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ABSTRACT 

A common problem in molecular comparative geno- 
mics is the identification of genes that are under posi-
tive, adaptive selection [1]. Such genes are likely to be 
crucial for speciation, species differentiation, and func- 
tional specialization. However, discerning the differ-
ence between positive selection and relaxation of func- 
tional constraint can be difficult using current meth-
ods. Both processes generally increase the rate of ami- 
no acid change relative to synonymous changes within 
coding regions, and unless the amino acid rate is over- 
whelmingly high across an entire gene, the signature 
of positive selection can be obscured [2]. Some meth-
odologies do not explicitly determine the difference be- 
tween a relaxation of functional constraint and posi-
tive selection, leaving researchers to determine via other 
means whether the trajectory of a gene has been spe-
cialization or creation of a new function, or removal 
from the genome via a process of degeneration. 
 
Keywords: Utilizing Information Theory; Action of  
Selection during Evolution 

1. INTRODUCTION 

Most current methods evaluate the possibility of positive 
selection based on the exchangeabilities of amino acids. 
The rationale is that if an observed amino acid substitu-
tion has a low probability in terms of their amino acids’ 
physio-chemical properties, then it is more probable that 
the substitution may be driven by selection events. There 
are several kinds of matrices that can be used to evaluate 
the probability of substitutions. Function, charge, and 
amino acid structural properties (via Karlin and 
Ghandour [3]) and genetic and structural similarity 
(from Feng et al., [4]) are common methods. However, 
Dayhoff's PAM-250 matrix is easily the most common. 
Based on evolutionary distance measures from a 1,572 
amino acid change data set in 71 closely related proteins, 
PAM stands for “percent-accepted matrix” [5]. It set the 

path for most matrices to come. 
Henikoff and Henikoff proposed the BLOSUM (BLO- 

cks of Amino Acid Substitution Matrix) matrices based 
on a large number of proteins to get a better measure of 
differences between two proteins specifically for more 
distantly related proteins [6]. To create the matrices, the 
BLOCKS database was searched for ungapped, highly 
conserved protein domains within protein families and 
amino acid frequency substitutions were determined, 
scaled by relative amino acid frequency. [7] They then 
calculated a log- odds score for each of the 210 possible 
substitutions of the 20 standard amino acids. BLOSUM 
was designed for search algorithms when relatively close 
protein relationships are being examined, such as 
FASTA and BLAST. However, this work set the stage 
for other research looking at more fine-grained matrices 
for evolutionary comparison and ultimately led to the 
work described in this paper. 

Contrasting both PAM and BLOSUM matrices that 
are based on amino acids, Tang and co-workers proposed 
a universal evolutionary index (EI) for amino acid chan- 
ges based on the genetic code [8]. The EIs are defined as 
the observed/expected amino acid changes based on the 
transition and transversion rate between related codons. 
The high correlations between EIs derived from genes 
with various functions in divergent species suggest that 
the amino acid properties are strong determinants of 
their substitution patterns. The EIs can be used to clas-
sify proteins based on their exchangeability and detect 
the positive selection in each of the groups. 

There is another category of methodologies that are 
based on the sequence information content at specific 
sites. In an alignment of DNA or amino acid sequences, 
the information content for each position is calculated 
based on the distribution of the variations at that site, 
and they are measured in bits [9]. The information con-
tents are smaller for divergent sites and larger for con-
served sites. It can therefore be thought of as giving a 
measure of the tolerance for substitutions at the position: 
higher information content indicates that the site can 
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tolerate less replacements and so is more conserved, and a 
lower information content in a site means it can tolerate 
more substitutions and has been subjected to more muta-
tions. Sequence LOGOS are graphical representations of 
sequence alignments [10]. Each LOGO consists of 
“stacks” of nucleotide or amino acid symbols, with the 
overall height of the stack representative of the “total” 
information content at that position. The height of each 
symbol corresponds to the relative contribution to in-
formation content of each symbol at that position within 
the alignment. 

Although the above methods are useful, only one evo- 
lutionary variable is examined. Further sequence logos, 
though useful, are essentially graphic methods of illus-
trating the sequence conservation for the sites in an align- 
ment, but not for the each individual sequence. Given the 
above problems, we are aiming at utilizing two indepen- 
dent parameters to access the nature of the amino acid 
substitutions more reliably. As Tang’s EI is included, ano- 
ther parameter should be evolution-independent; protein 
structure for example, however the structure data are ex- 
pensive to collect and there is no proven methods to jus-
tify the differences. Linear sequence complexity is a pro- 
mising parameter as the technique is inexpensive and can 
be quantified for comparison across a wide range of data 
types. 

