24-hour storage at 4 .℃  

2.3. Determination of Foaming Property 

A volume of 35 mL (18～25 ) egg white was placed in ℃

a graduated cylinder of 250 mL (diameter =398 mm) and 
whipped for 5 min (which is an optimal time for whip-
ping egg white in this measurement system in previous 
study) with a rotating anchor (275 mm diameter, rotor 
from the bottom of the graduated cylinder 15 mm) at 
2100 rpm, using a laboratory stirrer with controlled con-
stant speed (OJ-100, Onuo, China). The volume of foam 
(V0) was recorded immediately after the whipping 
stopped. The foaming capacity (FC) [4] was defined by 

%(%) 100
35

0 
V

FC                (1) 

The volume of drainage of liquid (Vd) was recorded at 
10 min, The foam stability was defined by 
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(%) 100%dV
Drainage

V
              (2) 

Samples were determined in triplicate. 

2.4. Determination of Solubility 

Samples were centrifuged during 10 min at 10,000 r/min 
and 18 . Protein content of th℃ e supernatant was deter-
mined. 

2.5. Determination of Sulfhydryl Content 

The concentration on sulfhydryl (SH) groups of the egg 
white solutions was determined using Ellman’s reagent 
(5′, 5-dithiobis (2-nitrobenzoic acid), DTN-B). 1mL of 
sample add to 4mL of 0.05mL 0.01M DTNB in phos-
phate buffer (0.1M, pH 8.0), after 20min of mixing, the 
reaction mixture was centrifuged during 15 min at 
10,000 r/min to remove precipitated protein. Finally, the 
absorbance of the supernatant was measured at 412 nm 
against a reagent blank. A blank sample in which DTNB 
was substituted by phosphate-buffer was carried through 
in parallel. The sulfhydryl content is expressed as a mole 
thiol/globulin grams = n mol / mg protein [5]. 

2.6. Determination of Surface Hydrop-Hobicity 

The determination of the protein hydrophobic domains 
through Takagi [4] approach, using 8-aniline-based-1- 
Chennai acid (referred to as ANS). Each sample was 
diluted with the 0.1M phosphate buffer (pH6.8), until the 
protein concentration of 0.05%, 4.5mL of the diluted 
sample and 0.5mL 1.25×l0-3m ANS mixed phosphate 
buffer. Placing at room temperature for two hours, the 
fluoresceence intensity was measured (excitation wave-
length 375nm, Kaloula 1.0nm, emission wavelength of 
420-600nm (475nm), Kaloula 1.0nm, medium-speed 
scanning speed). Globulin in the hydrophobic region is 
expressed as fluorescence intensity and protein concen-
tration of 0.05%. 

3. RESULTS AND DISCUSSIONS 

3.1. Effect of High Hydrostatic Pressure on 
Foaming C Property of Egg White 

Foaming property is one of the most important surface 
characteristic of protein molecule. Albumin proteins are 
typical amphiphilic molecules, which are easy to extend 
on the water-air interface and adsorb gas in the whipping 
process. It has been verified that globulin and albumin of 
egg white play a major role in forming bubble; Ovomu- 
cin and egg lysozyme are favorable for foaming stability 
[1]. Iesel Plancken has shown that the foaming property 
of egg white is mainly relative to the content of sulfhy-
dryl and the flexibility of protein molecule. The interac-
tion between protein and protein can improve the foam-
ing stability of egg white [2]. 
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Figure 1. Effect of pressure on foaming property of 
egg white pH =8.1, t = 10 min, 18℃. 

 
There are not significant changes for FC between 
0-200MPa, as can be seen in Figure 1. But the drainage is 
increasing and reaches the maximum at 200MPa, which 
means the worst foam stability. With the pressure increas-
ing, the FC is still rising until 350 MPa, but the drainage 
has been decreasing and reaches the minimum at 350 
MPa. According to the relevant literature, the phenome-
non above was analyzed as follows. It is known that 
practical aggregation of proteins can raise the protein 
foaming capability and stability [4]. In this process, ag-
gregation affection can enhance the reaction among pro-
teins and make them become precipitate or gel. While 
the protein gel appears, the foaming capability and sta-
bility will decline sharply. 

3.2. Effect of Time on Foaming Property of Egg 
White 

As can see from Figure 2, with the extension of proc-
essing time, the foaming capability increases and reaches 
the maximum at 10 min. While the drainage drops to the 
lowest, there is the best foaming stability. It indicates 
that in the aggregation of protein process, 10 min is 
suitable for foaming characteristic of egg white. Ac-
cording to the relevant report, the β-sheet structures of 
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Figure 2. Effect of time on foaming property of egg 
white p = 350 MPa, pH = 8.2, 18 .℃  
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protein treated with the pressure are unfolded, which can 
improve the ability of maintaining gas for egg white and 
make it easy to form bubble [4]. And also, it has en-
hanced the interaction among proteins, which is favor-
able for foaming stability. After 10min, the protein pre-
cipitate starts to appear, and the foaming capability is 
decreasing. The previous studies have shown that when 
egg white is treated by 350Mpa for 10min, the surface 
tension and viscosity is increasing [3]. From the phe-
nomenon and the relevant conclusion above, we can 
draw a conclusion as follows: ultra-high pressure treat-
ment can change the structure of protein molecules and 
cause aggregation of proteins, which can improve the 
foaming property of egg white. 

Next, 10min was selected for different ultra-high 
pressure treatment to investigate the relationships be-
tween foaming property and other characteristic of egg 
white. 

3.3 Effect of High Hydrostatic Pressure on 
Solubility of Egg White 

Protein solubility is an important property of hydration. 
The protein and water molecules are connected through 
the interaction of the peptide bond or amino acid side 
chain (ionization, polar or non-polar group) [1]. As can 
be seen from Figure 3, the solubility of protein de-
creases with the pressure increasing. The tertiary and 
quaternary structures of protein treated by the ultra-high 
pressure were destroyed for that molecules of protein 
have been unfolded [4]. The reactions of aggregation 
among protein molecules have been enhanced, therefore, 
the solubility of egg white becomes decreasing. Com-
paring to Figures 1,3, there are not significant linear 
correlation between the foaming properties and solubil-
ity of egg white treated by ultra-high pressure. When the 
percent of soluble protein is 71%, the foaming property 
of egg white is better. 

3.4. Effect of High Hydrostatic Pressure on  
Surface Sulfhydryl Content of Egg White 

As can been seen from Figure 4, there are significant 
changes of surface sulfhydryl content with pressure  
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Figure 3. Effect of pressure on solubility of egg 
white pH =8.1, t = 10 min, 18℃. 

reaching the maximum at 350MPa. When the egg white 
is treated by ultra-high hydrostatic pressure, the structure 
of the ovalbumin has been changed, which causes four 
internal sulfhydryl of c molecule being exposed and in 
creases the surface sulfhydryl content on the bases of 
relevant literature. Comparing with Figures 1,5, there is 
the same trend between the foaming properties and the 
surface sulfhydryl content of egg white. The foaming 
capability, stability and surface sulfhydryl content all 
reach the maximum at 350 Mpa. 

3.5. Effect of High Hydrostatic Pressure on  
Hydrophobicity of Egg White 

As can been seen from Figure 5, the hydrophobic of egg 
white has the maximum at 100MPa. With the pressure 
increasing, hydrophobicity of egg white decreases. It is 
known that hydrophobic interaction is the main force to 
maintain protein tertiary structure. So we can deduce 
that the tertiary and quarternary structures of proteins of 
egg white treated by the ultra-high hydrostatic pressure 
are destroyed, and more hydrophobic regions are ex-
posed. With the pressure increasing, hydrophobic amino 
acids are buried and the hydrophobic region is reduced. 
Therefore, hydro-phobic property of protein decreased.  

4. CONCLUSIONS 

The foaming capability and stability of egg white are im- 
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Figure 4. Effect of high hydrostatic pressure on sulfhy-
dryl content of egg white pH =8.1, t = 10 min, 18℃. 
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Figure 5. Effect of high hydrostatic pressure on hydro-
phobicity of egg white pH =8.1, t = 10 min, 18℃. 
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proved by the ultra-high hydrostatic pressure (100-400 
MPa), and play the best performance by 350Mpa and 
10min. The findings of the experiment of physical prop-
erties of egg white with ultra-high hydrostatic pressure 
show that with increasing pressure, the solubility of egg 
white will decrease. There is positive relation between 
the surface sulfhydryl content and the foaming proper-
ties of egg white. When the hydrophobicity of egg white 
is the lowest, the foaming capacity and foam stability of 
egg white will reach the best performance. 

 JBiSE 
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ABSTRACT 
In many cases, biological sequence databases contain 
redundant sequences that make it difficult to achieve 
reliable statistical analysis. Removing the redundant 
sequences to find all the real protein families and 
their representatives from a large sequences dataset 
is quite important in bioinformatics. The problem of 
removing redundant protein sequences can be mod-
eled as finding the maximum independent set from a 
graph, which is a NP problem in Mathematics. This 
paper presents a novel program named FastCluster 
on the basis of mathematical graph theory. The algo-
rithm makes an improvement to Hobohm and 
Sander’s algorithm to generate non-redundant pro-
tein sequence sets. FastCluster uses BLAST to de-
termine the similarity between two sequences in or-
der to get better sequence similarity. The algorithm’s 
performance is compared with Hobohm and 
Sander’s algorithm and it shows that Fast- Cluster 
can produce a reasonable non-redundant pro- tein set 
and have a similarity cut-off from 0.0 to 1.0. The 
proposed algorithm shows its superiority in generat-
ing a larger maximal non-redundant (independent) 
protein set which is closer to the real result (the 
maximum independent set of a graph) that means all 
the protein families are clustered. This makes Fast- 
Cluster a valuable tool for removing redundant pro-
tein sequences. 
 
Keywords: Blast; Graph Theory; Redundant Sequences; 
CD-HIT 

1. INTRODUCTION 
Recently, with the explosion of biological sequence data, 
many biological sequence databases have redundant se-
quences which can cause problems for data analysis. 
These redundant sequences cannot provide valuable in-
formation for analysis but detracts from the statistical 
significance of interesting hits. Moreover, processing 
these redundant sequences often requires more time and 
computational resources. Removing redundant sequen- 
ces is undoubtedly very helpful for performing statistical 
analysis and accelerating extensive database searching 
[1]. And it is also a way to obtain the real protein fami-
lies and their representatives from a large sequences 
dataset. Therefore, it is necessary to develop an appro-
priate algorithm to remove redundant sequences from a 
biological sequence database. 

Hobohm and Sander’s algorithm is a widely used al-
gorithm in many redundant sequence removing pro-
grams. Hobohm and Sander’s algorithm was firstly in-
troduced by U.Hobohm et al. of EMBL laboratory in 
1992. In 1998, Lissa Holm and Chris Sander developed 
a program based on this algorithm to generate a non- 
redundant protein database NRDB90 [2]. After that, 
other researchers developed some programs for remov-
ing redundant sequences on the basis of Hobohm and 
Sander’s algorithm, such as CD-HIT and PISCES. 

CD-HIT [3,4] is a well-known program for processing 
large sequence databases efficiently. It is fast and flexi-
ble and can generate a representative set based on an 
incremental greedy algorithm introduced by Hobohm 



622                  P. F. Liu et al. / J. Biomedical Science and Engineering 2 (2009) 621-625 

SciRes Copyright © 2009                                                                   JBiSE 

and Sander [5,6]. It uses short word filtering to deter-
mine the similarity between two sequences rather than 
performing an actual sequence alignment. However, the 
results generated by short word filtering are not accurate 
to some degree. The lowest threshold of CD-HIT is 
around 40% and it is not suitable for removing redun-
dancy on lower threshold. PISCES [7] is a public server 
for culling sets of protein sequences from the Protein 
Data Bank. It determines sequence similarity by PSI- 
BLAST [8] alignments which are more accurate, and it 
also uses a structural quality criterion to cull sequences 
from a sequence database. 

Hobohm and Sander’s algorithm has the advantage of 
being simple and fast. But the result set generated by this 
algorithm is not large enough since some non-redundant 
sequences may also be removed. 

FastCluster, introduced in this paper, uses BLAST [9] 
to determine sequence similarity, which is a general se-
quence alignment tool and can provide better sequence 
similarity than word filtering. FastCluster makes im-
provements to Hobohm and Sander’s algorithm and can 
get a larger non-redundant protein dataset, which means 
more protein families can be clustered. 

2. METHODS 
2.1. Hobohm and Sander’s Algorithm 
Hobohm and Sander’s algorithm sorts all sequences by 
length in descending order to generate an ordered sequen- 
ce set S. Then similar sequences will be put together into 
the same cluster. The longest sequence is added into the 
first cluster (initially empty), which is also the represen-
tative of the cluster, and then all the other sequences are 
compared with the representative. If the similarity be-
tween a sequence and the representative is above a thre- 
shold then it will be included into the same cluster as the 
representative’s, otherwise a new cluster will be created 
with it as the representative. Every remaining sequence 
will be processed in the same way, either as the repre-
sentative of a new cluster if the similarity between it and 
any representative is below the threshold, or included 
into some existing cluster if it is similar to the cluster’s 
representative. 

2.2. Graph Theory Based Algorithm 
In order to make some improvements to Hobohm and 
Sander’s algorithm, a new algorithm using maximum 
independent set of graph theory to generate a representa-
tive set is developed. Firstly all the sequences are clus-
tered simply and the first sequence of each cluster is the 
temporary representative sequence of the cluster. Then 
the maximum independent set of each cluster (excluding 
the representative sequence) is figured out. Finally the 
maximum independent set of each cluster is processed 
and the final maximal independent set can be generated. 
Based on the algorithm above, FastCluster was written 

in C++ and tested on Linux platform. The input to the 
program is a protein sequence set in FASTA format. 
Three output files can be generated by FastCluster. One 
is a FASTA file containing a list of representative pro-
teins free from redundancy. Another output file lists the 
clusters and their members and the third output file con-
tains clusters and the size of each cluster’s maximal in-
dependent set. FastCluster can be downloaded from 
http://pcal.biosino.org/FastCluster.html. 

2.3. Blast-Based Similarity Score (BSS) 
FastCluster uses BLAST to make pair wise sequence 
alignments. The similarity score between two sequences 
is determined by the identical percentage of their hits 
(homologous sequence segments). When a sequence 
alignment has more than one hit, the percentage of the 
sum of all hits’ identical is calculated to represent the 
overall similarity score between the two sequences. 

A Python script was used to parse BLAST output and 
construct a BLAST-BASED SIMILARITY SCORE (BSS) 
matrix. An expectation value parameter 1e-3 is set to 
filter BLAST output in which the expectation value of 
each hit is smaller than 1e-3. When calculating BSS, 
three cases have to be considered: 1) there are no hits 
found; 2) there is one hit found; 3) there are more than 
one hit found. Formula 1 below shows how to calculate 
the BSS. 
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Formula 1: The formula to calculate BSS. ‘I’ is short 
for the length of a hit’s identities, and ‘L’ stands for the 
length of a hit’s length. In case of no hits found, the BSS 
is regarded as 0. When there is one hit in the BLAST 
output, the identical percentage is taken as the BSS. On 
the occasion of more than one hit found, the percentage 
of the sum of all hits’ identities is taken as the BSS. 

Figure 1 shows an example of how to calculate the 
BSS from BLAST output. 

2.4. Graph Definition 
A graph is a mathematical object which is composed of 
vertices and edges. It is usually used to represent rela-
tions between objects. Graphs can be categorized into 
four types: undirected graphs (or simple graphs), di-
rected graphs, multigraphs and weighted graphs. Fast-
Cluster uses an undirected graph to represent relations 
between protein sequences. 

2.5. Clique and Independent Set of a Graph 
An undirected graph is denoted by ),( EVG = , in which 
V  is the set of vertices and E  are the set of edges and 
every edge is composed of two adjacent vertices in V .    
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Figure 1. An example of parsing BLAST output. Three cases are considered: (1) Case 
1, the BSS is 0; (2) Case 2, the BSS is 94/102=0.922; (3) Case 3, the BSS is (35+20)/ 
(163+57) =0.25. 

 
In FastCluster, an undirected graph is defined as follows: 
any vertex represents a protein sequence; and if two 
protein sequences have a BSS above the given threshold, 
there is an edge between them. 

A clique C of a graph G  is a subset of V , and every 
vertex in C  is adjacent to all the other vertices in C , 
while an independent set of a graph is a set of vertices, 
none of which are adjacent. A clique is said to be maxi-
mal if it is not the subset of any larger clique, and maxi-
mum if there are no larger cliques in the graph [10]. The 
complement of a graph G  is the graph 'G  with the 
same vertex set but whose edge set consists of the edges 
not present in G . [http://mathworld.wolfram.com/Graph 
Complement.html]. By taking the complement of a 
graph, the maximum independent set problem is trans-
formed into the maximum clique problem. 

The concept of clique and independent set is illus-
trated in Figure 2. 

2.6. Algorithm Procedure 
The algorithm used in FastCluster is described in the 

following steps. 
1) Run local BLAST for sequence set S  to make 

pair wise alignments. 
2) Parse BLAST output and construct a BSS matrix 

for all the sequences. 
3) Sort all sequences in descending order by length 

and construct the first cluster with the longest se-
quence as its representative. 