We argue that information theory allows us to deter-
mine the gain or loss of entropy within a sequence mar-
ried to evolutionary methodologies that look at the like-
lihood of amino acid change and rate changes allow us to 
determine whether a gene is evolving in an essentially 
neutral fashion, whether it is specializing it’s function, 
likely gaining a new function, or heading towards non- 
functionalization. While information theory has been ap- 
plied to non-coding regions to examine transcription fac- 
tor binding sites and regulatory elements and to coding 
regions to examine intron/exon boundaries and alterna-
tive protein splicing [11-13], its application to comparative 
genomics in combination with other proven methodologies 
yields an interesting analysis tool for further study. 

2. METHODS 

2.1. Universal Evolutionary Index 

For each pair-wise protein alignment, we adopted the 
universal evolutionary index to quantify the likelihood 
of the amino acid substitution [8]. This index is a uni-
versal ranking of the likelihood of amino acid change 
and was proposed based upon the high correlation of EIs 
from different sets of genes of different taxa. Comparing 
with other indexes, the universal evolutionary index is 
scaled such that its weighted average is 1, and it is easy 
for comparison and can be adjusted to specific species 
by multiplying the average Ka/Ks ratios of the given 
dataset. 

2.2. Information Content Analysis 

We adopted the program VaSSA program from VaSSA 
Informatics, LLC to examine linear information content. 
The change of information content in aligned sequences 
is checked and their functional meaning is accessed. The 
sequence subsections with fixed size are scanned across, 
and their linear information content is measured. The con-
tribution of each single position in the sequence to the 
total information content of the sequence is evaluated. 

Information content, in this specific example, is es-
sentially a measure of the entropy rate of a particular 
sequence (vis a vis Shannon [14]); that is the measure of 
the ability to compress the sequence via some encoding. 
In our usage, this measure is then normalized by the 
channel carrier capacity of the sequence; that is, given 
the lexicon and it’s representation, how complex could 
the sequence be if the symbols were arranged such that 
they were minimally subject to compression. Formally, 
the channel carrier capacity is the limiting rate for infor- 
mation transmittal in the medium. While over an entire 
genome, this rate can be calculated and would be rela-
tively fixed, it varies within the genome based on codon 
usage, representation of the lexicon, and other factors 
(such as rate of duplication). In this case, then, we’re 
examining what the local channel (gene or locus) could 
have carried across evolution vs. what the observed en-
tropy rate within that channel is at a given point in time. 
This is rather different than standard definitions of bit- 
wise information content used in LOGOS and BLOCKS 
(and other usage), as in those cases information is said to 
be transmitted across species and the measure of the data 
transmittal rate is measured as a function of the frequency 
of inter-species change for a particular point within a 
sequence. 

By combining the information content and universal 
evolutionary index, we can examine each amino acid 
change between sequences and plots them on a two-axis 
chart (Figure 1); the chart is broken into quadrants, and 
where the majority of amino acid changes sit within the 
chart determines the likely evolutionary pressures acting 
upon a gene. This quadrants division is based on an em-
pirical study that shows the sequences without functions 
(e.g. introns, intergenic sequences) are less complicated 
than the functional ones. Thus an unlikely amino acid 
change (low EI) that increases the complexity of the se- 
quence (positive information content change) is more 
probable to be driven under positive selection; similarly 
an unlikely amino acid change (low EI) that decreases 
the complexity of the sequence (negative information 
content change) is more probable to be driven under 
non-functionalization of the protein. A likely (high EI) 
amino acid change is within the constraint. Positive in-
formation change may indicate it is within functional con- 
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Figure 1. Functional sorting of the amino acid substitution using 
the information content and evolutionary index. 

 

 

Figure 2. The information content of the 28 zinc finger pro-
teins. 

straint, while a negative one may hint the protein is los-
ing some of the unrelated functions. 

3. RESULTS 

Zinc finger proteins are a group of protein families clas-
sified based upon their conserved sequence motif, and 
they are capable of binding DNA, RNA, protein and/or 
lipid substrates following their coordination with one or 
more zinc atoms [15-17]. The primary amino acid se-
quences, the folding, the number of fingers and their 
spatial arrangement jointly determine the protein’s bind-
ing properties. Among the many zinc finger families 
with various binding modes and unique functions, the 
Cys2/His2(C2H2) zinc fingers were the first group to be 
characterized [18,19]. This subset of zinc finger proteins 
plays pivotal roles in DNA transcription and develop-
ment in organisms. About 400 C2H2 zinc finger proteins 
known exist in humans, which makes them one of the 
largest protein families in animals. The C2H2 zinc fin-
gers are identified by their conserved sequence motif 
(CX2–4FX8HX3–5H). A zinc atom can be coordinated 
with the two cysteines and two histidines within the mo-
tif to form a compact structure that can bind sequence 
specifically to DNA in its major groove. More recently, 
Laity and co-workers [20] found a sub-set of C2H2 zinc 
fingers that contains two interacting fingers, and they are 
evolutionarily distinct. We performed an evolutionary 
analysis of these data using our information theory based 
methods. 