4) Align each remaining sequence in S  with the ex-
isting representatives. If the BSS (from BSS matrix 
in step 2) between a sequence with any representa-
tive is above a given threshold, then it is included 
into that cluster, otherwise a new cluster starts with 
it as representative. 

5) Repeat Step 4 until S  is empty. Thus, a list of 
clusters for set S  is generated and every cluster 
has a temporary representative sequence (the first 
sequence of that cluster). 

6) Compute the maximum independent set for each 
cluster. 

7) Construct an empty set R . If the maximum inde-
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pendent set of the last cluster has more than or equal 
to 2 sequences, then every sequence in the maxi-
mum independent set is put into R , otherwise the 
representative of the cluster is put into R . 

8) Process each remaining maximum independent set 
from the last one to the first. If a set has more than 
or equal to 2 sequences which have no edge with 
any sequence in R , then put these sequences in the 
maximum independent set into R , otherwise put the 
cluster’s representative into R . 

9) Output the final representative non-redundant set 
R  to a file in Fasta format. 

2.7. Algorithm Comparison 
An algorithm comparison is shown in Figure 3. As 
shown below, S  is an ordered sequence set and R  
is the result sequence dataset. ( )irS  is composed 
ofsequences which are similar to representative se-
quence ir . In Figure 3, ( )( )irSC  is the maximum 
independent set of ( )irS , in which no sequence is 
similar to any other one, and f  is a procedure to 
process the maximum independent set of every cluster. 

Both of the algorithms share the same procedure to 
generate a list of clusters ( )1rS , ( )2rS … ( )nrS . That is 
to say, both of them sort all sequences by length in de-
creasing order firstly to generate an ordered sequence set 
S  and then partition them into different clusters. The 
difference lies in the way they generate result set R . 

Hobohm and Sander’s algorithm (Figure 3(a)) simply 
picks up the representative sequence of each cluster and 
put them together to compose result set R , while Fast-
Cluster behaves in a different way. 

It searches the maximum independent set for each  
 
 

 

cluster and get n  maximum independent set ( )( )1rSC ,  
( )( )2rSC … ( )( )nrSC . Then they are processed in a pro-

cedure f to generate the final result set R. f is such a 
procedure that if the number of sequences in ( )( )irSC  
is less than 2, then ir  is added to R, otherwise every 
sequence in ( )( )irSC  is put to R on condition that the 
sequence has no edge with any sequence of current R  
which grows bigger in an incremental way.  
Some ( )( )irSC  usually have more than 2 sequences, so 
after we replace ir  with ( )( )irSC , it is clear that R  in 
FastCluster is larger than R  in the algorithm of Ho- 
bohm and Sander. An example below is used to prove 
that.  

2.8. An Example for Algorithm Comparison 
As shown in Figure 4, vertices 1,2,3,4,5 and 6 repre- 
sents 6 different protein sequences respectively. If two 
protein sequences have a BSS above the given threshold, 
there is an edge between them. Vertices 1,2,3,4,5 and 6 

 

 
Figure 2. (a) is Graph G ; (b) is its complementary graph 

'G . Vertices set { }543 ,,  is the maximum clique of G  and 
the maximum independent set of graph 'G . Vertices set 
{ }41,  or { }51,  or { }32,  or { }52,  is the maximum clique of 

'G  and is also the maximum independent set of graph G . 

 
(a) 

 
(b) 

Figure 3. (a) Algorithm of Hobohm and sander; (b) Graph theory based algorithm by FastCluster.
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Figure 4. A graph example. 

 
Table 1. Number of non-redundant sequences obtained using 
FastCluster and HSCluster. 

Database Threshold 
(%) 

Number 
(FastCluster) 

Number 
(HSCluster) 

10 3167 2824 
20 3185 2845 
30 5256 4753 
40 12940 10058 
50 18177 17275 
60 25854 25020 
70 33400 32758 
80 41049 40555 

65718 En-
zyme pro-

teins 

90 49986 49669 
 

are assumed to be ordered in descending order by length. 
This example can be used to prove that FastCluster can 
produce more results than Hobohm and Sander’s algo-
rithm. 

Hobohm and Sander’s algorithm and FastCluster 
share the same way to generate three clusters, and they 
are { }1 , { }2  and { }6543 ,,,  (Figure 4). But the way 
they generate the result set is different. According to 
Hobohm and Sander’s algorithm, the representative ver-
tex from each cluster is picked up to compose the result 
vertices { }3,2,1 . While FastCluster computes the maxi-
mum independent set for each cluster and they are { }1 , 
{ }2  and { }6,4 , and then it collects { }6,4 , { }2  and { }1  
together to compose the final result vertices { }6,4,2,1 . 
Obviously, { }6,4,2,1  is larger than { }321 ,, . From this 
example, it is proved that FastCluster can produce more 
results than Hobohm and Sander’s algorithm. 

3. RESULTS AND DISCUSSION 
FastCluster introduces a graph theory algorithm to re-
move redundant protein sequences and runs in a flexible 
and user-friendly way. It can also be changed to process 
other types of biological sequences easily. 

A protein sequence set (65718 enzymes, from 
http://expasy.org/sprot/) was selected to test the per-
formance of FastCluster. Another program HSCluster 
which implements the algorithm of Hobohm and San- 
der is also developed. The results generated by these 
two algorithms are shown in Table 1. It is clear that 

FastCluster can produce more results than HSCluster. 

4. CONCLUSIONS 
This paper makes an investigation on removing redun-
dant biological sequences, which is modeled as a mathe- 
matical problem of finding a maximal independent set 
from a graph. Based on this model, FastCluster has made 
an improvement to Hobohm and Sander’s algorithm in 
finding a larger independent set of a graph and thus gen-
erate more result sequences, which mean that more pro-
tein families can be clustered in a protein dataset. In a 
word, FastCluster provides an alternatively improved 
way to remove redundancy from a biological database and 
is also a computational tool to find more protein families 
and their representatives. 
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ABSTRACT 
MicroRNAs are an important subclass of non-coding 
RNAs (ncRNA), and serve as main players into RNA 
interference (RNAi). Mature microRNA derived from 
stem-loop structure called precursor. Identification of 
precursor microRNA (pre-miRNA) is essential step to 
target microRNA in whole genome. The present work 
proposed 25 novel local features for identifying stem- 
loop structure of pre-miRNAs, which captures char-
acteristics on both the sequence and structure. Firstly, 
we pulled the stem of hairpins and aligned the bases 
in bulges and internal loops used ‘―’, and then 
counted 24 base-pairs (‘AA’, ‘AU’, …, ‘―G’, except 
‘――’) in pulled stem (formalized by length of pulled 
stem) as features vector of Support Vector Machine 
(SVM). Performances of three classifiers with our 
features and different kernels trained on human data 
were all superior to Triplet-SVM-classifier’s in po- 
sitive and negative testing data sets. Moreover, we 
achieved higher prediction accuracy through com-
bining 7 global sequence-structure. The result indi-
cates validity of novel local features. 
 
Keywords: MicroRNA; Precursor MicroRNA; Local 
Features; Pulled Stem; Stem-Loop; SVM 

1. INTRODUCTION 
MicroRNAs (miRNA) are small regulatory non-coding 
RNA molecule 17-25 bp long, and whose function is to 
down-regulate gene expression in a variety of manners, 
including translational repression, mRNA cleavage, and 
deadenylation [1,2]. More than one-third of human 
genes are thought to be regulated by miRNA, and these 
molecules represent the greatest number in eukaryotic 
genomes. The miRNA genes are initially transcribed as 
long primary transcripts (pri-miRNAs), which are then 
processed to the shorter, 60-120 bp stem-loop structures 
(called hairpin) known as miRNA precursor (pre- 
miRNA) [3]. Finally, the mature miRNA is separated 
from one of the two strands in pre-miRNA hairpin, and 

then by binding to a complementary target in the mRNA, 
which inhibits induces mRNA cleavage or translational 
repression [4]. 

Although the majority of the miRNA were identified 
through experimental way [5-7], computational predic-
tion techniques become possible and necessary due to 
accumulation of information and data about miRNA 
properties [8]. All existing computational prediction 
methods can be classified two categories: the compara-
tive sequence analysis approaches and the de novo (or ab 
initio) predictive approaches. Methods in the first cate-
gory based on the assumption that miRNA genes are 
conserved in the primary sequences and secondary 
structure crossing species. Several algorithms have been 
developed and successfully been used for predicting 
miRNA in various species [9-17]. However, for a species 
that does not have a closely homologies species se-
quenced, the first category methods will not work [15]. 
For this reason, the secondary category methods, that are 
de novo prediction methods, have been developed to 
predict miRNA in single genome. Instead of evolutional 
information, those methods use characteristics of se-
quence and/or secondary structure of pre-miRNAs to 
achieve their purposes. The stem-loop hairpin structure 
is the most noticeable but not discriminative charac- 
teristic of pre-miRNAs, because a large amount of non- 
pre-miRNA sequences can fold themselves into pre- 
miRNA-like hairpins. To identify pre-miRNA hairpins, 
most existed methods use sets of features concerning 
sequence composition [17-19], topological properties of 
the stem-loop [17,19,20], thermodynamic stability 
[17,19,20], and sometimes other properties including 
entropy measures [19]. Xue [18] shown that local 
contiguous substructures of pre-miRNAs are signifi- 
cantly distinct with that of pseudo pre-miRNAs. 

Moreover, most of de novo methods employed ma-
chine learning techniques to identify pre-miRNAs, such 
as Hidden Markov Models (HMM) [21,22], Support 
Vector Machine (SVM) [17-19,23], Naïve Bayes [24], 
Random Forest [25] and Random Walks [26]. SVM is a 
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supervised classification technique derived from the 
statistical learning theory of structural risk mini- 
mization principle, and first introduced by Vapnik [27]. 
It has been shown that SVM produce superior results 
than other supervised learning methods in a wide range 
of applications. Recently, they have been widely used 
in the bioinformatics field (include to learn the 
distinctive characteristics of miRNAs). SVMs have 
exhibited excellent generalization performance and less 
susceptible to over fitting than other techniques. 

In this work, the novel local sequence-structure fea-
tures of pre-miRNA based on “pulled” the stem-loop 
structure were introduced and SVM was employed as 
classifier to class real pre-miRNAs from pseudo ones. 
Those features contain information on both the sequence 
and structure of pre-miRNAs. Moreover, the new posi-
tive testing data set were built on updated miRNA 
registry database [28] with Xue’s way [18]. The tests 
show that new method outperformed the Triplet-SVM- 
classifier. 

2. METHODOLOGY 
2.1. Features for Identify Pre-miRNA 
The main difference in hairpins structure between pre- 
miRNA and pseudo pre-miRNAs are base pair composition 
in stem, the number of bulges and internal loops, and the 
size of bulges and internal loops. Simply, we can get  

sequence and structure information through counting 
base pair in “pulled” stem. Inspired by Xue’s result, a 
novel local sequence-structures feature of pre-miRNAs 
are proposed, which based on “pulled” stem of hairpins. 
Firstly, the secondary structures of the pre-miRNA and 
the candidates are predicted with the RNAfold [29]. 
Then, the stems of hairpin are pulled, just as Figure 1 
shows. The bases in bulges and internal loops are 
aligned with ‘―’. Finally, counted the number of 24 
base-pairs (‘AA’, ‘AU’, …, ‘―G’, except ‘――’, here 
‘―’ as fifth base) in pulled stem, such as Table 1, and 
normalized them with the length of pulled stem. It is 
noticeable that the base-pair ‘AU’ is different from ‘UA’ 
because of the direction of miRNA sequences (from 5’ to 
3’). The number of canonical base pair, that is ‘AU’, 
‘UA’, ‘GC’, ‘CG’, ‘GU’ and ‘UG’, reveals the base pairs 
composition in stem. The number of non-canonical base 
pair (no gap) displays the information of internal loop. 
The number of gaped base pair shows the information of 
bulges. Another local feature is the length of pulled stem. 

To improve the performance, the 7 global features 
used in other methods also are combined, which are 
numbers of base-pairs, GC content, length of sequences 
and central loop, free energy per nucleotide, 5’ and 3’ tail 
length. 

The combined feature vector of Figure 1 is shown as 
Table 2: 

 

 
Figure 1. The example of pulled stem. The sequence is hsa-mir-139 of Homo sapiens from 
miRNA registry database [28]. 

 
Table 1. The statistic of 24 possible base pairs (except ‘――’ ) in pulled stem in Figure 1. 

3’ 
The number of pair bases 

A U G C ― 

A 0 4 0 0 1 

U 5 0 4 1 0 

G 0 0 1 5 0 

C 0 0 7 0 0 

5’ 

― 0 1 0 0 ╳ 
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Table 2. The composition of feature vector in our method. 

Index Type Feature description Value 

1 Length of central loops 7 
2 Length of 5’ tail 3 
3 Length of 3’ tail 2 
4 Number of basepairs 25 
5 GC content 40/68 
6 Free energy of folding/length of sequence -34.8976/68 
7 

Global 

Length of sequence 68 

8 Length of pulled stem 29 
9~32 

Local 
Proportion of AA/AU/…/―C pairs in pulled stem 0/0.1379/…/0 

 
2.2. Data Sets 
All verified pre-miRNAs hairpins (positive examples) 
come from miRNA registry database [28] in March 2009 
(release 13.0), which contains 9539 reported pre-miRNA 
from 105 species, and 706 entries from Homo sapiens. 
The pseudo pre-miRNAs hairpins (negative examples) 
come from Xue’ data sets [18], which contained 8494 
pre-miRNA-like hairpins. SVM prediction model are 
trained on the same training data set of the Triplet- 
SVM-classifier [18], which contained 163 real human 
pre-miRNAs and 168 pseudo pre-miRNAs. The first 
testing data set (TE-C1) are 400 real human pre- 
miRNAs, which have no multiple loops and have low 
similarities each other (the sequence similarities are 
calculated using BLASTCLUST with S=80, L=0.5, 
W=16). Moreover, those sequences have low similarity 
with 163 training set. The CROSS-SPECIES testing set 
contains 3207 pre-miRNAs from 31 species. The 
selected criterion is same as Xue’s [18] (Only the 
pre-miRNAs with no multiple loops are used. The 
pre-miRNAs that share high sequences similarities with 
the human pre-miRNAs are excluded to avoid biased 
evaluation of the SVM trained on human data. The 
similarity is calculated using BLASTCLUST with S=80, 
L=0.5, W=16). The negative testing data set (TE-C2 and 
TE-C3) are same as Xue’s (including 1000 pseudo 
pre-miRNAs randomly picked up from the CODING 
data set, 2444 CONSERVED-HAIRPIN data set). The 
application of SVMs algorithms to every-day problems 
have been facilitated considerably by various easy-to- 
use software packages. Libsvm (version 2.87) [30] is 
used throughout this work. 

2.3. Measures for Assessment 
The prediction performance was evaluated by four 
indexes [31]: prediction accuracy (ACC), Matthews 
correlation coefficient (MCC), sensitivity (Sen) and 
selectivity (Sel). 

100%tp tnACC
tp tn fp fn

+
= ×

+ + +
          (1) 

( )( )( )( )
100%tp tn fp fnMCC

tp fp tp fn tn fp tn fn
⋅ − ⋅

= ×
+ + + +

 

(2) 

100%tpSelectivity
tp fp

= ×
+

           (3) 

100%tpSensitivity
tp fn

= ×
+

           (4) 

where, tp is true positive, fp is false positive, tn is true 
negative, and fn is false negative. 

3. RESULTS AND DISCUSSION 
To demonstrate the validity of novel local sequence- 
structures feature, firstly, SVM classifier are performed 
with only 24 novel features (not including the length of 
pulled stem) on all testing data sets. The feature vector 
of training sets are scaled to zero means and unit devia-
tions, and the feature vector of testing sets are scaled 
according to the means and deviations of training sets. 
Three basic kernel functions (linear kernel, polynomial 
kernel and RBF kernel) have been tested on all testing 
data sets, and adjusted the parameters through grid way. 
The results were listed in Table 3 (the detail results see 
supplemental). As a comparison, it also listed the result 
of Triplet-SVM-classifier (3SVM) [18]. The boldface in 
tables is the maximum in same row. 

As shown in Table 3, the performance of three SVMs 
with 24 novel local features are better than Triplet-SVM- 
classifier’s. The best SVM (RBF kernel) is able to 
predict 82% (2956 out of 3607) of all pre-miRNAs, and 
can identify 92% (3159 out of 3444) pseudo pre- 
miRNAs. In contrast, 3SVM reports 80% (2886 out of 
3607) of all pre-miRNAs and 89% (3056 out of 3444) of 
all pseudo pre-miRNAs. This result demonstrates the 
validity of 24 novel local sequence-structure features for 
distinguishing real pre-miRNAs from pseudo ones. 

To improve the performance of SVM classifier, SVM 
with appended 7 global features are test on all testing 
sets, and the result were listed in Table 4.      
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Table 3. Performance comparisons with three kernel (with 24 novel local features) and 3SVM [18]. 