The data set contains 28 interacting two-finger C2H2 
zinc fingers, and there is a conserved tryptophan be-
tween the first two Cysteine residues of the proteins. The 
information content of each sequence is calculated using 
VaSSA (Figure 2). To illustrate the site-specific change 
of information content, we align the DNA sequence 26 
and 27 based on their peptide alignment (Figure 3), and 
calculate their information content (Figure 4). 

The site-specific comparison of the proteins is plotted
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Figure 3. The DNA alignment of the zinc finger sequence 26 and 27 from Figure 2. 

 

 

Figure 4. Change in information content along and between two sequences, the gaps show 
as “no information”. 

 
in Figure 4. The comparison is directional with se-
quence 26 as the basis for comparison. The sequence 26 
has been posited to have a regulatory function through 
the interaction between fingers mediated by zinc con-
centration. For sequence 26, the pattern of changes is 
versatile: there are some regions of likely changes tied to 
a gain in information content, several regions of unlikely 
changes with an information content gain, and a few 
areas of unlikely changes with loss of information. The- 
se various combinations of the substitution likelihood 
and the change of information content may indicate the 
different regions of the proteins are under different kinds 
of evolutionary effects. 

Using information content change between sequences 
as an evolution-independent variable will allow us to 
determine what factors drove sequence diversification. 
The method is highly reliable but data intensive, which 
is not currently an obstacle as the program can run in 
distributed mode across a cluster computer. While this 
paper only explores nucleotide data, we have adapted 
this method to protein data as well through the addition 

of protein semantics. In addition, we have developed this 
methodology further for organic molecules in general 
using an alternative lexicon. Our overall goal is to allow 
evolutionary methods to work in conjunction with in-
formation content measures within proteomics without 
the need of making evolutionary conclusions based on 
nucleotide sequences. 

4. DISCUSSION 

We here propose a novel method for fine mapping dif-
ferent evolutionary effects within proteins by simulta-
neously checking two independent parameters. This is 
promising to solve the classical problem in evolutionary 
studies: the difficulty of distinguishing the relaxation of 
functional constraints and positive selection. This met- 
hod is currently in testing and development with over 
50,000 protein domains for stability. The broad applica-
bility of this method for coding region and non-coding 
region genomic analysis is being tested, and proteomic 
analysis and integration with polymorphism scoring 
pipelines is being developed. 
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ABSTRACT 

The hemagglutinin (HA) of influenza viruses facili-
tates receptor binding and membrane fusion, which 
is the initial step of virus infection. Human influenza 
viruses preferentially bind to receptors with α2-6 lin- 
kages to galactose (SAα2,6Gal), whereas avian influ-
enza viruses prefer receptors with α2-3 linkages to 
galactose (SAα2,3Gal). The current 2009 H1N1 pan-
demic is caused by a novel influenza A virus that has 
its genetic materials from birds, humans, and pigs. 
Its pandemic nature is characterized clearly by its 
dual binding to the α2-3 as well as α2-6 receptors, 
because the seasonal human H1N1 virus only binds 
to the α2-6 receptor. In a previous study, the infor-
mational spectrum method (ISM), a bioinformatics 
technique, was applied to uncover one highly con-
served region in the HA protein associated with re-
ceptor binding preference in each of various influ-
enza subtypes. In the present study, we extended the 
previous work by discovering multiple such domains 
in HA of 2009 H1N1 and avian H5N1 to expand our 
repertoire of known key regions in HA responsible 
for receptor binding affinity. Three such domains in 
HA of 2009 H1N1 were found at residue positions 106 
to 130, 150 to 174, and 191 to 221, and another three 
domains in HA of avian H5N1 were located at residue 
positions 46 to 65, 136 to 153, and 269 to 286. These 
identified domains could be utilized as therapeutic 
and diagnostic targets for the prevention and treat-
ment of influenza infection. 
 
Keywords: Binding Specificity; Discrete Fourier  
Transform; Electron-Ion Interaction Potential; Entropy; 
Hemagglutinin; Influenza; Informational Spectrum 
Method 

1. INTRODUCTION 

Influenza A viruses have two surface proteins, hemag-

glutinin (HA) and neuraminidase (NA). HA is a homo-
trimer, in which each monomer comprises two subdo-
mains, HA1 and HA2. HA1 initializes the contact with 
the cell membrane and HA2 mediates membrane fusion. 
The first step in the infection of influenza viruses is 
binding of their surface protein HA to sialylated glycan 
receptors on the host cells. In general, human influenza 
and avian viruses preferentially bind to the α2-3 sialy-
lated and α2-6 sialylated glycan receptors, respectively. 
Pigs have receptors for both human and avian influenza 
viruses on their tracheal epithelial cells, thus they can 
serve as a mixing vessel to re-assort genes from different 
species to make new influenza viruses. 