Result (true predicted/real) 
Test set Class 

Linear kernel Polynomial kernel RBF kernel 3SVM 
TE-C1 pre-miRNA 285/400 273/400 278/400 269/400 
TE-C2 pseudo 890/1000 896/1000 904/1000 881/1000 
TE-C3 pseudo 2246/2444 2253/2444 2255/2444 2175/2444 
CROSS-SPECIES pre-miRNA 2668/3207 2670/3207 2678/3207 2597/3207 

ACC 86.36 86.40 86.73 83.99 
MCC 73.11 73.10 73.64 69.23 
Sel 91.06 91.43 91.72 88.73 
Sen 81.87 81.59 81.95 79.46 

 
Table 4. Performance comparisons with three kernel (with 32 features) and 3SVM. 

Result (true predicted/real) 
Test set Class 

Linear kernel Polynomial kernel RBF kernel 3SVM 
TE-C1 pre-miRNA 292/400 296/400 303/400 269/400 
TE-C2 pseudo 953/1000 956/1000 961/1000 881/1000 
TE-C3 pseudo 2244/2444 2257/2444 2240/2444 2175/2444 
CROSS-SPECIES pre-miRNA 2818/3207 2834/3207 2850/3207 2597/3207 

ACC 89.45 89.96 90.11 83.99 
MCC 79.12 79.94 80.34 69.91 
Sel 92.83 93.29 92.94 88.73 
Sen 86.22 86.78 87.41 79.46 

 
Table 5. The prediction results of our method and 3SVM on cross species test sets. 

Methods (Accuracy/True predicted) 
SVM+Our features Species (ab.) Number 

RBF+F24 RBF+F32 
3SVM 

Anopheles gambiae (aga) 57 93.0/53 96.5/55 91.2/52 
Apis mellifera (ame) 53 96.2/51 98.1/52 94.3/50 
Arabidopsis thaliana (ath) 102 96.1/98 99.0/101 89.2/91 
Bombyx mori (bmo) 45 93.3/42 95.6/43 84.4/38 
Bos taurus (bta) 153 82.4/126 82.4/126 82.4/126 
Caenorhabditis briggsae (cbr) 87 93.1/81 93.1/81 94.3/82 
Caenorhabditis elegans (cel) 144 93.1/134 91.0/131 86.1/124 
Canis familiaris (cfa) 150 88.7/133 80.7/121 82.7/124 
Chlamydomonas reinhardtii (cre) 37 91.9/34 100.0/37 94.6/35 
Drosophila melanogaster (dme) 135 92.6/125 94.8/128 86.7/117 
Drosophila pseudoobscura (dps) 66 93.9/62 90.9/60 87.9/58 
Danio rerio (dre) 112 89.3/100 96.4/108 81.3/91 
Epstein Barr virus (ebv) 24 100/24 95.8/23 91.7/22 
Fugu rubripes (fru) 54 100/54 92.6/50 87.0/47 
Gallus gallus (gga) 342 61.4/210 81.6/279 60.8/208 
Human cytomegalovirus (hcmv) 11 72.7/8 90.9/10 63.6/7 
Kaposi sarcoma-associated herpesvirus (kshv) 12 75.0/9 75.0/9 66.7/8 
Monodelphis domestica (mdo) 33 90.9/30 84.8/28 87.9/29 
Mouse gammaherpesvirus 68(mghv) 9 88.9/8 77.8/7 88.9/8 
Macaca mulatta (mml) 211 79.1/167 83.4/176 82.5/174 
Mus musculus (mmu) 306 73.9/226 86.6/265 75.8/232 
Oryza sativa (osa) 189 86.2/163 94.2/178 88.9/168 
Populus trichocarpa (ptc) 114 86.8/99 96.5/110 82.5/94 
Pan troglodytes (ptr) 301 72.8/219 78.4/236 72.4/218 
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Rattus norvegicus (rno) 126 95.2/120 94.4/119 88.1/111 
Schmidtea mediterranea (sme) 63 92.1/58 95.2/60 77.8/49 
Triticum aestivum (tae) 16 93.8/15 93.8/15 93.8/15 
Tetraodon nigroviridis (tni) 55 96.4/53 90.9/50 87.3/48 
Vitis vinifera (vvi) 77 88.3/68 96.1/74 88.3/68 
Xenopus tropicalis (xtr) 68 95.6/65 94.1/64 91.2/62 
Zea mays (zma) 55 78.2/43 98.2/54 83.6/46 
Total 3207 83.5/2678 88.9/2850 81.1/2597 

 
We can see from Table 4 that the performance of 

SVM classifier significantly increased by combining the 
7 global features with 25 new local features (including 
the length of pulled stem). The ACC and MCC of the 
best SVM with 32 combined features are 90.11% and 
80.34%, respectively. It indicated that the global features 
are important to identify real pre-miRNAs from pseudo 
ones. 

Table 5 shows the SVM prediction on the CROSS- 
PECIES data sets, which contains 3207 known pre- 
iRNAs of 31 species. The SVM with new 24 local 
features and 32 combined features achieve overall 
accuracy of 83.5% and 88.9% on the CROSS-SPECIES 
data sets, respectively. The new 24 local features have 
better performance than Xue’s local features in almost 
31 species, especially for Epstein Barr virus (ebv) and 
Fugu rubripes (fru), our accuracy achieve 100% on 
those species, but Xue’s accuracy is 91.7% and 87%, 
respectively. 

4. CONCLUSIONS 
In this paper, a novel local features different from Xue’s 
[18] have been present for identifying real pre-miRNAs 
from pseudo ones. These features come from simply 
statistical on pulled stem of hairpin structure, and 
achieve higher accuracy than Triplet-SVM-classifier on 
updating testing data sets with SVM classifier. The 
results indicate that our method could be used as an 
alternative way for finding pre-miRNAs. 
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ABSTRACT 

The biochemical indicators of wistar rat under low oxy-
gen concentration, such as brain water content, necro-
sis, lactic acid and Na+-K+-ATPase, was detected to 
evaluate normobaric hypoxia-induced brain damage 
and to investigate the mechanism of wistar rat brain 
injury. Histopathological changes in brain tissue in-
duced by hypoxia were investigated via hematoxylin 
and eosin stain (HE). Hypoxia induced factor-1α 
(HIF-1α) expression in brain was confirmed using im-
munohistochemistry. The results showed that the level 
of lactic acid was positively correlated with the degree 
of hypoxia, while concentration-dependent decrease in 
total Na+-K+-ATPase activity was observed. Compared 
with the control group, hypoxia group had a significant 
difference on brain water content under severe hypoxic 
conditions, the rate of brain necrosis increased obvi-
ously, followed by the increase of lactic acid level and 
the decrease of Na+-K+-ATPase activity. Histopa-
thological analysis of brain confirmed that there was 
neuronal cell death in hippocampal gyrus. HIF-1α ex-
pression enhanced the hypoxia adaptation capability of 
the rat model through regulating the expressions of 
multiple genes. Lactic acid, Na+-K+-ATPase and HIF- 
1α played an important role in brain injury as a possi-
ble mechanism. 
 
Keywords: Hypoxia; Brain Damage; HIF-1α; Rat 

1. INTRODUCTION 

Hypoxia is an important pathobiological process in ma- 
ny diseases and causes changing of body functions easily 
[1,2]. Under airtight or demi-airtight environment, due to 
the effects of organism metabolic and impairment of gas 
exchange between the organization and environment, 
quality of the air in the cabin gets worse gradually, con-
centration of oxygen drops rapidly and concentration of 
carbon dioxide heightens rapidly. Hypoxia environment 
emerges quickly after appreciably long time. Hypoxia 
might lead to functional impairment, disturbance of 
consciousness, reaction dullness, retardation at action, 

damage of learning-memory function. Serious hypoxia 
might cause pathological damage or even death. Study 
on hypoxia mostly concentrated on hypoxic-ischemic 
encephalopathy (HIE) [3,4], plateau hypoxia [5,6], learn-
ing-memory [7]; therapy of various diseases induced by 
hypoxia and mechanisms [8,9], etc. Some studies had 
upgraded to cell and molecular level. 

Hypoxia-induced brain damage is a hot research area 
of brain research. Brain damage may be induced by en-
ergy exhaustion in brain cell, overexpression of excita-
tory amino acids, oxygen free radical damage，apoptosis 
and inflammation, etc. The brain is susceptible to oxida-
tive stress. This is due to the high content of polyun-
saturated fatty acids, high rate of oxygen consumption, 
regional high concentrations of iron, and relatively low 
antioxidant capacity. These factors may predispose the 
premature infant, apoplexy patients to brain damage. 
Some of the mechanisms of hypoxia-induced brain da- 
mage were tried to be elucidated but not clearly com-
pletely nowadays. More experimental data would be 
needed. The investigation of the changes in energy me-
tabolites and brain damage during hypoxia and brain 
hypoxic preconditioning might lead to the finding of an 
effective way to protect the brain from hypoxia injury. 

The goal of this study was to investigate the bio-
chemical effects of hypoxia on brain damage of rat 
model in the airtight cabin and provide more data for 
understanding the mechanism of brain damage. Brain 
water content, necrosis area, the levels of lactic acid and 
Na+-K+-ATPase activity were detected. HIF-1α (hypoxia 
induced factor-1α) expression was confirmed using im-
munohistochemistry method. Histopathological changes 
of brain in rat model induced by hypoxia were investi-
gated via hematoxylin and eosin stain (HE). All of rat 
models were exposed to hypoxia for 2h at various con-
centrations of oxygen. 

2. MATERIALS AND METHODS 

2.1 Animals 

Male wistar rats weighing 180–200g (provided by Insti-
tute of Laboratory Animal Science, Chinese Academy of 
Medical Science) were used in this study. Animals were 
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allowed to acclimatize for at least 7 days prior to ex-
periment. Animals were housed at a room temperature of 
22±2°C and a relative humidity of 50±10% with con-
trolled light (12-h light/12-h dark cycle, with the light 
switched on at 7 a.m.). Food and water were available ad 
libitum. All animals received humane care in compliance 
with the Guide for the Care and Use of Laboratory Ani-
mals published by Beijing Administration Office of Lab- 
oratory Animal. 

2.2. Normobaric Hypoxia Equipment 

Animals were placed in a custom-made 16-liter plastic 
normobaric hypoxia chamber. Fresh soda lime was put 
on the bottom of chamber. O2 and N2 cylinders were 
linked with the chamber. The concentration of O2 was 
controlled by infusing N2 at flow rate of 7.5L/min. The 
concentrations of O2 and CO2 were monitored continu-
ously respectively [10]. 18%, 15%, 12%, 10%, 8%, 6% 
O2 were designed and used in the experiment respec-
tively. Compared to hypoxia group, control group, which 
exposed to normobaric normoxia (21% O2) without food 
and water, was set up. 

2.3. Water Content of Brain Tissue 

After exposed to hypoxia for 2h, rats were anesthetized 
with 1% pentobarbital (50 mg/kg of body weight, in-
traperitoneally) then killed by cervical dislocation. The 
brain of each rat was isolated and weighted. Water con-
tent of brain tissue detected by lyopyilization was calcu-
lated as a measure of hypoxia-induced brain damage, i.e. 
% water content = 100× ((wet brain weight-dry brain 
weight) / wet brain weight) %. 

2.4. Estimation of Brain Necrosis 

After exposed to hypoxia for 2h, rats were anesthetized 
with 1% pentobarbital (50 mg/kg of body weight, in-
traperitoneally), then killed by cervical dislocation. The 
brain of each rat was isolated and coronally sectioned 
into five slices (2 mm thick), and then those slices were 
placed in 3% 2, 3, 5-triphenyltetrazolium chloride (TTC) 
at 37 °C for 30 min. Those slices were dried on filter 
paper and weighted respectively. Total damage sections 
(grey section) were isolated and weighted. The relative 
damage percentage was estimated by calculating the 
brain damage area percentage by total slice (100×total 
damage section / total slice). 

2.5. Analysis of Lactic Acid and Na+-K+-ATPase 

The levels of lactic acid and Na+-K+-ATPase activity in 
rat model tissue were measured with kits (manufactured 
by Nanjing Jiancheng Bio-engineering Institute) accord-
ing to the manufacturer’s instruction. After exposed to 
hypoxia for 2h, rats were anesthetized with 1% pento-
barbital (50 mg/kg of body weight, intraperitoneally), 
killed by cervical dislocation. The brain tissue was iso-

lated for biochemical examinations over an ice cube. 
After weighting, the isolated tissue were collected in 0.1 
M phosphate buffer (pH 7.4) and homogenized. The 
homogenates were centrifuged at 2000 r min-1 or 1000 r 
min-1 at 4℃ for 10 min. The supernatants were used for 
analysis of lactic acid and Na+-K+-ATPase activity re-
spectively. The procedures of quantifying lactic acid and 
Na+-K+-ATPase activity were carried out according to 
the description of the kits. These indexes were evaluated 
by means of measurement of optical density at 530nm, 
636nm with a UV spectrophotometer respectively. 

2.6. Histopathological Examination 

In histopathological examination, rats were exposed to 
6% O2 for 2h respectively and sacrificed by decapitation 
whose brains were taken out and transferred to 4% para- 
formaldehyde. Hippocampus sections were prepared (5 
μm thick) and stained by hematoxylin and eosin. Stained 
sections were evaluated qualitatively (light microscopy) 
by an examiner blinded to experimental conditions. 

2.7. HIF-1α Immunohistochemistry 

After exposed to 6% O2 for 2h, the rats were anesthetized 
with 1% pentobarbital (50 mg/kg of body weight, intrap-
eritoneally ) and perfused through the ascending aorta with 
200 ml of 1% NaCl solution, followed with 200 ml of 4% 
paraformaldehyde. The brain of each rat was isolated and 
kept in the 4% paraformaldehyde solution until slicing. 
The brains were dehydrated in 10% sucrose for 1 day and 
then 30% sucrose solution for 2 days, till the brain sank to 
the bottom of the bottle. Hippocampus section were cut at 
35μm thickness on a freezing microtome and processed for 
HIF-1α immunohistochemistry. The sections were rinsed 
in PBS-T (add 1ml of tween 20 to 2L of phosphate buffer 
saline), for three times. Then added with 3 ml of 1% H2O2 
blocking solution at room temperature for 30 min. After 
reaction, the slices were rinsed and then added with 2 ml of 
5% BSA solution for 20 min. Added 1:200 dilution of rab-
bit anti-HIF-1α antibody, and weaved in the refrigerator for 
24h. The reaction was followed by adding biotin labeled 
monoclone mice anti-rabbit antibody. The slices were 
rinsed, soaked in the SABC solution for 30 min. Then 
DAB solution was used to stain for 10 min. The sections 
were dehydrated in ascending alcohol concentrations, 
cleared and covered in xylene. Rabbit anti-HIF-1α anti-
body, biotin labeled monoclone mice anti-rabbit antibody, 
SABC and DAB solution were purchased from Boster 
Biological Technology, LTD (Wuhan, Hubei, China). 

2.8. Statistical Analysis 

All results were expressed as mean±SEM. Statistical 
analysis of data was performed by applying one-way 
analysis of variance (ANOVA) followed by Tukey test. 
The p values less than 0.05 were considered as statisti-
cally significant difference. 
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3. RESULTS 

3.1. Water Content of Brain Tissue 

The increasing of water content of brain tissue was in-
duced by hypoxia. While exposed to 8%, 6% O2, water 
contents in the rat brain were the highest. The volumes 
of brain water content were 77.8% and 77.9% respec-
tively. When exposed in 10% O2 or more, the brain wa-
ter contents were located near 76.8%. Compared with 
21% O2 group, there was significant difference in the 
brain water content of 8%, 6% O2 group (Figure 1, 
p<0.05). 

3.2. Brain Necrosis 

Reduction reaction of TTC started under the effect of 
chondriosome succinate dehydrogenase in competent 
cell and then red stabile and indiffusible substance 
would be formed, while reduction reaction of TTC did 
not start in infarction section and the color of the section 
would be grey. The method might be used to evaluate the 
necrosis of brain. Results showed that brain infarction 
ratio increased obviously under serious hypoxia condi-
tion (6% O2). For the brain infarction ratio, there was a 
significant difference between group 21% O2 and group 
6% O2 (Figure 2, p<0.05). 

3.3. Lactic Acid 

When the rat was exposed to 10% O2 or more, the level 
of lactic acid in 10% brain homogenate tissue changed 
from 1.23 mmol·L-1 to 1.26 mmol·L-1. while the rat 
model group 6% O2 was exposed to 8% O2 or less, the 
level of lactic acid increased significantly, it changed 
from 1.26 mmol·L-1 to 4.2 mmol·L-1 (Figure 3). The 
more serious the degree of hypoxia was, the higher the 
 

 
Figure 1. Brain water content at various concentrations of 
oxygen. (* p<0.05 compared with the group 21%). 

lactic acid level was. It increased obviously at 10% O2 or 
less. Lactic acid was accumulated in the brain sharply at 
6% O2. 

3.4. Na+-K+-ATPase 

Hyperactivity of Na+-K+-ATPase was large enough to 
maintain the ion homeostasis in the range of 21% ~12% 
O2. The level of Na+-K+-ATPase activity decreased sig-
nificantly at serious hypoxia (≤8% O2) which induced 
the function disorder of cell due to cell oedema and at-
rophia (Figure 4). 

3.5. Histopathological Examination 

After exposed to 6% O2 for 2h, the rat model was killed 
and the brain was taken out. Hippocampus sections were 
prepared for histopathological examination. Compared 
with the control group, histopathological analysis of 
brain confirmed that there was neuronal cell death in 
 

 

Figure 2. Brain necrosis at various concentrations 
of oxygen. (* p<0.05 compared with the group 
6%). 
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Figure 3. Lactic acid levels in rat models at various 
concentrations of oxygen. 
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Figure 4. Na+-K+-ATPase activity in rat models at various 
concentrations of oxygen. 

 
hippocampal gyrus of hypoxia group (Figure 5A). Pre-
vious study indicated that there were neuronal cells 
death in neuropile and cortex. When the concentration of 
oxygen was 8%, 10% separately, histopathological a- 
nalysis of brain showed that there was no cell death in 
brain (Figure 5B and Figure 5C). 

3.6. HIF-1α Immunohistochemistry 

Compared to the control group, expression of HIF-1α in 
rat hippocampus section was obvious in Figure 6. Ex-
periment confirmed that dilution ratio was an important 
factor to complete the HIF-1α immunohistochemistry 
successfully because of the instability and low abun-
dance of HIF-1α. 

 
     
 

 

 

 

 

 

 

 

 

 

Figure 5. Representative photographs of histopathological 
examnation (HE) in the rat hippocampus under hypoxia con-
ditions. (A: exposed to 6% O2 for 2h; B: exposed to 8% O2 
for 2h; C: exposed to 10% O2 for 2h; D: exposed to normo-
baric normoxia for 2h without food and water). 

Figure 6. HIF-1α immunohistochemistry photomicro-
graphs of rat hippocampus section (dilution 1:200, A: ex-
posed to 6% O2 for 2h; B: exposed to normobaric normoxia 
for 2h without food and water). 

4. DISCUSSION 

Extreme hypoxia would cause acidosis easily and lead to 
tissue oedema and cell death [11,12]. Results showed 
that the levels of lactic acid increased significantly under 
the severe hypoxia environment (6%~8% O2). It indi-
cated that hypoxia led to anaerobic metabolism and 
metabolic acidosis. Pyruvic acid from glycolysis was 
converted by anaerobic metabolism to lactic acid mostly. 

Na+-K+-ATPase would transport Na+ ions and K+ ions 
against their concentration gradient. The decrease of 
Na+-K+-ATPase activity showed that the loss of ion ho-
meostasis occurred. It is generally believed that loss of 
ion homeostasis played an important role in the patho-
genesis of brain cell damage. Extreme hypoxia-induced 
perturbation of ion homeostasis led to the intracellular 
accumulation of sodium and calcium ions, followed by 
subsequent activation of proteases and phospholipases 
and the formation of oxygen and nitrogen free radicals 
[13]. Consequently, the events would cause changing of 
functional and structural including cerebral edema, 
eventually lead to cell death. Under hypoxia condition, 
energy exhaustion would induce inhibition of Na+- 
K+-ATPase activity and accumulation of lactic acid, fol-
lowed by acidosis and cell apoptosis. 

A B

HIF-1 is a transcriptional activator that regulates the 
expression of multiple genes during continuous hypoxia 
[14]. HIF-1 is composed of a constitutively expressed 
HIF-1β and O2 regulated HIF-1α subunit. Previous stud-
ies confirmed that HIF-1 played a general role in coor-
dinating adaptive physiologic responses to hypoxia at 
the level transcription. HIF-1α has also been implicated 
in the coordinate transcriptional activation of genes en-
coding glycolytic enzymes in hypoxia cells, which pro-
vide an alternative means of energy product under con-
ditions of limited oxygen availability [15,16]. The re-
sults of immunohistochemistry confirmed that HIF-1α 
was induced by hypoxia at 6% O2. Expression of HIF-1α 
enhanced the hypoxia adaptation capability of the rat 
model through regulating the expression of multiple 
genes. 

C D
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5. CONCLUSIONS 

The values of lactic acid are positively correlated with 
the degree of hypoxia, while total Na+-K+-ATPase activ-
ity shows a concentration-dependent decrease. Com-
pared with the control group; hypoxia group has a sig-
nificant difference in brain water content under severe 
hypoxia condition. The area of brain necrosis increases 
sharply followed by the increase of lactic acid level and 
the decrease of Na+-K+-ATPase activity, neuronal cell 
death and HIF-1 expression appear in hippocampal gy- 
rus obviously. Lactic acid, Na+-K+-ATPase and HIF-1α 
played an important role as a possible mechanism in 
brain injury. 
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ABSTRACT 

The Self-Organizing Map (SOM) is an unsupervised 
neural network algorithm that projects high-dimen-
sional data onto a two-dimensional map. The projec-
tion preserves the topology of the data so that similar 
data items will be mapped to nearby locations on the 
map. One of the SOM neural network’s applications 
is clustering of animals due their features. In this 
paper we produce an experiment to analyze the SOM 
in clustering different species of animals. 
 
Keywords: SOM Neural Network; Feature; Clustering; 
Animal 
 
1. INTRODUCTION 

The Self-Organizing Map (SOM) is a fairly well-known 
neural network and indeed one of the most popular un-
supervised learning algorithms. Since its invention by 
Finnish Professor Teuvo Kohonen in the early 1980s, 
more than 4000 research articles have been published on 
the algorithm, its visualization and applications. The 
maps comprehensively visualize natural groupings and 
relationships in the data and have been successfully ap-
plied in a broad spectrum of research areas ranging from 
speech recognition to financial analysis. The Self-organ-
izing Map performs a non-linear projection of multidi-
mensional data onto a two-dimensional display. The 
mapping is topology-preserving, meaning that the more 
alike two data samples are in the input space, the closer 
they will appear together on the final map. The SOM 
belongs to the class of Neural Network algorithms. This 
is a group of algorithms based on analogies to the neural 
structures of the brain. The SOM in particular was in-
spired by an interesting phenomenon: as physicians have 
discovered, some areas of brain tissue can be ordered 
according to an input signal. Basically, the SOM is a 
computer program simulating this biological ordering 
process. Applied to electronic datasets, the algorithm is 
capable of producing a map that shows similar input data 
items appearing close to each other. There are numerous 
applications involving the SOM algorithm but the most 

widespread use is the identification and visualization of 
natural groupings in the data. The process of finding 
similar items is generally referred to as clustering. 
Compared to the k-means clustering algorithm, the SOM 
exemplifies a robust and structured self-organizing neu-
ral networks are based on the principle of transforming a 
set of p-variate observations into a spatial representation 
of smaller dimensionality, which may allow a more ef-
fective visualization of correlations in the original data 
[4]. 

2. SELF-ORGANIZING MAP 

The Self-Organizing Map belongs to the class of unsu-
pervised and competitive learning algorithms. It is a 
sheet-like neural network, with nodes arranged as a 
regular, usually two-dimensional grid. As explained in 
the previous section on Neural Networks, we usually 
think of the node connections as being associated with a 
vector of weights. In the case of Self-Organizing Maps, 
it is easier to think of each node as being directly associ-
ated with a weight vector. 

The items in the input data set are assumed to be in a 
vector format. If n is the dimension of the input space, 
then every node on the map grid holds an n-dimensional 
vector of weights: 

mi = [mi1, mi2, mi3, . , min]          (1) 

The basic principle of the Self-Organizing Map is to 
adjust these weight vectors until the map represents a 
picture of the input data set. Since the number of map 
nodes is significantly smaller than the number of items 
in the dataset, it is needless to say that it is impossible to 
represent every input item from the data space on the 
map. Rather, the objective is to achieve a configuration 
in which the distribution of the data is reflected and the 
most important metric relationships are preserved. In 
particular, we are interested in obtaining a correlation 
between the similarity of items in the dataset and the 
distance of their most alike representatives on the map. 
In other words, items that are similar in the input space 
should map to nearby nodes on the grid [4]. 
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2.1. Image’s Characteristics 

To represent the 3D image of 12 lead ECG, three axes 
for time, temporal and spatial are needed witch temporal 
axis represented the time domain of the cardiac signal 
and the spatial axis represented the locations of the limb 
and thoracic leads. The data axis is represented two ex-
tracted features of cardiac signal contains amplitude and 
wavelet coefficients. 6 leads are used to represent the 
image obtained by thoracic leads and 6 leads of 12 are 
used to represent the image obtained by limb leads. 

In order to determine the information between con-
secutive leads in the spatial axis, an interpolation tech-
nique was used to witch could cause to homogeneous-
ness of the image. 

3. AN EXAMPLE OF SOM NEURAL 
NETWORK APPLICATION 

More researches are performing in the field of SOM 
neural network applications in last two decades. One of 
the most important and famous examples of this applica-
tion is clustering of animals due their features. 

General features are using in this example based on 
the Kohonen animal data base (Table 1). 

But the fact is that, these features are not sufficient for 
different species of animals. 

In previous experiments, it had been assumed that 
there were only one species for each animal, whereas 
there may be exist more than 10 species for each special 
animal. So, for analyzing the ability of SOM neural net-
work we perform a new experiment and assumed more 
than one species for them and increase the number of 
features to invent better separability. These features con-
sist of geographical dispersion, nourishing and habitat, 
etc (Table 2). 

The SOM size in this research is 7*7 and the initial 
weights are selected randomly. 

Although there are 3 animals that are not settle in 
right location in SOM map, and selected wrong neu-
rons, the results shows that extracted features could 
well separate the different species of animals. This 
result shows that the selected features for these 3 ani-
mals have not sufficient ability to separate them. This 
problem could be solved by adding extra features or 
choosing the features with more precise. One of the 
most important points in neural networks is the method 
of features extraction, but increasing the number of 
features could not always be the best solution for ap-
proving the results, because sometimes increasing the 
features lead to derangement in network. Another rea-
son of bad result in neural networks relates to number 
of inputs. Increasing the number of inputs (animal 
species) leads to spreading the SOM size and could 
decrease the ability of it, because there would be more 
correlation between inputs, so the statistic of error will 
be increased. 

4. RESULTS 

Choosing suitable features for separating animal’s spe-
cies lead to good results of SOM neural network .There 
were some similarity between some of the animal’s fea-
ture in Kohonen data base. For example the features of 
Goose and Owl, as well as, horse and zebra are exactly 
the same. And this similarity leads to wrong results in 
clustering of these animals. Although there are some 
errors, in this new experiment, these errors occurred 
between different species of one animal not between 
different animals. So the more similarity between ani-
mal’s species, the more errors will occur. 

 

Table 1. The animal data set. 

Animal Dove Hen Duck Goose Owl Hawk Eagle Fox Dog Wolf Cat Tiger Lion Horse Zebra Cow

is                 

Small 1 1 1 1 1 1 0 0 0 0 1 0 0 0 0 0 

Medium 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 

Big 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 

has                 

Two kgs 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 

Four legs 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 

Hair 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 

Hooves 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 

Mane 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 

Feathers 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 

likes to                 

Hunt 0 0 0 0 1 1 1 1 0 1 1 1 1 0 0 0 

Run 0 0 0 0 0 0 0 0 1 1 0 1 1 1 1 0 

Fly 1 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 

Swim 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
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Figure 1. SOM neural network resule. 
 

Table 2. Increasing number of features and animals species. 

 Redfox Afghanfox EagleOw1 BrownfishOw1 LongearedOw1 ShortearedOw1 BarnOw1 
Small 0 0 0 0 0 0.875 0.475 
Medium 0.4 0.5 0.1 0.43 0.21 0 0 
Big 0 0 0 0 0 0 0 
2 leg 0 0 1 1 1 1 1 
4 leg 1 1 0 0 0 0 0 
Hair 1 1 0 0 0 0 0 
Hoove 0 0 0 0 0 0 0 
Mane 0 0 0 0 0 0 0 
Feathers 0 0 1 1 1 1 1 
Hunt 1 1 0.95 1 1 1 1 
Run 1 1 0 0 0 0 0 
Fly 0 0 1 1 1 1 1 
Swim 0 0 0 0 0 0 0 
Asia 1 1 1 1 1 1 1 
Africa 1 0 0.4 0 0 0 0.7 
Us 1 0 0.4 1 1 0 1 
Europe 0 1 0 0 0 1 0 
Mountainous 1 0 1 0 0 0 0.47 
Plain 1 1 0 1 0 0 0 
River 0 0 1 1 0 1 0 
Jungle 1 1 0 0 1 0 0 
Domestic 0 0 0 0 0 0 1 
Carnivorous 1 1 1 1 1 1 1 
Herbivorous 0 0 0 0 0 0 0 
Frugivorous 1 0 0 0 0 0 0 
Egg 0 0 1 1 1 1 1 
Milk 1 1 0 0 0 0 0 
Colour variation 0.5 0.45 0.2 0.25 0.2 0.13 0.3 
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 SakerFalcon LannerFalcon PeregrineFalcon OspreyEagle BootedEagle BonelliEagle SpottedEagle

Small 0 0 0.95 0 0 0 0
Medium 0.083 0.33 0.13 0.08 0.08 0.41 0.52 
Big 0 0 0 0 0 0 0 
2 leg 1 1 1 1 1 1 1 
4 leg 0 0 0 0 0 0 0 
Hair 0 0 0 0 0 0 0 
Hoove 0 0 0 0 0 0 0 
Mane 0 0 0 0 0.066 0 0 
Feathers 1 1 1 1 1 1 1 
Hunt 1 0.9 0.91 1 1 1 1 
Run 0 0 0 0 0 0 0 
Fly 0.8 1 1 1 1 1 1 
Swim 0 0 0 0 0 0 0 
Asia 1 1 0.98 1 1 1 0.91 
Africa 0.86 0 1 0 0.243 0 1 
Us 0 0.5 1 0.5 0.7 0.61 0 
Europe 1 0.95 0 0 1 1 1 
Mountainous 0.5 0.27 1 1 0 1 0.5 
Plain 1 1 0 0 0 0.5 0 
River 0 0 0.96 0 0 0 1 
Jungle 0 0.032 0 0 1 0 1 
Domestic 0 0 0 0 0 0 0 
Carnivorous 1 1 1 1 1 0.95 0.89 
Herbivorous 0 0 0 0 0 0 0 
Frugivorous 0 0 0 0 0 0 0 
Egg 1 1 1 1 1 0.92 1 
Milk 0 0 0 0 0 0 0 
Colour variation 0.24 0.54 0.35 0.24 0.4 0.33 0.21 

 

 LesserspottedEagle ImperialEagle GoldenEagle RedbreastedGoose GreylagGoose WithefrontedGoose SantherbertDog
Small 0 0 0 0 0 0 0 
Medium 0.58 0.61 0.71 0.23 0.68 0.31 0.76 
Big 0 0 0 0 0 0 0 
2 leg 1 1 1 1 1 1 0 
4 leg 0 0 0 0 0 0 1 
Hair 0 0 0 0 0 0 1 
Hoove 0 0 0 0 0 0 0 
Mane 0 0 0 0 0 0 0 
Feathers 1 1 1 1 1 0.898 0 
Hunt 1 0.99 1 0 0 0 0 
Run 0 0 0 0 0.0363 0 1 
Fly 0.95 1 1 1 1 1 0 
Swim 0 0 0 1 0.99 0.85 0 
Asia 1 0 0.87 1 0 0 0 
Africa 0 1 1 0 0.9 0 1 
Us 0.43 1 0 0 1 0 0 
Europe 0.4 0 1 0.441 0 0 0.515 
Mountainous 0 0.5 1 0 0.85 1 0 
Plain 0.35 1 0 1 0 0.2 0 
River 0 1 0 1 1 1 0.9 
Jungle 0.9 0 0.03 0 0 0 0 
Domestic 0 0 0 0 1 0.5 0 
Carnivorous 1 1 1 0 0 0 0.858 
Herbivorous 0 0 0 0 0 0 0.02 
Frugivorous 0 0 0 0.98 1 1 0.04 
Egg 1 1 1 1 1 1 0 
Milk 0 0 0 0 0 0.021 0.88 
Colour 
variation 0.4 0.16 0.13 0.5 0.1 0.15 0.12 
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 PointerDog WoodPigeon StockDove RockDove CollaredDave Wolf Kaiot 

Small 0 1 0.8 0.8 0.675 0 0 

Medium 0.31 0.211 0.02 0 0 0.48 0.825
Big 0 0 0 0 0 0 0
2 leg 0 1 1 1 1 0 0
4 leg 1 0 0 0 0 1 1
Hair 1 0 0 0 0 1 1
Hoove 0 0 0 0 0 0 0
Mane 0 0 0 0 0 0 0
Feathers 0 1 1 1 1 0 0
Hunt 0 0 0 0 0 1 1
Run 0.89 0 0 0 0 0.88 0.88
Fly 0 1 1 0.965 1 0 0
Swim 0.88 1 0 0 0 0 0
Asia 0 1 0.91 0.87 0.92 1 1
Africa 0.66 1 0.5 0.11 0.5 0 0
Us 1 0 1 1 0.19 0.17 1
Europe 0.79 1 1 0 1 1 0
Mountainous 0 0.2 0 0.95 0.21 0 0.4
Plain 0 1 1 0 0 1 1
River 0.78 0 1 1 0.2 0.11 0
Jungle 0.023 1 0 0 0 1 0
Domestic 0 1 1 1 0.95 0.032 0
Carnivorous 1 0 0 0 0 1 1
Herbivorous 0 0 0 0 0.1 0 0
Frugivorous 0.1 1 1 1 1 0 0
Egg 0 0 1 1 1 1 0
Milk 0 1 0 0 0 0 1
Colour variation 0.54 0.67 0.2 0.3 0.47 0.31 0.21