The interaction between HA and its receptors has been 
studied biologically, genetically, and structurally. The 
different binding phenotypes of human and avian influ-
enza viruses suggest that the avian viruses could not 
readily infect humans. However, the human infection by 
H5N1 chicken viruses in Hong Kong in 1997 implied for 
the first time that it is possible for avian viruses to infect 
humans directly, which was explained in part by the 
finding that human airway epithelium harbors α2–3- 
linked sialic acids on ciliated cells [1]. It is believed that 
HA binding affinity for receptors is a critical factor of 
host switch. In addition to the current 2009 pandemic 
H1N1, the past three flu pandemics, the Spanish flu in 
1918, the Asian flu in 1957, and the Hong Kong flu in 
1968, all had arisen through reassortment among avian, 
human, and swine strains. Hence, the importance of ex-
panding our knowledge on the receptor-binding affinity 
of the influenza viruses is apparent. 

Various approaches such as structural analysis, protein 
evolution, and mathematical modeling have been used to 
study the interactions between HA and its receptors. To 
quantitatively elucidate the binding specificity of HA to 
avian and human receptors, the interaction energy be-
tween HA and its receptors were analyzed with the ab 
initio fragment molecular orbital (FMO) method [2], 
which clarified the role of the mutated residues Glu190 
and Gln226 in the binding patterns of H5 HA. The report 
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in [3] discovered that the mutations at positions 182 and 
192 in HA1 independently switch H5N1 virus binding 
preferences from avian to human type, which could 
serve as molecular markers for measuring the pandemic 
potential of H5N1 isolates. 

Using sequence analysis and homology modeling [4], 
the HA protein of 2009 H1N1 was found to have the 
signature amino acid Asp190 and Asp225 known to 
confer binding affinity to α2-6 sialylated glycan recep-
tors. The mutation Glu190Asp between avian and human 
H1 HA normally would lead to the loss of a critical con-
tact with α2-3 glycans, which, however, was compen-
sated by the presence of Lys145 in HA of 2009 H1N1. 
There were four loops in 2009 H1N1 HA, 130 loop, 140 
loop, 150 loop, and 220 loop, each containing one Lys, 
to form a positively charged ‘lysine fence’ at the base of 
the binding site to support optimal contacts with the α2-6 
and α2-3 receptors. Based on this structural analysis, it 
was predicted that the HA protein of 2009 H1N1 virus 
can bind to the α2-6 as well as α2-3 sialylated glycan 
receptors, which was verified later by the carbohydrate 
microarray analysis in [5]. 

There were several other efforts in expanding the 
knowledge on 2009 H1N1. One study [6] investigated 
the three aspects of NA: the mutations and co-mutations, 
the stalk motifs, and the phylogenetic analysis. The po-
tential mutations and strongly co-mutated positions of 
NA were found. A special NA stalk motif of high viru-
lence, which was dominant in the past H5N1 strains, was 
discovered in H1N1 in 2009 for the first time. Another 
study [7] focused on HA and the interaction between HA 
and NA. The mutations of HA in 2009 H1N1 were found 
and mapped to the 3D homology model of H1, and the 
mutations on the five epitope regions on H1 were identi-
fied. The distinct response patterns of HA to the changes 
of NA stalk motifs were discovered, illustrating the fun- 
ctional dependence between HA and NA. With help 
from the results of the first study in [6], two co-mutation 
networks were uncovered, one in HA and one in NA, 
where each mutation in one network co-mutates with the 
mutations in the other network across the two proteins HA  

and NA. These two networks residing in HA and NA 
separately may provide a functional linkage between the 
mutations that can change the drug binding sites in NA 
and those that can affect the host immune response or 
vaccine efficacy in HA. 

The informational spectrum method (ISM) [8] is a 
bioinformatics technique to study the biological func-
tions of proteins with their physicochemical properties, 
which first translates a protein sequence into a numerical 
sequence based on each amino acid’s electron-ion inter-
action potential (EIIP) and then the discrete Fourier 
transformation (DFT) is applied to it to create an infor-
mational spectrum. It is believed that the protein func-
tions including the protein-protein interaction are en-
coded in the peaks of the informational spectrum. 

Highly conserved regions in a protein sequence usu-
ally have functional or structural values. The active site 
of enzymes and the binding sites of protein receptors are 
typical examples of these highly conserved regions. 