 

 Tiger Lion Horse IranianZebra Zebra MarbledCat ChinchilaCat 
Small 0 0 0 0 0 0 0 
Medium 0 0 0.85 0.62 0.967 0.45 0.16 
Big 0.88 1 1 0 0 0 0 
2 leg 0 0 0 0 0 0 0 
4 leg 1 1 1 1 1 1 1 
Hair 1 1 1 1 1 0 0 
Hoove 0 0 1 1 1 0 0 
Mane 0 1 1 1 1 0 0 
Feathers 0 0 0 0 0 0 0 
Hunt 1 0.89 0 0 0 1 0 
Run 1 1 0.84 0.87 1 0.99 0.88 
Fly 0 0 0 0 0 0 0.96 
Swim 0 0 0 0 0 1 1 
Asia 1 1 1 1 0.78 0 0 
Africa 1 0 0.416 0 0 1 1 
Us 0.9 0.3 0 0.91 1 0 0 
Europe 1 0.78 0.445 0 0.93 0.35 0.032 
Mountainous 1 0.95 0.985 0 0 1 1 
Plain 0 1 0.95 0.35 0.64 0.033 0 
River 0 0 0 0.019 0 0 1 
Jungle 1 1 0.5 1 1 0 0 
Domestic 0 0 1 0 0 0.91 1 
Carnivorous 1 1 0 0 0 1 1 
Herbivorous 0 0 1 1 0.8 0 0 
Frugivorous 0.21 0.0033 0 0.1 0 0.2 0 
Egg 0 0 0 0 0 0 0 
Milk 1 1 1 1 1 1 1 
Colour variation 0.3 0 0.92 0.54 0.75 0.21 0.3 
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 AsiangolodenCat BlackearCat CaucasianblackGrouse MallardDuck GadwellDuck WigeonDuck PanitalDuck

Small 0 0.818 1 0 0 0 0 
Medium 0.55 0.8 0.03 0.28 0.16 0.083 0.25 
Big 0.01 0 0 0 0 0 0 
2leg 0 0 1 1 1 1 1 
4leg 1 1 0 0 0 0 0 
Hair 1 1 0 0 0 0 0 
Hoove 0 0 0 0 0 0 0 
Mane 0 0 0 0 0 0 0 
Feathers 0 0 1 1 1 1 1 
Hunt 1 1 0 0 0 0 0 
Run 1 1 0 0 0 0 0 
Fly 0 0 1 1 1 0.95 1 
Swim 0 0 0 0 0 0 0 
Asia 1 1 1 1 0.91 1 1 
Africa 0 1 0 0.8 0.4 0 1 
Us 0.33 0 0.5 1 0 1 0 
Europe 0 1 0 0 1 0 0 
Mountainous 0 1 0.99 1 0.45 0 0 
Plain 1 0 0.5 0 0 1 0 
River 1 0 0 1 0.3 1 1 
Jungle 1 1 0.5 0 0 0 0 
Domestic 1 0 0.95 0 0.5 0 0.75 
Carnivorous 1 1 0 0 0 0 0 
Herbivorous 0 0 0 0 0 0 0 
Frugivorous 0 0 1 1 1 1 1 
Egg 0 0 1 1 1 1 1 
Milk 1 1 0 0 0 0 0 
Colour variation 0.4 0.7 0.1 0.21 0.3 0.24 0.5 

 

 GarganeyDuck MarbledtealDuck BlackBear GrizliBear PandaBear OrangotanMonky ShampainMonky 

Small 0 0.95 0 0 0 0 0 
Medium 0.191 0 0 0 0 0 0.65 
Big 0 0 0.01 0.28 0.17 0.45 0.23 
2leg 0 1 0 0 0 1 1 
4leg 1 0 1 1 1 0 0 
Hair 0 0 1 1 1 1 1 
Hoove 0 0 0 0 0 0 0 
Mane 0 0 0 0 0 0 0 
Feathers 0 1 0 0 0 0 0 
Hunt 1 0 1 1 1 1 1 
Run 0 0 1 1 1 0 0 
Fly 0 0.95 0 0 0 0 0 
Swim 0 0 0 0 0 0 0 
Asia 1 1 0 1 0.85 0.95 0 
Africa 1 0.033 0 0 0 1 0.89 
Us 0 0 1 1 0 0 0.045 
Europe 1 1 0 1 1 1 0 
Mountainous 0 0 0 0 1 0.21 0 
Plain 0 0.5 0 1 0 0 0.9 
River 1 1 1 1 0 0.89 0 
Jungle 1 1 1 1 1 1 0.8 
Domestic 0 0 0 0 0 0 0 
Carnivorous 0 0 1 1 1 0 0.14 
Herbivorous 0 0 0 1 1 1 0 
Frugivorous 1 1 0 1 0 1 1 
Egg 1 1 1 0 0 0 0 
Milk 0 0 0 1 1 0.87 1 
Colour variation 0.4 0.3 0.4 0.13 0.36 0.04 0.351 
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5. CONCLUSIONS 

SOM is a highly useful multivariate visualization me- 
thod that allows the multidimensional data to be dis-
played as a 2-dimensional map. This is the main advan-
tage of SOM. The map units clustering makes it easy to 
observe similarities in the data. Through our experiment, 
we demonstrated that the possibility of quick observa-
tion of relationship between component (feature) and the 
class as well as the relationship among different compo-
nent (feature) of the dataset from the visualization of a 
dataset. SOM is also capable of handling several types of 
classification problems while providing a useful, interac-
tive, and intelligible summary of the data. 

JBiSE 

However, SOM also has some disadvantages. For 
example, adjacent map units point to adjacent input data 
vector, so sometimes distortions are possible because 
high dimensional topography can not always be repre-
sented in 2D. To avoid such phenomenon, training rate 
and the neighborhood radius should not be reduced too 
quickly. 

Hence, SOM usually need many iterations of training. 
And SOM also does not provide an estimation of such 
map distortion. Alternatives to the SOM have been de-
veloped in order to overcome the theoretical problems 
and to enable probabilistic analysis. 

Current research showed a simple application of SOM 
neural network in clustering. This method can be used in 
many applications that need classification and one of 

them could be disease clustering. As seen in current re-
search, we used fuzzy method to determine the features 
of each animal. 

Similar to this research, we can determine the features 
of diseases. This method could help the physician in 
their diagnosis. We can use the sign of diseases as the 
input of SOM neural network. As some classes of dis-
ease have similar symptoms the SOM neural network 
can show a limitation of neighbor diseases that have 
such symptoms, so the physician can focus on them to 
diagnose the patient’s disease with more accuracy. Fuzzy 
features can increase the ability of SOM neural network 
if they choose carefully with more accuracy and of 
course it need some trail and error methods to find a rule 
to relate a membership function to each disease and its 
symptoms. 
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ABSTRACT 

It is a challenging task to investigate the different in- 
fluence of long-range and short-range interactions on 
two-state and three-state folding kinetics of protein. 
The networks of the 30 two-state proteins and 15 
three-state proteins were constructed by complex 
networks analysis at three length scales: Protein Con-
tact Networks, Long-range Interaction Networks and 
Short-range Interaction Networks. To uncover the 
relationship between structural properties and fold-
ing kinetics of the proteins, the correlations of protein 
network parameters with protein folding rate and 
topology parameters contact order were analyzed. 
The results show that Protein Contact Networks and 
Short-range Interaction Networks (for both two-state 
and three-state proteins) exhibit the “small-world” 
property and Long-range Interaction networks indi-
cate “scale-free” behavior. Our results further indi-
cate that all Protein Contact Networks and Short- 
range Interaction networks are assortative type. 
While some of Long-range Interaction Networks are 
of assortative type, the others are of disassortative 
type. For two-state proteins, the clustering coeffi-
cients of Short-range Interaction Networks show 
prominent correlation with folding rate and contact 
order. The assortativity coefficients of Short-range 
Interaction Networks also show remarkable correla-
tion with folding rate and contact order. Similar cor-
relations exist in Protein Contact Networks of 
three-state proteins. For two-state proteins, the cor-
relation between contact order and folding rate is 
determined by the numbers of local contacts. Short- 
range interactions play a key role in determining the 
connecting trend among amino acids and they impact 
the folding rate of two-state proteins directly. For 
three-state proteins, the folding rate is determined by 
short-range and long-range interactions among resi-
dues together. 
 
Keywords: Protein Contact Networks; Small-World; 
Scale-Free; Assortative Type; Folding Rate 

1. INTRODUCTION 

The network concept is increasingly used to describe the 
topology and dynamics of complex systems. As the es-
sential matter of life, proteins are biological macro-
molecules made up of a linear chain of amino acids and 
fold into unique three-dimensional structures (native 
states). Despite the large degrees of freedom, proteins 
fold into their native states in a very short time. It is im-
portant to understand how proteins consistently fold into 
their native-state structures and the relationship between 
structures and function. A protein molecule can be 
treated as a complex network with each amino acid sim-
plified as a node and the interaction between them as a 
link. Efforts have been made to model proteins as net-
works for studying protein topology, small world prop-
erties and examining the nucleation in protein folding 
[1-10]. Bagler and Sinha [11], in their recent protein 
network analysis, constructed Protein Contact Networks 
and Long-range Interaction Networks to analyze the 
assortative mixing of networks and folding kinetics of 
two-state proteins. 

But there is a significant difference in the folding be-
havior of small proteins with simple two-state kinetics 
and of larger proteins having a three-state folding kinet-
ics [12]. The two-state proteins have no visible interme-
diates in the course of folding, which therefore occur as 
an “all-or-none” process under all experimental condi-
tions. However, the proteins with three-state folding 
kinetics fold via intermediates, which accumulate during 
the early stages of folding when it occurs in denatur-
ant-free water [13-16]. Based on the work by Bagler and 
Sinha, two- and three-state proteins that belong to dif-
ferent structural classes were selected from protein crys-
tal structure data bank to model the native-state protein 
structures as networks. To investigate various topologi-
cal properties, the network models were constructed at 
three different length scales. Protein Contact Networks 
(PCNs) were built by considering the contacts between 
atoms in amino acid residues. There is a natural distinc-
tion of contacts into two types: long-range and short- 
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range interactions [7]. We considered the Long-range 
Interaction Networks (LINs) and Short-range Interaction 
Networks (SINs) of each protein, which are subsets of 
the corresponding PCNs. To investigate if the general 
network parameters can offer any clue to the bio-
physical properties of the existing three dimensional 
structure of a protein, these networks were analyzed to 
focus on their topology including clustering coeffi-
cients, shortest path length, average degree, degree 
distribution and assortative mixing behavior of the 
amino acid nodes. The determination of folding rate 
for two- and three-state folding kinetics has a signifi-
cant difference. To uncover the relationship between 
the structural properties and the folding kinetics of the 
proteins, the correlation of protein network parameters 
with protein folding rate (lnkf) and topology parame-
ters contact order (CO) was analyzed. The values of 
lnkf and CO are available as given in Reference [12]. 
Through our coarse-grained complex network model 
of protein structures, it was found that short-range in-
teractions play a key role in determining the connect-
ing trend among amino acids and impact directly the 
folding rate of two-state proteins. For three-state pro-
teins, the folding rate is determined by short-range and 
long- range interactions among residues together. 

2. METHODS 

2.1. Construction of PCNs, LINs, SINs and 
Their Random Networks 

In this paper, 30 proteins with two-state kinetics and 15 
proteins with three-state kinetics were studied and the 
dataset was taken from the paper [12]. The data of these 
protein structures were taken from the Protein Data Bank 
(PDB) to model them as Protein Contact Networks 
(PCNs) by setting the Cα atoms as the nodes, and estab-
lished a link between two nodes, if the atoms were with- 
in a cut-off distance (0.8nm). 

The Long-range Interaction Network (LIN) of a PCN 
was obtained by considering the interactions which oc-
cur between amino acids that were twelve or more 
amino acids apart in the primary sequence. A LIN was a 
subset of its PCN with same numbers of nodes (N) but 
fewer numbers of links due to removal of the short-range 
contacts. The Short-range Interaction Network (SIN) of 
a PCN was built with the amino acids separated within 
twelve. For compare, the random network was con-
structed with the same numbers of residues (N) and links 
as those of the PCNs, SINs, LINs. 

2.2. Network Parameters 

The degree of any node i is represented by . 

Here  is the element of the adjacency matrix, whose 

value is 1 if an edge connects a node “I” to another node 

“j” and 0 otherwise. N is the number of nodes. Average 

degree <k> of a network is defined as 
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The shortest path length is related to the link number of a 
pathway between two nodes and it is the least link number 
of all the pathways between two nodes. The average short-

est path length is defined as    
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where  is the shortest path length between nodes i 

and j. 
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The average clustering coefficient C is the average 
over all vertices of the fraction of the number of con-
nected pairs of neighbours for each vertex. It is calcu-

lated as follows:  
N
i iC

N
C 1

1
, where  is the clus-

tering coefficient for a node i and defined as the fraction 
of links that exist among its nearest neighbours to the 
maximum number of possible links among them. It 
scales the cohesiveness of the neighbours of a certain 
node from the view of topology. 

iC

Many networks show “assortative mixing” on their 
degrees. The Assortativity Coefficient (r) measures the 
tendency of degree correlation. It is the Pearson Correla-
tion Coefficient of the degrees at either ends of an edge. 
Its value was calculated using the function suggested by 
Newman [17] and was given as 
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The networks having positive r values are assortative 
in nature and the negative value implies that the network 
is of disassortative type. 

3. RESULTS AND DISCUSSION 

3.1. Network Parameters of PCNs, LINs, SINs 

3.1.1. Average Degree of the Networks 
The average degree <k> was calculated for each of the 
three type networks (PCNs, SINs, LINs) of two- and 
three-state proteins. Figure 1 shows the average degree 
<k> as a function of network size N. Table 1 shows the 
average degree of three type networks for two- and 
three-state proteins. The values of <k> have no obvious 
difference between two- and three-state proteins. In 
other words, the average number of contacts per residue 
for three-state proteins is similar equal to that of 
two-state proteins. For two-state proteins, the average 
number of short-range contacts is smaller than that of  
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Figure 1. Average degree <k> as a function of the network 
size N for 30 two-state and 15 three-state proteins. 
 
Table 1. Average degree <k> of PCNs, SINs, LINs. 

Network type <k>two-state <k>three-state 

PCNs 9.31±0.664 9.41±0.582 

SINs 6.23±0.668 6.56±0.724 

LINs 2.99±0.999 2.85±0.938 

 
three-state proteins and the average number of long- 
range contacts is slightly higher than that of three-state 
proteins. In general, for coarse-grained complex network 
model of protein structures, it has been shown, for dif-
ferent folding kinetics, that the short-range interactions 
and long-range interactions are consistent with each 
other for a statistical equilibrium. It is observed that the 
average degree <k> for LINs shows lower values than 
that of SINs and PCNs regardless of their states. It indi-
cates that long- range interactions exhibit a predominant 
lower average connectivity compared with short-range 
interactions. Protein structure has the strongest average 
connectivity by integrating both short-range and long- 
range interactions. To verify whether the observed trend 
depends on the network size (i.e., the number of amino 
acids of the protein), the correlation coefficient between 
<k> and N was calculated. Any significant relationship 
between <k> and N in SINs and LINs for two- and 
three-state proteins was not found. On the other hand, 
Figure 1 indicates that the <k> of PCNs (both two- and 
three-state proteins) show a high positive correlation 
with N. The correlation coefficients of three-state pro-
teins are higher than that of two-state proteins, and their 
values are 0.672 (p=0.006) and 0.511 (p=0.004), respec-
tively. 

3.1.2. “Small-World” Property 
To examine whether the networks have the “small- 
world” property, the average clustering coefficient C 

and the average shortest path length L of each of the 
networks and their respective Cr and Lr for the random 
networks with the same size were calculated. Accord-
ing to Watts and Strongatz [18], a network has the 
“small-world” property if C>>Cr and L≥Lr. Cr and Lr 
can be calculated using the expressions NkCr /  
and  kNLr ln/ln . Table 2 shows the <C> and 
<L> of 30 two-state proteins and 15 three-state proteins 
and the corresponding values of random networks. It is 
obviously found that PCNs and SINs (both two- and 
three-state proteins) are characterized by large values 
of <C> and <L> compared with the corresponding 
random networks, which have the typical property of 
small-world networks. It indicates that any two amino 
acids are connected with each other via only a few 
other amino acids in both two- and three-state proteins. 
Whereas LINs have similar <C> with their random 
networks and their <L> are smaller than those of the 
corresponding random networks. It indicates that LINs 
do not exhibit the “small-world” property. Table 2 also 
shows that two-state proteins have similar values of 
<C> with three-state proteins for three types networks 
and LINs have remarkable lower <C> than those of 
PCNs and SINs. It suggests that long-range interactions 
have reduced congregating of amino acids, which may 
facilitate communication among distant residues in the 
native structure to some extent, but such a feature can 
also increase the folding time as it requires distant resi-
dues in the chain to come closer during the folding 
process. Table 2 also shows that <L> of three-state 
proteins are more higher compared with corresponding 
two state proteins. It suggests that three-state proteins 
are packed more loosely than two-state proteins and it 
has a low global connectivity compared with two-state 
proteins. 

3.1.3. Degree Distribution 
The degree distribution is an important feature which 
characterizes the network topology. Figure 2 shows 
the degree distribution of three types’ networks for 
two- and three-state proteins. The shape of the degree 
distribution of small-world network is bell-shaped, 
Poisson-like. It has a pronounced peak at <k> and de-
cays exponentially for large k. Thus the topology of 
the network is relatively homogeneous, all nodes hav-
ing approximately the same number of edge. The 
shape of the degree distribution is Poisson distribution, 
which is another typical property of “small-world” 
networks. A network lacking a characteristic scale <k> 
and having degree distribution of a power-law form is 
known as “scale-free” network [19]. From Figure 2(a), 
the long-range interaction distribution patterns (both 
two- and three-state), it is noticed that a large number 
of nodes with a small number of links and a small 
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Table 2. Values of <C> and <L> of three types networks of 
two- and three-state proteins as well as those for the corre-
sponding random networks. 

JBiSE 

Network type <C> <Cr> <L> <Lr> 
Two-state     
PCNs 0.589 0.122 2.97 1.947 

SINs 0.649 0.085 7.269 2.413 

LINs 0.039 0.04 3.796 5.677 

Three-state     

PCNs 0.57 0.079 3.694 2.139 

SINs 0.65 0.056 10.827 2.584 

LINs 0.042 0.023 4.828 13.953 

 
number of links with a large number of nodes in the 
distribution pattern, indicating the “scale-free” behav-
iour. But from Figure 2(b), the short-range interaction 
distribution patterns as well as those of total interac-
tions are of the Poisson type. This indicates again that 
PCNs and SINs exhibit “small-world” behaviour, while 
LINs indicate “scale-free” behaviour. 

The scale-free degree distribution of LINs indicates 
that proteins contain hubs, i.e. central residues, which 
have a large number of long-range interactions with 
other residues. The kinetic mechanism of transitions 
from the denatured state to the native state is nucleation 
[20]. The nucleus is composed of a set of adjacent resi-
dues, and is stabilized by long-range interactions that are 
formed as the rest of the protein collapses around it. The 
Poisson degree distribution means that protein structures 
have a much smaller number of hubs than most self- 
organized networks including most cellular or social 
networks. The major reason for this deviation from the 
scale-free degree distribution lies in the limited simulta-
neous binding capacity of a given amino acid side-chain 

(also called as excluded volume effect). The limited 
amino acid side chain binding capacity contributes to the 
fact that each amino acid has a characteristic average 
degree. This depends on the interaction cut-off, which 
makes hydrophilic amino acids “strong hubs” (observed 
at high interaction cut-off allowing low overlaps), and 
hydrophobic amino acids “weak hubs” (at low interac-
tion cut-off allowing high overlaps), respectively. Hubs 
are integrating various secondary structure elements, and, 
therefore, it is not surprising that they increase the ther-
modynamic stability of proteins. 

3.1.4. Assortative Mixing Behavior of the Nodes 
The assortative mixing concept has been used in social, 
technological and biological networks [17]. In social 
networks assortative mixing leads to homophily, i.e., 
the tendency of individuals to associate with similar 
partners. This quantity is also important to control 
epidemics since assortative has a profound impact on 
the percolation in networks. Contrary to social net-
works, which tend to be assortative, biological and 
technological networks tend to be disassortative. Con-
cerning this aspect, the networks are classified as to 
show assortative mixing, if the degree correlation is 
positive, a preference for high-degree nodes to attach 
to other high-degree nodes, or disassortative mixing, 
otherwise. Assortativity Coefficient (r) for each of the 
networks was calculated, as shown in Table 3. It indi-
cates that all the PCNs and SINs have positive r values 
regardless of two-state or three-state, while the LINs 
have both positive and negative r values. The ratio of 
negative rL values for two-state is significantly higher 
than that for three-state. The former is 17/30, while the 
latter is 3/15. 
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Figure 2. Degree distribution of three type networks for two- and three-state proteins. (a) LINs of two- and three-state proteins; (b) 
PCNs and SINs of two- and three-state proteins.     
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Table 3. Assortativity coefficient (r) of three type networks for 
two- and three-state proteins. 

Network type PCNs SINs LINs 

r (Two-state) 0.106~0.424 0.106~0.562 
-0.566~-0.006 

0~0.35 

r (Three-state) 0.074~0.562 0.047~0.54 
-0.349~-0.117 
0.008~0.369 

 
The r values of different networks suggest that all 

PCNs and SINs are of assortative type, the LINs of 
three-state proteins (except three) are also of assortative 
type. While maximum of LINs of two-state have the 
characteristics of disassortative mixing, few others are of 
assortative type. Thus it may be said that in all of the 
PCNs and SINs the residues (nodes) with high degree 
have tendencies to be attached with the residues having 
high degree values. The result is consistent with previ-
ous study by S. Kundu [21] and Ganesh Bagler [11]. But 
in some LINs of two-state and three-state proteins hav-
ing negative r values the mixing pattern of amino acid 
residues are different. Here the amino acids (nodes) 
having high degree values have a tendency to be at-
tached with amino acids with smaller degree. This result 
is not consistent with Ganesh Bagler, who concluded 
that the assortative mixing in PCNs and LINs is a ge-
neric feature of protein structures. Recent research sug-
gests that assortative mixing by degree reduces the sta-
bility of networks [22]. In almost all biological networks 
(e.g. protein interaction network, neural network etc.), 
nodes of high degree tend to avoid being connected to 
other highly connected nodes, i.e. these networks show 
disassortative mixing. This difference of assortative 
mixing between SINs and LINs may be a possible rea-
-son for the stability of native-state proteins and the re-
search of assortative mixing in LINs may give interest-
ing surprises in the future. However, the PCN is a com-
posite network of SIN and LIN. When considering the 
protein structure networks, the r values had been ob-
tained, which represent a cumulative effect of either all 
positive r values or a mixture of positive and negative r 
values. Thus it was find that protein structure networks 
always have positive r values and they are assortative. 

3.2. Correlations of Protein Network Parameters 
with Folding Rate (Lnkf) and Contact   
Order (CO) 

To uncover the relationship between the structural prop-
erties and the folding kinetics of the proteins, the corre-
lation of protein network parameters with protein folding 
rate (lnkf) and contact order (CO) was studied. The cor-
relation coefficient between general network parameters 
(e.g., C, L, <k>, and r) and the folding rate logarithm 
(lnkf) were calculated out. And similar correlation be-
tween network parameters and CO was also discussed. 

3.2.1. Correlation for Two-State Kinetics 
For all the 30 two-state proteins, the clustering coeffi-
cients C of PCNs and LINs have not any significant re-
lationship with the lnkf, and the correlation coefficients 
are 0.248 (p=0.186), −0.118 (p=0.534), respectively. 
However, SINs have high positive correlation between C 
and lnkf (correlation coefficient are 0.602, p=0.000). 
From Table 2, the clustering coefficients of LINs are 
significant lower than those of PCNs and SINs, which 
show a low correlation with the folding rate of the pro-
teins. It indicates that clustering of amino acids that par-
ticipate in the long-range interactions, into “cliques” 
slows down the folding process of two-state proteins. 
SINs have the highest clustering coefficients among 
them and C of SINs have significant correlation with the 
folding rate, indicating that the short-range interactions 
may be playing a constructive and active role in deter-
mining the rate of the two state proteins folding process. 
The similar correlation occurs between r and lnkf. The 
correlation coefficient between r and lnkf of SINs is 
−0.625 (p=0.000). For PCNs and LINs, the correlation 
coefficients are 0.295 (p=0.181) and 0.121 (p=0.753), 
respectively. It shows that short-range interactions play a 
key role in determining the connecting trend among 
amino acids and influence the folding rate of two-state 
proteins directly. 

Previous studies have found that contact order (CO) 
has a significant correlation with folding rate of proteins 
(correlation coefficient of these 30 proteins is −0.72, 
p=0.000). As an experiential parameter based on 3D 
structure, though significant correlating with folding rate, 
the physical meanings of CO is ambiguity. In this study, 
it is found that CSIN and rSIN have a high correlation with 
contact order (CO). The correlation coefficients are 
−0.64 (p=0.000) and 0.817 (p=0.000), respectively. 
Since the clustering coefficients depend on the degree of 
the node, we calculated the correlation coefficients be-
tween CSIN*<k>SIN and lnkf. It shows high positive cor-
relation (correlation coefficients are 0.733, p=0.000) 
between them for these two-state proteins. A significant 
high correlation also exists between CSIN*<k>SIN and 
CO, the value is −0.796 (p=0.000) (see Figure 3). 

CSIN measures the transitivity in the short-range inter-
action network and <k>SIN measures the average number 
of short-range contacts per residue. It indicates that the 
correlation between CO and lnkf is determined by the 
number of local contacts for two-state proteins. It is con-
sistent with the previous study by Mirny and Shakhno-
vich [23]. It is interesting to note that despite dissimilar 
quantities that CO and CSIN measure, the similar correla-
tion coefficients essentially indicate the important role of 
short-range contact formation in the rate of folding for 
two-state proteins. 

3.2.2. Correlation for Three-State Kinetics 
For three-state proteins, the clustering coefficients C of  
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Figure 3. Correlation between CSIN*<k>SIN with lnkf and CO. 
constructed to uncover the different influence of long- 
range and short-range interactions on two- and three- 
state folding kinetics. It was found that PCNs and SINs 
(both two- and three-state proteins) have the typical 
property of small-world networks, whereas LINs exhibit 
the “scale-free” property. 
 
the PCNs show a high positive correlation with the fold-
ing rate (correlation coefficient is 0.652, p=0.001). How- 
ever, C of LINs and SINs have not significant relation-
ship with the lnkf, and the correlation coefficients be-
tween C and lnkf are −0.278 (p=0.315) and 0.405 
(p=0.081), respectively. The similar correlation occurs 
between r and lnkf. The correlation coefficient between r 
and lnkf of PCNs is −0.603 (p=0.017). For LINs and 
SINs, the correlation coefficients are −0.394 (p=0.146) 
and −0.474 (p=0.075), respectively. It shows that, for 
three-state proteins, the folding rate is determined by 
short-range and long-range interactions among residues 
together. 

4. CONCLUSIONS 

The network concept is increasingly used to describe the 
topology and dynamics of complex systems. In this pa-
per, the three type networks (PCNs, LINs, SINs) were-
All of PCNs, SINs and nearly all LINs of three-state 
proteins are of assortative type. While maximum of 
LINs of two-state are of disassortative type. This differ-
ent assortative mixing behaviour of LINs may be a pos-
sible reason for the stability of native-state proteins and 
the research of assortative mixing in LINs may give in-
teresting surprises in the future. 

For two-state proteins, CSIN and rSIN show high corre-
lation with lnkf and CO, which indicates the correlation 
between CO and lnkf is determined by the numbers of 
local contacts. Short-range interactions play a key role in 
determining the connecting trend among amino acids 
and influence directly the folding rate of two-state pro-
teins. For three-state proteins, CPCN and rPCN also show 
high correlation with lnkf and CO, which shows that the 

folding rate is determined by short-range and long-range 
interactions among residues together. 
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ABSTRACT 

Bone marrow mesenchymal stem cells (MSCs) can dif-
ferentiate into smooth muscle cells (SMCs) and have 
tremendous potential for cell therapy and tissue engi-
neering. In this study, to understand the effects of 
TGF-β3 on rat bone marrow-derived MSCs and the 
underlying molecular mechanism of this differentiation 
process, we investigated that the changes of myocar-
din-related transcription factors (MRTFs) at the tran-
scriptional level after rat MSCs were treated with 
TGF-β3. The results showed that TGF-β3 increased the 
expression of contractile genes, such as SM22, smooth 
muscle-myosin heavy chain (SM- MHC), SM-α-actin in 
MSCs. When TGF-β3 induced MSCs differentiation 
into SMCs, myocardin and MRTF-A were activated. 
The data indicated that TGF-β3 induced rat bone 
marrow-derived MSCs differentiation into SMCs by 
activating mypcardin and MRTF-A. 
 
Keywords: Mesenchymal Stem Cells; Smooth Muscle 
Cells; TGF-β; MRTFs 

1. INTRODUCTION 

In vivo, smooth muscle cells (SMCs) are found in the 
vascular system, as well as in visceral organs, notably 
the respiratory, genitourinary, and gastrointestinal sys-
tems. VSMCs were involved in atherosclerosis and hy-
pertension, leading causes of heart failure. Thus there 
was the great interest in the field of cellular therapeutics 
involving these tissues. However, one major limitation to 
this approach has been that a reliable source of SMCs 
can be impractical and morbid. In addition, biopsies 

usually lead to limited amounts of cells. It has been 
shown that SMCs derived from diseased organs can lead 
to abnormal cells that are different from healthy SMCs 
[1]. Therefore, there is a great need for alternative sour 
ces of healthy SMCs. 

Several groups have suggested the use of bone mar-
row-derived cells to repair smooth muscle tissues because 
of their stem cell-like properties [2]. Bone marrow-de- 
rived mesenchymal stem cells (MSCs) have a self-rene- 
wal capacity, long-term viability. It is important that 
MSCs can differentiate into a variety of cell types, such as 
osteogenic, adipogenic, chondrogenic, skeletal muscle 
cells, and SMCs in response to different microenviromen-
tal cues [3]. In vivo, MSCs transplanted into the heart can 
differentiate into SMCs and contribute to the remodeling 
of vasculature [4]. These findings indicated that MSCs 
might be as sources of healthy SMCs under some specific 
conditions, such as in the presence of some cytokine. 

Transforming growth factor-β (TGF-β) proteins are 
multifunctional proteins that regulate cell growth, dif-
ferentiation, migration, and extracellular matrix produc-
tion. It has been shown recently that TGF-β increases 
smooth muscle (SM)-actin expression in MSCs [5]. 
Sphingosylphosphorylcholine (SPC) induces differentia-
tion of human adipose-tissue-derived MSCs into smoo- 
th-muscle-like cells through a TGF-β-dependent mecha-
nism [6]. These results indicate that the TGF-β was in-
volved in mesenchymal lineage cell type differentiation 
into SMCs. Therefore, we investigated the role of TGF-β 
in bone marrow-derived MSC differentiation into SMCs.  

Myocardin is expressed specifically in smooth and car- 
diac muscle cell lineages and activates smooth and car-
diac muscle reporter genes by interacting with serum 
response factor (SRF). Myocardin shares homology with 
myocardin-related transcription factor-A (MRTF-A), and 
MRTF-B, which are expressed in a broad range of em-
bryonic and adult tissues [7]. To understand whether 
MRTFs are implicated in the SMC differentiation of 
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MSCs, we investigated the changes of MRTF family 
mRNA level after MSCs were induced by TGF-β3. 

In this report, we show that TGF-β3 induced rat bone 
marrow-derived MSC differentiation into SMCs. TGF- 
β3 increased the expression of contractile genes, such as 
SM22, smooth muscle-myosin heavy chain (SM-MHC), 
SM-α-actin in MSCs. We also demonstrated that myo-
cardin and MRTF-A play important roles in the TGF- 
β3-induced SMC differentiation in MSCs. 

2. MATERIALS AND METHODS 

2.1. Reagents 

Dulbecco’s modified Eagle’s medium-low glucose 
(DMEM-LG) was purchased from Hyclone Co. TGF-β3 
was purchased from Peoro Tech. Co. Fetal bovine serum 
(FBS) was obtained from Hycolon Lab, Inc. Fluorescein 
isothiocyanate (FITC)-conjugated or phycoerythrin (PE)- 
conjugated antibodies CD14, CD29, CD34, CD44, 
CD45, CD105 were purchased from BD Pharmingen, 
San Diego, CA. Mouse anti-rat SM-MHC and FITC- 
goat anti-mouse IgG were purchased from Santa Cruz. 
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 
(MTT) was purchased from Sigma. Co. Trizol reagent 
was purchased from Invitrogen, USA. All other reagents 
were ultrapure grade. 

2.2. Cell Culture 

Rat MSCs were isolated from the femurs and tibias of 
male Sprague-Dawley rats (90–100g) with a modified 
method originally described by Pittenger [3]. Briefly, 
bone marrow mononuclear cells were obtained by Per-
coll (1.073 g/ml) density gradient centrifugation. The 
cells were seeded in Dulbecco’s modified Eagle’s me-
dium-low glucose (DMEM-LG) supplemented with 10% 
fetal bovine serum (FBS) and penicillin/streptomycin at 
37  in humified air with 5% CO2. At 24 h after plating, ℃
nonadherent cells were removed by replacing medium. 
The antibiotic was removed after one media change. The 
medium was changed every 2–3 days and the cells were 
passaged in 0.05% trypsin-1 mM EDTA. All the cells 
were used between passages 4 and 6. 