In references [9-11], the ISM was applied successfully 
to characterize the conserved information pertinent to 
the interaction between HIV-1 and their CD4, CCR5, 
and CXCR4 receptors. In [12,13] the same research 
group applied the ISM to investigate the interaction be-
tween HA and its receptors. Their findings showed that 
HA1 of different flu subtypes encodes one highly con-
served domain that might be determinants of HA binding 
affinity. Our goal in this study is to extend the results in 
[12,13] by identifying multiple domains in HA1 associ-
ated with each receptor interaction pattern. These con-
served domains in HA1 might be used to develop targets 
for new drugs and infection control. 

In [12,13] it was found that the consensus informa-
tional spectrum (CIS) of HA1 of influenza strains have 
the following characteristic dominant peaks at different 
IS frequencies as presented in Table 1. In this study, 
F(0.295) will be referred to as pandemic human H1N1 
receptor interaction frequency, F(0.055) as swine recep-
tor interaction frequency, F(0.076) as avian receptor in-
teraction frequency, and F(0.236) as seasonal human 
H1N1 receptor interaction frequency. 

 
Table 1. Characteristic IS frequencies of HA proteins in 2009 H1N1, swine H1N1/H1N2, avian H5N1, and seasonal human H1N1. 

Subtype 2009 H1N1 Swine H1N2/H1N1 Avian H5N1 Seasonal human H1N1 

Frequency F(0.295) F(0.055) F(0.076) F(0.236) 

Table 2. The receptor recognition domains of HA proteins in H1N1, H3N2, H5N1, and H7N7 influenza viruses. 

Strain Frequency Residues 
A/California/04/2009 (H1N1) F(0.295) 284 – 326 

A/Hong Kong/213/03 (H5N1) F(0.076) 42 – 75 
A/New Caledonia/20/99 (H1N1) F(0.236) 262 – 295 
A/New York/383/2004 (H3N2) F(0.363) 57 – 90 
A/equine/Prague/56 (H7N7) F(0.285) 28 – 61 
A/Egypt/0636-NAMRU3/2007(H5N1) F(0.236) 99 – 132 
A/South Carolina/1/18 (H1N1)) F(0.258) 87 – 120 
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Figure 1. The informational spectrum of a highly conserved domain in 2009 H1N1 
found in [12], which is also a part of Figure 5 in [12]. 

 
Their analysis also found the following receptor rec-

ognition domains in HA proteins from H1N1, H3N2, 
H5N1, and H7N7 (Table 2). The IS of one such domain 
in A/California/04/2009 was displayed in Figure 1, which 
was a reproduced figure in [12]. 

2. MATERIALS AND METHODS 

2.1. Sequence Data 

All HA sequences were retrieved from the Influenza Virus 
Resource (http://www.ncbi/nlm.nih.giv/genomes/FLU/ 
FLU.html) of the National Center for Biotechnology 
Information (NCBI) on Nov. 20, 2009. Only the full 
length and unique sequences were selected. There were 
450 HA sequences of human 2009 H1N1, 1228 HA se-
quences of avian H5N1 from 1959 to 2009, and 83 HA 
sequences of swine H1N2 from 1980 to 2009. All the 
sequences used in the study were aligned with MAFFT 
[14]. 

2.2. Entropy 

In information theory [15], entropy is a measure of dis-
order or randomness associated with a random variable. 
Let x  be a discrete random variable that has a set of 

possible values    with probabilities 

 where 


)i ip

1 2 3, , ,... na a a a

(P x a 3 ,... np1 2, ,p p p   . The entropy H 

of x  is 

( ) li i og iH x p  p  

In the current study, each of the n columns in a multi-
ple sequence alignment of a set of HA sequences of N 
residues is considered as a discrete random variable ix  

(1 ≤i ≤N) that takes on one of the 20 (n=20) amino acid 
types with some probability. ( )iH x

)i

 has its minimum 

value 0 if all the residues at position i are the same, and 
achieves its maximum if all the 20 amino acid types ap-
pear with equal probability at position i, which can be 
verified by the Lagrange multiplier technique. A position 
of high entropy means that the amino acids are often 
varied at this position. (H x  measures the genetic 

diversity at position i in our current study. A brief over-
view of the extensive applications of entropy in se-
quence analysis, in particular the flu virus sequences, 
can be found in [6]. 

2.3. Important Sites in HA 

Although there is a great variation due to high selection 
pressure in the HA1 sequences of various flu subtypes, 
the active site of HA1 is well conserved, which is lo-
cated in a cleft composed of the residues 91, 150, 152, 
180, 187, 191, and 192 [16]. The three amino acids at 
positions 187, 191 and 192 are a part of the 190 helix. 
The active site cleft of HA is formed by its right edge 
(131_GVTAA) and left edge (221_RGQAGR) (H1 num- 
bering), which are also commonly referred to as the 130 
loop and 220 loop, respectively [17]. 