2.3. Flow Cytometric Analysis 

Rat MSCs were phenotypically characterized by flow 
cytometry (Becton-Dickinson, San Jose, CA) by the 
method of Li [8]. The antibodies used in this study in-
cluded FITC-conjugated or PE-conjugated antibodies 
CD14, CD29, CD34, CD44, CD45, CD105. To detect 
surface antigens, cells were collected and incubated (30 
min at 48C) with the respective antibody at a concentra-
tion previously established by titration. At least 1×105 
cells for each sample were acquired and analyzed. 

2.4. Cell Differentiation Induction 

When the cultures of MSCs reached subconfluence, cells 

were washed twice with the medium and divided into 
two groups. In control group, the cells were cultured in 
basal DMEM medium (without FBS); in TGF-β treat-
ment group, the cells were incubated with 5, 10 ng/ml 
TGF-β in basal medium. Fresh TGF-β was dissolved in 
phosphate buffered saline (PBS) and applied to cells. 
The cells in the two groups were incubated for 24 hours. 
The morphological changes of the cells were observed 
under phase contrast microscope (Nikon, Japan). 

2.5. Immunocytochemistry Assay 

After MSCs were treated in the two ways mentioned 
above for 24 h, cells were fixed in 4% paraformaldehyde 
for 15 min, blocked with normal goat serum for 20 min 
at room temperature (RT). Then, primary antibodies 
(mouse anti-rat SM-MHC) were added and incubated in 
a humid chamber over night. After washing with 0.1 M 
phosphate buffered saline (PBS) three times, cells were 
incubated with appropriate secondary antibodies (FITC- 
goat anti-mouse IgG) for 30 min at 37 . After washing ℃
with 0.1 M PBS, the samples were evaluated under in-
verted fluorescence microscope (Nikon, Japan). 

2.6. Cell Viability Assay 

Cells were seeded into 96-well plates and treated with or 
without TGF-β for 24 h, respectively. The viability of 
cells determined by using the method of MTT assay as 
described previously [9]. The light absorption was 
measured at 570 nm using Multiskan Spectrum (Thermo 
Labsystems). The viability (%) was calculated by the 
formula as follow. Viability (%)=(OD of control or treat- 
ed group/OD of normal group)×100%. The viability of 
normal group was presumed as 100%. 

2.7. RNA Isolation and Semi-Quantitative   
Reverse-Transcription Polymerase Chain  
Reaction (RT-PCR) 

MSCs were treated in the two ways mentioned above for 
24 h. Semi-quantitative RT-PCR analysis was carried out 
as described previously [6]. Briefly, total RNA was iso-
lated from cells using Trizol reagent, two microgram of 
the sample was reverse-transcribed using M-MLV re-
verse transcriptase (Promega, USA) according to the 
manufacturer’s instructions. The PCR primer sequences 
are listed in Table 1. Semiquantitative analysis of mRNA 
expression was performed by using the Biorad software, 
using human glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) as a housekeeping gene. 

2.8. Statistical Analysis 

Data were expressed as mean±SE and accompanied by 
the number of experiments performed independently, 
and analyzed by t-test. Differences at P<0.05 were con-
sidered statistically significant. 
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3.1. Immunophenotypic Characterization of Rat 
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Rat MSCs isolated in this study were uniformly positive 
for CD29, CD44, CD105. In contrast, these cells were 
negative for other markers of the hematopoietic lineage 
CD14, CD34, the leukocyte common antigen CD45. 
Flow cytometry analyses showed that the MSC was a 
homogeneous cell population devoid of hematopoietic 
cells (Figure 1). 

3.2. TGF-β Induced the SMC Differentiation of 
Rat MSCs 

Rat MSCs were exposed to 5, 10 ng/ml TGF-β3 respec-
tively in the absence of serum. The treatment of MSCs 
with TGF-β3 significantly changed the cell morphology. 
As show in Figure 2A, 24 hours after TGF-β3 treatment, 
MSCs have a more spread out and myoblast-like mor-
phology, and intracellular fibrous structures were visible. 
There were no obvious morphological changes in the 
control group. To confirm the SMC differentiation of 
these MSCs, we analyzed the expression of SM-MHC 
by immunocytochemistry. The cells treated with 5 ng/ml 
TGF-β3 exhibited the positive SM-MHC (Figure 2B). 
The cells were treatment under the serum-free condition, 
thus we analyzed the cell viabilities. As shown in Figure 
3, the viabilities in the control and D609 treatment 
groups were decreased obviously at 24 h, and are only 
about 60%. There were no significant between control 
group and each experiment group (P>0.05). These re-
sults shown that 10 ng/ml TGF-β3 did not regulate the 

cell growth, but could induce the differentiation of 
MSCs. 

To confirm the characters of these differentiated MSCs, 
the expression of SM22, SM-α-actin, SM-MHC mRNA 
were examined. RT-PCR experiment results showed that 
at 24 h, the MSCs treated with 5 ng/ml TGF-β3 dis-
played weak expression of SM22, SM-α-actin, SM- 
MHC and 10 ng/ml TGF-β3 induced the intensive increa- 
se of SM22, SM-α-actin, SM-MHC in rat MSCs (Figure 
4). In the control group, no expression of SM22, 
SM-α-actin, SM-MHC were detected (Figure 4). These 
results showed that TGF-β3 induced rat bone mar-
row-derived MSC differentiation into SMCs and in-
creased the expression of contractile genes, such as 
SM22, SM-MHC, SM-α-actin. 
 
Table 1. The PCR primer sequence. 
 

SM22 sense AGCCAGTGAAGGTGCCTGAGAAC

 antisense TGCCCAAAGCCATTACAGTCCTC 

SM-α-actin sense GAGAAGCCCAGCCAGTCG 

 antisense CTCTTGCTCTGCGCTTCG 

SM-MHC sense TGAGTGACAGAGTCCGCAAG 

 antisense GCCGCAACAGTGGACTTAAG 

myocardin sense TCACCGCCTTAGCTCATACC 

 antisense CTGTCCCTCTGACCATTCTG 

MRTF-A sense CTGACCCGAATGCTCCAACA 

 antisense CCAGGGCCATCTGCACTCTT 

MRTF-B sense GTAGCCAGACCCTTGTTGCC 

 antisense TGTTTGGTGCCGAGTTTGTG 

GAPDH sense ATTCAACGGCACAGTCAAGG 

 antisense GCAGAAGGGGCGGAGATGA 

 
 

 

Figure 1. Immunophenotypic Characterixation of rat MSCs. the X-axis represents the cell number. 
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Figure 2. TGF-β3 induce SMC differentiation of MSCs. (a) 
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Cs 
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The morphological changes of rat MSCs; (b) The expression of 
SM-MHC in undifferentiated and differentiated cells. The cells 
were cultured in the serum-free medium with/without TGF-β3 
at 24 h. 
 
3

during the SMC differentiation of rat MS
induced by TGF-β 

nvestigate the role of M
ferentiation of rat MSC, we detected the expression of 
myocardin, MRTF-A, MRTF-B by RT-PCR. It was ob-
served that myocardin, MRTF-A were activated (Figure 
5) during the SMC differentiation of rat MSCs induced 
by TGF-β3, while no expression of MRTF-B was de-
tected (data not shown). This result showed that myo-
cardin, MRTF-A might contribute to the SMC differen-
tiation of rat MSCs induced by TGF-β3, but MRTF-B 
might not be implicated in this differentiation process. 

4. DISCUSSION 

SMCs are critical in 
SMCs have been implicated in vascular development as 
well as in a variety of cardiovascular diseases, including 
 

 

Figure 3. The viability of rat MSCs treated with TGF- 

, studies aimed at 
the SCs are of great impor-

 

β3. The cells were cultured in the serum-free medium 
with/ without TGF-β3 at 24 h. 

 SMCs differentiation of rat M
hypertension and atherosclerosis. Hence

tance and will provide evidence for tissue engineering and 
therapeutic applications. Cellular transplantation therapy 

 

 
Figure 4. Expression of contractile genes in rat 
MSCs treated with TGF-β3. (a) During the SMC 
differentiation of MSCs, the mRNA levels of 
SM22, SM-α-actin, SM-MHC were elevated ob- 
viously. (b) Semiquantitative analysis of the con- 
tractile gene mRNA expression. 

 
Figure 5. Expression of myocardin and MRTF-A
in rat MSCs treated with TGF-β3. (a) During the

 
 

SMC differentiation of MSCs, myocardin and 
MRTF-A were activated. (b) Semiquantitative 
analysis of myocardin and MRTF-A mRNA ex-
pression. 
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he patients with cardiovascular diseases might p
e achieved

gous bone marrow cells in the near future. MSCs have 
great appeal for tissue engineering and therapeutic ap-
plications because of their general multipotentiality and 
relative ease of isolation. In vitro, MSCs have been 
shown to differentiate to SMCs in response to mechani-
cal stress [10], growth factor, such as PDGF-BB and 
TGF-β [11], and direct contact with vascular endothelial 
cells [12]. TGF-β can contribute to development of 
SMCs from embryonic stem cells [13]. In this study, we 
found that TGF-β3 could induce SMC differentiation of 
rat bone marrow-derived MSCs and increased the ex-
pression of contractile genes, such as SM22, SM- MHC, 
SM-α-actin in MSCs. 

However, the induction action of TGF-β3 and the un-
derlying molecular me

tion of MSCs into SMCs are not well known. Myo-
cardin is known to be a potent serum response factor 
(SRF) cofactor that plays important roles in regulating 
smooth muscle and cardiac muscle gene transcription [7]. 
It is reported that the expression of myocardin at the 
transcriptional level were increased during the SMC 
differentiation of hATSCs induced by SPC [6]. Taken 
together with previous experimental results, our findings 
are consistent with the idea that myocardin and MRTF-A 
is activated during the process of SMC differentiation in 
MSCs. 

In summary, our results in this study showed that 
TGF-β3 ffer- tumor cells to ionizing radiation. Cancer Res., 50, 

1392–1396. 
[10] N. Kobayashi, T. Yasu, H. Ueba, M. Sata, S. Hashimoto, 

M. Kuroki, et

tiation into SMCs. TGF-β3 increased the expression of 
contractile genes, such as SM22, smooth muscle-myosin 
heavy chain (SM-MHC), SM-α-actin in MSCs. When 
TGF-β3 induced MSCs differentiation into SMCs, myo-
cardin and MRTF-A were activated. The data indicated 
that TGF-β3 induced rat bone marrow-derived MSCs 
differentiation into SMCs by activating mypcardin and 
MRTF-A. Obviously, further studies are needed to clar-
ify, for example, the interaction of myocardin and smad 
proteins as major intracellular mediators of TGF-β signal 
pathways. 
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ABSTRACT 

Fingerprint segmentation is a crucial step in finger-
print recognition system, and determines the results 
of fingerprint analysis and recognition. This paper 
proposes an efficient approach for fingerprint seg-
mentation based on modified fuzzy c-means (FCM). 
The proposed method is realized by modifying the 
objective function in the Szilagyi’s algorithm via in-
troducing histogram-based weight. Experimental re-
sults show that the proposed approach has an effi-
cient performance while segmenting both original 
fingerprint image and fingerprint images corrupted 
by different type of noises. 
 
Keywords: Fingerprint; Segmentation; Fuzzy C-means; 
Histogram; Robustness 

1. INTRODUCTION 

Fingerprint segmentation is an important issue in finger-
print recognition system. A fingerprint image usually has 
to be segmented to remove uninterested regions before 
some other steps such as enhancement and minutiae detec-
tion so that the image processing will consume less CPU 
time. A fingerprint image generally consists of different 
regions: non-ridge regions, high quality ridge regions, and 
low quality ridge regions. Fingerprint segmentation is usu-
ally to identify non-ridge regions and unrecoverable low 
quality ridge regions and exclude them as background [1]. 
Most segmentation methods are block-wised ones which 
divide the fingerprint image into un-overlapped blocks and 
decide on the type (background and foreground) of each 
block. Some other methods are pixel-wised ones which 
determine the type of each pixel. Fingerprint segmentation 
typically computes the feature (or feature vector) of each 
element, block or pixel, and then determines the element’s 
type based on the feature (vector). The features used in 
fingerprint segmentation mainly include statistical features 
of pixel intensity, directional image and ridge projection 
signal et al. 

Fuzzy c-means (FCM) clustering algorithm, an unsu-
pervised clustering technique, has been widely used in 
image segmentation since it was proposed [2,3]. Com-
pared with hard c-means algorithm [4], FCM is able to 
preserve more information from the original image. 
However, for one thing, it is noise-sensitive for not tak-
ing into account the spatial information [5]; for another, 
it is supposed that each feature date has the same contri-
bution to classifying results [6]. To solve the first problem, 
recently, many researchers proposed the algorithms ac-
counting for spatial information via modifying the ob-
jective function of standard FCM algorithm [5,7,8]. To 
solve the second problem, Li et al. [6] proposed a modi-
fied clustering algorithm via introducing feature weight 
of the data. 

Generally, fingerprint image is gray level image and is 
inevitably corrupted by noise during acquisition. Con-
sequently, data feature of the fingerprint is the pixel’s 
gray value. From the gray level histogram of the finger-
print image, it is easily known that the occurrence fre-
quencies of the different gray levels are usually different. 
Therefore, different gray level pixel has different con-
tribution to clustering results. 

In this paper, we propose a modified algorithm for noisy 
fingerprint image segmentation. The proposed approach is 
based on modified fuzzy c-means which is robust to noise. 
Our method achieves more desirable performance com-
pared to standard FCM and Szilagyi modified FCM in [8]. 

The paper is organized as follows. In Subsection 2.1, 
standard FCM clustering algorithm is described. Subsec-
tion 2.2 presents the proposed modified FCM algorithm 
to segment the fingerprint. In Section 3, the experimental 
results are presented. Finally, Section 4 gives our con-
clusions and discussions. 

2. METHODOLOGY 

2.1. Standard FCM Algorithm 

The FCM algorithm assigns pixels to each category by 
using fuzzy memberships.  
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Let  denotes an image 
with 

{ , 1, 2, , | }d
i iX x i N x   

N  pixels to be partitioned into  classes, where c

ix  represents features data. The algorithm is an iterative 
optimization that minimizes the objective function de-
fined as follows [3]: 
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In implementation, matrix V is randomly initialized, 
and then U and V are updated through an iterative proc-
ess using Eq.s 3 and 4 respectively.  

2.2. Modified FCM Algorithm 

Szilagyi et al.proposed a fast FCM clustering algorithm, 
EnFCM [8], which is used for gray level image segmen-
tation. The algorithm accounts for pixel spatial informa-
tion. Before the algorithm implementation, a linearly- 
weighted sum image  , composed by original image 
and local neighboring average of each pixel in original 
image , was calculated as follows: 
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where 
i  is the gray value of the  pixel in the image thi

 .  stands for the set of neighbors falling into a local 
window around i

iN
x , a d n RN  i its cardinality. The pa-

rameter a  n the second term controls the effect of the 
penalty. In essence, the addition of the second term in 
Eq.5, equivalently, formulates a spatial constraint and 

aims at keeping continuity on neighboring pixel values 

around 

s 
i

ix . Accordingly, the modified objective func-

tion was described as follows: 
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from he image   defined in Eq.5 according to gray 

level. { }( 1, 2, ,kV v k )c  
{ }klU u

 represents the prototype 

of the cluster, thk ( 1, 2, , , 1, 2, , )k c l q     
represents the fuzzy membership of gray value l with 
respect to cluster .  denotes the number of the gray level 

of the given image which is generally much smaller than 
. 

k q

N l  is the number of the pixels having the gray value 

equal to l, where 1,2, ,l q  . Naturally, 
1

q

ll
N


 . 

Similar to the standard FCM algorithm, under the 

constraints that 
1

1
c

klk
u


  for any l, minimize sJ  de-
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Obviously, in Eq.6, gray level was viewed as the clas-
sified data. Hence, the number of classified data only 
depends on gray level, and doesn’t enlarge with the in-
creasing of image size. However, Eq.6 doesn’t take dif-
ferent gray level which has different influence on classi-
fying results into consideration, i.e., Eq.6 considers that 
every gray level has the same contribution to the classi-
fying results. Actually, according to the gray level histo-
gram of the fingerprint image, it is clear that the occur-
rence frequencies of different gray level are different. 
Therefore, different gray level has different contribution 
to clustering results. Based on above analysis, we modi-
fied the objective function in Eq.6 as follows: 
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where  is the weighting coefficient of lw ( 1,2, , )l l q   , 

and can be computed via histogram as follows: 
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where q denotes the number of the gray level of the 

given image. l  is the number of the pixels having the 
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gray value equal to l, where . Naturally, 1, 2, ,l  

1

q

ll
N


 , , i.e.,  can be 

viewed as the occurrence probability of each gray level. 
Hence, from Eq.10, it is known that the weighting coef-
ficient of each gray level can be given by the normalized 
image histogram. 
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From Eq.12, it is known that the function of weight-
ing coefficient  lies in adjusting the clustering center. 

Eq.9 will degenerated to Eq.6 while . 
The modified FCM algorithm (spatially weighting 

FCM clustering algorithm, called SWFCM) can be 
summarized as follows: 

Step 1: Fix  and 2 ; then select ini-
tial class prototypes ; set ( 1kv k 0   to a 

very small value. 
Step 2: Compute the new image   in terms of Eq.5 

in advance. 
Repeat: 
Step 3: Compute/modify kl  with  by Eq.s 11 and 12. kv

klStep 4: Update  with the modified kv   by Eq. 12. 

Until ( | |new oldV V  

2m  a 

) 

3. RESULTS AND DISCUSSIONS 

In the following experiments, we first execute the three 
segmentation algorithms, FCM, EnFCM and SWFCM 
on an original fingerprint image in Subsection 3.1. Then 
perform the three segmentation algorithms on noisy fin-
gerprint images corrupted, respectively, by Gaussian noise 
and salt and pepper noise to investigate the robustness of 
the algorithms in Subsection 3.2. Finally, the Subsection 
3.3 gives the corresponding quantitative comparisons for 
the segmenting results presented in Subsection 3.1 and 
3.2. In all the following experiments, we set the parame-
ters , , , . 2c  5 510

3.1. Results on Original Fingerprint Image 

To compare the segmenting performances of the above 

three algorithms, FCM, EnFCM and SWFCM, we apply 
these algorithms to an original test fingerprint image as 
shown in Figure 1(a) with the size of  pixels, 
and the corresponding segmenting results are, respec-
tively, displayed in Figures 1(b,c,d). 

300 300

As shown in Figure 1, it is clear that our proposed 
algorithm performs more visually significant than other 
two methods do. More detailed quantified comparison 
according to execution time and iteration step are given 
in the next subsection. 

3.2. Results on Fingerprint Images Corrupted 
by Noises 

To examine the above three algorithms’ robustness to noise, 
we apply the three algorithms on fingerprint images cor-
rupted by noises. Figure 2(a) is the original image with 
no noise and Figures 2(b) and 2(c) are the same images 
corrupted, respectively, by the Gaussian noise 
( 0, 0.05  

d
) and the salt and pepper noise with 

noisy density 0.02 . The segmenting results on Figures 
2(a) and 2(b) are shown in Figures 3 and 4, respectively. 
 

      

(a)                           (b) 

     

(c)                          (d) 

Figure 1. Fingerprint image segmentation. (a) Original 
fingerprint image; (b) Fingerprint segmentation result 
using FCM; (c) Fingerprint segmentation result using 
EnFCM; (d) Fingerprint segmentation result using 
SWFCM. 

 

(a)                  (b)                   (c) 

Figure 2. Fingerprint image. (a) Original image; (b) The im-
age corrupted by Gaussian noise; (c) The image corrupted by 
salt and pepper noise. 
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Figure 3. Segmenting results on fingerprint image corrupted 
by Gaussian noise. (a) Fingerprint segmentation result using 
FCM (b) Fingerprint segmentation result using EnFCM (c) 
Fingerprint segmentation result using SWFCM. 
 

 

Figure 4. Segmenting results on fingerprint image corrupted 
by salt and pepper noise. (a) Fingerprint segmentation result 
using FCM; (b) Fingerprint segmentation result using EnFCM; 
(c) Fingerprint segmentation result using SWFCM. 
 

Both from Figures 3 and 4, We can visually see that 
FCM is influenced by the Gaussian noise and the salt 
and pepper noise to different extents, respectively, which 
indicate that FCM algorithm lacks enough robustness to 
both the Gaussian noise and the salt and pepper noise, 
while EnFCM and SWFCM can basically eliminate the 
effect of the noises. Although the segmenting results 
using EnFCM and SWFCM are visually almost same, 
more detailed quantified comparison according to exe-
cution time, iteration step and signal-to-noise ratio (SNR) 
are needed to further investigate in the next subsection. 

3.3. Quantitative Segmenting Results Comparisons 

We tabulate quantitative segmenting comparisons in Tables 
1,2,3 of the above three algorithms for Figures 1,3,4, 
respectively. 

From Tables 1,2,3, we can obviously see that the it-
eration step of SWFCM is less than that of FCM and 
EnFCM. Furthermore, the execution time (CPU: 2 GHz, 
Memory: 1GHz, Operating system: windows XP, Soft 
ware: Matlab 7.0) of SWFCM is reduced compared with 
FCM and EnFCM due to both the less iterations and 
only dependence on the number of the gray-level (256) 
rather than the image size itself  ( 300 ). 

q

N 300
 

Table 1. Comparison scores of three methods corresponding to 
Figure 1. 

Algorithm T N 

FCM 5.123 35 

EnFCM 3.841 28 

SWFCM 3.077 23 

Table 2. Comparison scores of three methods corresponding to 
Figure 3. 

Algorithm T N SNR 

FCM 3.198 17 28.075 
EnFCM 2.573 13 28.591 
SWFCM 1.967 11 31.308 

Table 3. Comparison scores of three methods corresponding to 
Figure 4.  

Algorithm T N SNR 

FCM 3.130 14 22.157 
EnFCM 2.217 8 24.972 
SWFCM 1.048 4 27.872 

Note: In the above three tables, T stands for execution time with the 
unit of second; N stands for iteration step. 

From Tables 2 and 3, we can also see that the SNR of 
SWFCM is less than that of FCM and EnFCM. From 
this results, it can be concluded that the newly-proposed 
algorithm give rise to better denoising performance than 
both FCM and EnFCM algorithms. 

4. CONCLUSIONS 

In this paper, an automatic modified FCM clustering 
algorithm for fingerprint segmentation was proposed. 
The proposed algorithm is realized by modifying the 
objective function in the Szilagyi’s algorithm via intro-
ducing the gray histogram-based weighting. Experimen-
tal results show that proposed method can dramatically 
speed up FCM, and can achieve better denoising per-
formance compared with EnFCM. Therefore, the pro-
posed approach will be promising in real fingerprint 
recognition system, in which the fingerprint images are 
contaminated by noises heavily.  
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ABSTRACT 

The objective is to study changes in EEG time-do-
main Kolmogorov entropy and cortical lateralization 
of brain function areas during complex problem 
solving mental task in healthy human subjects. EEG 
data for healthy subjects are acquired during com-
plex problem solving mental task using a net of 6 
electrodes. The subject was given a nontrivial multi-
plication problem to solve and the signals were re-
corded for 10s during the task. Kolmogorov entropy 
values during the task were calculated. It was found 
that Kolmogorov entropy values were obviously 
greater in P4 channel (right) than ones in P3 channel 
(left) during complex problem solving task. It indi-
cated that all subjects presented significant left pa-
rietal lateralization for the total frequency spectrum. 
These results suggest that it may be possible to non-
invasively lateralize, and even eventually localize, 
cerebral regions essential for particular mental tasks 
from scalp EEG data. 
 
Keywords: Wada Test; Cortical Lateralization; EEG; 
Brain Function Area; Complex Problem Solving 

1. INTRODUCTION 

Functional lateralization is an important organizing prin-
ciple of the human brain. The left and right cortices have 
different specializations and each contributes to the per-
formance of most cognitive tasks. The cortical laterali-
zation can be confirmed through experiments such as 
injecting sodium amytal into a hemisphere (Wada test), 
measuring RT (Radioisotope Tracer), the split brain, 
hemispherectomy, and so on. Being invasive procedures, 
these traditional techniques are associated with some 
risk and discomfort. Because of this, in recent years, a 
burgeoning interest has developed in replacing tradi-
tional techniques with noninvasive measures. Some of 
these newer techniques, like the Wadatest, are based on 
“deactivation” of the cortex, such as repetitive transcra-
nial magnetic stimulation [1], whereas other methods are 
based on structural imaging analyses [2]. However, the 

most promising novel noninvasive methods include di-
rect measures of physiological activation. Some newer 
methods include event-related brain potentials, and 
whole-head magnetoencephalography. Neuroimaging 
studies (PET, FMRI, CT, SPECT) have also help localize 
lateralization effects in specific cortical areas [3,4]. All 
of these newer methods have variable limitations, and 
none have yet supplanted the Wadatest as the “old stan-
dard” for lateralizing cerebral dominance [5]. Among the 
aforementioned approaches, the most simple and least 
costly are based on scalp EEG measurements. Mul-
tichannel EEG devices are readily available in most 
clinical sites and could thus be used to replace the inva-
sive traditional methods. A common practice in estimat-
ing human brain activity during performance of a mental 
task is also to process the electroencephalogram (EEG) 
in order to detect signal changes that could be related to 
mental processes. 

The aim was to establish an EEG-based lateralization 
test. Here we presented initial results for four subjects 
examined in a complex problem solving task with 6- 
channel EEG time-domain Kolmogorov entropy compu-
tations. It was found that Kolmogorov entropy values 
were obviously greater in P4 channel (right) than ones in 
P3 channel (left) during complex problem solving task. 
It indicated that the subjects presented significant left 
parietal lateralization for the total frequency spectrum. 
These results were similar to those from the Wadatest. 
The notation KE is used to emphasize that it is the Kol-
mogorov entropy values of the time-domain EEG data. 

The rest of the paper is organized as follows. Section 
2 explains the methods proposed in this paper. Experi-
ment task and data collection are described in Section 3. 
Rresults is in Section 4. Conclusions and Discussions are 
given in Section 5. 

2. METHOD 

2.1. Algorithm 

Kolmogorov entropy (KE) describes the rate at which 
information about the state of the dynamic process is lost 
with time. Known as metric entropy, divide phase space 
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into D-dimensional hypercubes of content De . Let 
 be the probability that a trajectory is in hyper-

cube i0 at t=0, i1 at t=T, i2 at t=2T, etc. Then define 
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where KN+1-KN is the information needed to predict 
which hypercube the trajectory will be in at (n+1)T given 
trajectories up to nT. The Kolmogorov entropy is then 
defined by 
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The calculation of KE from a time series typically 
starts from reconstructing the system’s trajectory in an 
embedding space. The EEG signals can reflect the state 
of brain activity. The EEG can be represented by projec-
tions of all variables in a multi-dimensional state space. 
Let , 1, ,ix i   N



 be a sample series of EEG. It is a dis- 

crete time series. Then, a m-dimensional time delay 
vector (in an N-dimensional space) X(n) can be con-
structed as follows: 

( ) ( ), ( ), ( 2 ), , ( 1)X n x n x n x n x n m          

(3) 
where   is the time delay and m is the embedding di-
mension of the system. Then we can calculate the corre-
lation sum Cm(e) introduced by Grassberger and Pro-
caccia [6]: 
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where  is the Heaviside step function,  if 

 and  for x>0. e is a given distance in a 

particular norm. If an attractor is present in the time se-

ries, the values  would satisfy 
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where D is the correlation dimension of the attractor and 
given by: 

ln ( , )
( , )

ln
m m

m m

C e N
d N e

e





            (6) 

,0
lim lim ( )

m
m me N

D d N
 

 e               (7) 

If e is small enough and dm does not vary with m, 
Kolmogorov entropy (KE) can be calculated by the fol-
lowing equation: 

0
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( )1
lim lim log( )
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m

e m
m

C e
KE

C e 


            (8) 

Here τ is the delay time. Higher and finite positive KE 
suggests chaos. 

Actually, EEG signal is always changing with time. 
So the KE of EEG is not a constant over time. To meas-
ure the unorderly degree of EEG signal, mean Kolmo-
gorov entropy within one second was introduced: 

Mean        
1

1
( )

N

n

KE KE
N 

  n              (9) 

In the following of this paper the time series indicated 
EEG time series and KE refered the mean KE of EEG. 

2.2. Complex Problem Solveing Task 

EEG data were acquired during the task using a net of 6 
electrodes. The electrodes were placed at O1, O2, P3, P4, 
C3 and C4 reference to the 10-20 system to record the 
EEG data in the experiment. Recordings were made with 
reference to the A1 and A2, electrode by using a 
high-pass filter of 0.1 Hz and a low-pass fillter of 100 Hz.  
Figure 1 shows the placement of electrodes. The im-
pedances of all electrodes were kept below 5 KΩ. The 
EEG was acquired with a sampling rate of 250 Hz, that 
is, 250 samples/second. The signals were recorded for 
10s during the task, so each segment gave 2500 samples 
per channel. The data were recorded using an IBM-AT 
controlling a Lab Master analog to digital converter with 
12 bits of accuracy. 

Data for four subjects were used for this study. The 
subjects are mail. Subjects 1 and 2 were employees of a 
university. Subject 1 was left-handed and aged 48. Sub-
ject 2 was right-handed and aged 39. Subject 3 and sub-
ject 4 were right-handed college students. Subjects were 
placed in a dim, sound controlled room. The subject was 
given a nontrivial multiplication problem to solve and, 
as in all of the tasks, was instructed not to vocalize or 
make over movements while solving the problem. 

3. RESULTS AND DISCUSSIONS 

In order to obtain the data of spontaneous EEG signals, a 
FIR with bandpass filter 0.5-30 Hz was used. At the be-
ginning of calculation KE of four subjects’ EEG signal 
piece by piece, first 4 seconds (1000 samples) data are 
chosen as basic data and step length is 25 samples (the 
samples within 0.1s). To compare the effects of left 
hemisphere and right hemisphere during different mental 
 

 

Figure 1. Electrode placement. 
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tasks, the mean KE of 5th, 6th, 7th, 8th, 9th, 10th second of 
every subject in different channel are calculated respec-
tively. For the same time interval and the same subject, 
the left channel’s mean KE and the right channel’s mean 
KE of each cortical function area consist of a pair of data. 
So for each brain function area (Central, Parietal and 
Occipital) under the mental task, every subject has 6 pair 
of KE data. 

JBiSE 

The properties of KE for different types of dynamics 
are: KE=0 implies an ordered system, KE=  corre-
sponds to a totally stochastic situation. The higher the 
KE, the closer to a stochastic the system is. So for the 
bilateral of the same cortical function, the small value 
of KE corresponds to the dominant hemisphere. 

Figure 2 shows the 24 pair of KE data in parietal 
area for all subjects during the task. From Figure 2, it 
can be seen that the KEs in P4 channel (right) are 
obviously greater than that in P3 channel (left). It 
means that all subjects presented significant left pa-
rietal lateralization for the total frequency spectrum 

( d =2.0714, Sd=3.352, n=24, t=3.0274, 0.01<p<0.05). 
It can also be found from Figure 2 that sometime the 
mean KE on the right (P4) is smaller than that on the 
left (P3) and this indicate that sometime the right half 
may be the dominant hemisphere. 

There is no significant diference of KE changes in 
the central area and occipital area. It may mean that 

there is no significant lateralization in the central area 
and occipital area. 

There is no significant diference of KE changes for 
right-handed and left-handed in the experiment. It may 
mean that there is no significant lateralization in central, 
parietal and occipital brain function area during the 
mental task for right-handed and left-handed. 

Despite their low spatial resolution, electrophysio-
logical measurements have succeeded in showing ac-
curately the time-course of stimulus processing in the 
human brain. Inparticular, the early phases of cortical 
processing can be detected by EEG or MEG tech-
niques alone [6]. The changes in EEG time-domain 
Kolmogorov entropy (KE) and localization of related 
cortical areas during the complex problem solving 
mental task in human subjects. 

The mean KE on the left (P4) is not always greater 
than that on the right (P3). Sometime the mean KE of 
the dominant hemisphere is larger than that of the non- 
ominant. It means that sometime the right half may be 
the dominant hemisphere. That is to say, the dominant 
hemisphere is not always the same one during the 
same task. This indicates that the dominant hemisphere 
is not always the one that actuall controls performance 
on a particular task. This is consistent with previous 
known studies [7]. 

 

 

Figure 2. Comparison of KE between P3 and P4 during the task.      
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When the value mean KE on the left (P3) is contrasted 
with the one on the right (P4), the difference is very ap-
parent and the advantage is not always the same. This 
may means that the advantage of dominant hemisphere 
is always changing. The greater the difference, the more 
advantageous the dominant hemisphere. 

There may be no significant lateralization diference of 
KE changes for right-handed and left-handed in central, 
parietal and occipital brain function area during the task. 
It may indicate that the difference between right-handed 
and left-handed is not always existentent in different 
brain function areas and in different mental tasks. 

4. CONCLUSIONS 

During the complex problem solving mental task, the 
subjects presented significant left parietal lateralization 
for the total frequency spectrum. There is no significant 
lateralization in the central and occipital area during the 
task. The dominant hemisphere is not always the same 
one during the same task. The lateralization determined 
by Kolmogorov entropy of EEG proposed in this paper 
is consistent with previous known studies. The Klmo-
gorov entropy changes of EEG can describe the cortical 
lateralization. 

The lateralization for some particular mental task may 
involve in several brain areas synchronously. It is inva-
sive, convenient and useful to analyze and to localize the 
different brain function area with Kolmogorov entropy 
of EEG. 

Our results suggested lateralization of the complex 
problem solving task area to the left hemisphere. The 
results reported here do not replace the results obtained 
with the Wada test and other techniquies, but supplement 
them. In summary, these results suggest that it may be 

possible to noninvasively lateralize, and even eventually 
localize, cerebral regions essential for particular mental 
tasks from scalp EEG data. This could be very helpful in 
presurgical planning. These findings are preliminary and 
need to be further studied in a large population base. 
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