The human immune system responds primarily to the 
five epitope regions, A, B, C, D, and E, of the HA pro-
tein in H1N1. Table 3 presents the 160 amino acids on 
the five epitope regions of HA in H1 subtype as discov-
ered in [18]. 

2.4. Informational Spectrum Method 

The informational spectrum method is a bioinformatics 

http://www.ncbi/nlm.nih.giv/genomes/FLU/%20FLU.html
http://www.ncbi/nlm.nih.giv/genomes/FLU/%20FLU.html
http://en.wikipedia.org/wiki/Information_theory
http://en.wikipedia.org/wiki/Random_variable
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technique that can be utilized to analyze protein sequences. 
Prior to this analysis, the protein sequences have to be 
translated into numerical sequences. One such approach 
is to assign each amino acid to its electron-ion interac-
tion potential (EIIP), which represents the average en-
ergy of the valence electrons in the amino acid (Table 4). 
The application of EIIP to protein function analysis as-
sumes that the strength of the electromagnetic field sur-
rounding the protein is indicative of its biological func-
tion. This method was successful in revealing various 
protein properties [8]. 

The numerical sequence ( )x m

)

 of a protein sequence 

is transformed into the frequency domain using DFT. 
The DFT coefficients (x n  are defined as 

2

( ) ( )
j nm

NX n x m e
   

       1, 2,... 2n N  

where N is the length of sequence ( )x m . 

The energy density spectrum is defined as 
 

2*( ) ( ) ( ) ( ) ,S n X n X n X n    1, 2,... 2n N  

The informational spectrum (IS) of a sequence  
comprises the frequencies and the amplitudes of its DFT. 

)(mx

Peak frequencies of IS of a protein sequence reflect 
its biological or biochemical functions. To determine 
the same biological or biochemical functions of a group 
of protein sequences, a consensus informational spec-
trum (CIS) can be used, which is defined as the prod-
uct of energy density spectrum  of each sequence 
in the group. A measure of similarity for each peak is 
a signal-to-noise ratio (S/N), which is defined as a 
ratio of signal density to the mean value of the whole 
spectrum [12]. The theory of CIS [8] states that: 

( )S n

1) One peak only exits for a group of protein se-
quences sharing the same biological function. 

2) No signal peak exists for biologically unrelated 
protein sequences. 

3) Peak frequencies are different for different bio-
logical functions.

Table 3. Amino acids on epitopes A, B, C, D, and E of H1 subtype (A/California/04/2009 numbering) from [18]. 

Epitope Amino acids Number of amino acids 

A 
118,120,121,122,126,127,128,129,132,133,134,135,137,139,140,141,142,143,146,14
7,149,165,252,253 

24 

B 
124,125,152,153,154,155,156,157,160,162,183,184,185,186,187,189,190,191,193,19
4,195,196 

22 

C 
34,35,36,37,38,40,41,43,44,45,269,270,271,272,273,274,276,277,278,283,288,292,2
95,297,298,302,303,305,306,307,308,309,310 

32 

D 
170,171,172,173,174,176,179,198,200,202,204,205,206,207,208,209,210,211,212,21
3,214,215,216,222,223,224,225,226,227,235,237,239,241,243,244,245 

48 

E 
47,48,50,51,53,54,56,57,58,66,68,69,70,71,72,73,74,75,78,79,80,82,83,84,85,86,102,
257,258,259,260,261,263,267 

34 

 
Table 4. The electron-ion interaction potential (EIIP) of amino acids used to encode amino acids. 

Amino acid EIIP  Amino acid EIIP 

L 0.0000  Y 0.0516 

I 0.0000  W 0.0548 

N 0.0036  Q 0.0761 

G 0.0050  M 0.0823 

E 0.0057  S 0.0829 

V 0.0058  C 0.0829 

P 0.0198  T 0.0941 

H 0.0242  F 0.0946 

K 0.0371  R 0.0959 

A 0.0373  D 0.1263 
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2.5. Three Consensus HA1 Sequences of 2009 

Human H1N1, Avian H5N1, and Swine N1N2 

We employed MAFFT to align the three consensus HA1 
sequences of 2009 H1N1, avian H5N1, and swine H1N2 
(Figure 2). Each consensus sequence was then used in 
the ISM analysis to find the highly conserved domains in 
HA1 of different influenza subtypes. 

3. RESULTS 

As demonstrated in [12,13], the HA1 sequences in vari-
ous influenza subtypes had a distinct propensity to in-
teract with a specific receptor, and there was a region in 
HA1 encoding highly conserved information that might 
be associated with the binding preference. The main task 
of the present study is to explore the other parts of the 
HA1 sequences to find domains of the same biological 
function. Entropy of HA1 in each subtype of 2009 H1N1, 
swine H1N2, and avian H5N1 was calculated, which 

illustrated the most conserved positions in the HA1 se-
quences of each subtype (Figures 5, 7, and 10). The ISM 
bioinformatics technique was applied to the three con-
sensus HA1 sequences as presented in Figure 2 to un-
cover the conserved domains in HA1, which might 
modulate receptor specificity in each subtype. In contrast, 
the ISM analysis in [12,13] was applied to a particular 
selected strain in a subtype such as A/California/04/2009 
in 2009 H1N1 to find a conserved region. On the whole, 
the conserved domains discovered by our approach us-
ing a consensus sequence had more coverage to different 
sequences in a subtype than the single strain approach in 
[12,13]. 

3.1. Conserved Domains in HA1 of 2009 H1N1 

We discovered three domains in HA1 of 2009 H1N1, 
which were located at residue positions 106 to 130, 150 
to 174, and 191 to 221. The consensus sequences of the-
ses domains were SSVSSFERFEIFPKTSSWPNHDSNK,  

 
                                        1                                                                     60 

1 2009  H1N1                  DTLCIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDKHNGKLCKLRGVAPLHLGKCNIAGW 
2 Swine H1N1                  DTLCIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDRHNGKLCKLRGVAPLHLGKCNIAGW 
3 Avian H5N1                  DQICIGYHANNSTEQVDTIMEKNVTVTHAQDILEKTHNGKLCDLDGVKPLILRDCSVAGW 

                                     * :**********: ***::********: ::**. ******.* ** ** * .*.:*** 
 
                                     61                                                                  120 

1 2009  H1N1                  ILGNPECESLSTASSWSYIVETSSSDNGTCYPGDFIDYEELREQLSSVSSFERFEIFPKT 
2 Swine H1N2                  LLGNPECESLFTASSWSYIVETSNSDNGTCYPGDFINYEELREQLSSVSSFERFEIFPKE 
3 Avian H5N1                  LLGNPMCDEFINVPEWSYIVEKANPANDLCYPGNFNDYEELKHLLSRINHFEKIQIIPK- 

                                     :**** *:.: ....******.:.. *. ****:* :****:. ** :. **:::*:**  
           
                                     121             right edge                                                                                180 

1 2009  H1N1                  SSWPNHDSNKGVTAACPHAGAKSFYKNLIWLVKKGNSYPKLSKSYINDKGKEVLVLWGIH 
2 Swine H1N2                  SSWPNHDTNRGVTAACPHAGANSFYRNLIWLVKKGNSYPKLSKSYINNKEKEVLVLWGIH 
3 Avian H5N1                  SSWSDHEASSGVSSACPYQGRSSFFRNVVWLIKKNNAYPTIKRSYNNTNQEDLLVLWGIH 

                                     ***.:*::. **::***: * .**::*::**:**.*:**.:.:** * : :::******* 
 
                                     181                                                                      left edge                      240 

1 2009  H1N1                  HPSTSADQQSLYQNADAYVFVGSSRYSKKFKPEIAIRPKVRDQEGRMNYYWTLVEPGDKI 
2 Swine H1N2                  HPSTSADQQSLYQNADAYVFVGSSHYSKKFTPEIAKRPKVRDQAGRMNYYWTLVEPGDTI 
3 Avian H5N1                  HPNDAAEQTRLYQNPTTYISVGTSTLNQRLVPKIATRSKVNGQSGRMEFFWTILKPNDAI 

                                     **. :*:*  ****. :*: **:*  .::: *:** *.**..* ***:::**:::*.* * 
 
                                      241                                                                                                 300 

1 2009  H1N1                  TFEATGNLVVPRYAFAMERNAGSGIIISDTPVHDCNTTCQTPKGAINTSLPFQNIHPITI 
2 Swine H1N2                  TFEATGNLVVPRYAFALKRGSGSGIIISDTSVHDCNTTCQTPKGAINTSLPFQNIHPVTI 
3 Avian H5N1                  NFESNGNFIAPEYAYKIVKKGDSTIMKSELEYGNCNTKCQTPMGAINSSMPFHNIHPLTI 

                                     .**:.**::.*.**: : : ..* *: *:    :***.**** ****:*:**:****:** 
 
                                    301                                         328 

1 2009  H1N1                 GKCPKYVKSTKLRLATGLRNVPSIQSR- 
2 Swine H1N2                 GECPKYVKSTKLRMATGLRNIPSIQSR- 
3 Avian H5N1                 GECPKYVKSNRLVLATGLRNSPQRERRR 

                                    *:*******.:* :****** *. : *  

Figure 2. Multiple sequence alignment of three consensus HA1 sequences in 2009 H1N1, swine H1N2, and avian 
H5N1. The binding sites in HA are colored in red, and the left and right edges of the binding cleft are printed in bold-
face type. 
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Figure 3. The four plots show in 3D structure the four highly conserved domains found in this study, three domains in 2009 H1N1 
and one domain in swine H1N2. Binding sites are colored in red, two edges of the binding cleft in pink,  domain 106:130 in 2009 
H1N1 in yellow, domain 150:174 in 2009 H1N1 in green, domain 191:221 in 2009 H1N1 in blue, and domain 1:29 in swine 
H1N2 in orange (PDB code: 1RU7). 
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Figure 4. The top left plot shows the informational spectrum of consensus HA1 sequence in 2009 H1N1. The other three plots show 
the informational spectrum of the three conserved domains in 2009 H1N1 found in this study, 106:130, 150:174, and 191:221, re-
spectively. 
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WLVKKGNSYPKLSKSYINDKGKEVLV, and LYQND- 
AYVFVGSSRYSKKFKPEIAIRPKVR, respectively, and 
the ISs of these three domains and the consensus HA1 
sequence in 2009 H1N1 were plotted in Figure 4. The IS 
of the consensus HA1 sequence in 2009 H1N1displayed 
a dominant peak at frequency F(0.295) and a less 
prominent peak at frequency F(0.055). The domain 
106:130 was next to the right edge of the active site cleft 
of HA1 and overlapping with epitopes A and B (Table 1), 
the domain 150:174 contained two binding sites 150 and 
152 and overlapping with epitopes B and D, and the 
domain 191:221 contained the 190 helix and was over-
lapping with epitopes B and D. The important locations 
of these three domains found in HA1 exhibited their 
significant roles in the binding affinity for 2009 H1N1. 
As seen from the entropy distribution in Figure 5, these 
three domains were highly conserved. They were dis-
played with four different views in the H1 3D model in 
Figure 3. In [12], a similar domain was found in the 

C-terminus of the HA protein consisting of residues 284 
– 326. 

3.2. Conserved Domains in HA1 of Swine H1N2 

In [12], the sequences of swine H1N1 and H1N2 were 
combined into a single dataset for analysis. Here the 
swine H1N2 was discussed as a single dataset. We found 
one domain in HA1 of swine H1N2, which was located 
in the N-terminus of the protein at residues 1 to 29, and 
its consensus sequence was DTLCIGYHANNSTDTV- 
DTVLEKNVTVTHS. The domain 1:29 found here was 
presented with four different views in the H1 3D model 
in Figure 3, along with the three domains discovered in 
HA1 in 2009 H1N1. The ISs of the domain 1:29 and the 
consensus HA1 sequence in swine H1N2 were displayed 
in Figure 6. The IS of the consensus HA1 sequence in 
swine H1N2 revealed two dominant peaks at frequencies 
of F(0.055) and F(0.295). The entropy in Figure 5 sug-
gested that the domain 1:29 was well conserved. 

 

 

Figure 5. Entropy distribution of HA1 in 2009 H1N1. 
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Figure 6. The left plot shows the informational spectrum of consensus HA1 sequence of swine H1N2, and the right plot shows the 
informational spectrum of one conserved domain 1:29 in swine H1N2 found in this study. 
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Figure 7. Entropy distribution of HA1 in swine H1N2. 

 

    
Figure 8. The four plots show in 3D structure the three highly conserved domains found in this study in avian H5N1. Binding 
sites are colored in red, two edges of the binding cleft in pink, domain 45:65 in yellow, domain 136:153 in green, and domain 
269:286 in blue (PDB code: 2IBX). 

 
3.3. Conserved Domains in HA1 of Avian H5N1 

We uncovered three domains in HA1 of avian H5N1, 
which were located at residue positions 46 to 65, 136 to 
153, and 269 to 286. Their consensus sequences were 
GVKPLILRDCSVAGWLLGNP, PYQGRSSFFRNVVW- 
LIKK, and LEYGNCNTKCQTPMGAIN, respectively, 
and the ISs of these three domains and the consensus H- 
A1 sequence in avian H5N1 were illustrated in Figure 9. 
The IS of the consensus HA1 sequence in avian H5N1 
demonstrated two dominant peaks at frequencies F 
(0.076) and F(0.236). The three highly conserved do-
mains identified here were exhibited with four different 
views in the H5 3D model in Figure 8. The entropy dis-
tribution in Figure 10 implied that the three domains 
were well conserved, and the HA1 sequences of avian 
H5N1 were quite stable, in contrast to that of 2009 
H1N1 and swine H1N2. In [12], a similar domain was 
found in the N-terminus of the HA protein comprising 
residues 42 – 75, which encompassed the domain 46:65 

found in this study. The epitope mapping analysis in 
[19,20,21] reported that several anti-HA monoclonal 
antibodies (MAbs) could recognize the amino acids of 
HA at positions 1 – 86, 20 – 312, 136 – 141, 151 – 162, 
and 273 – 342, illustrating that our domains might be 
recognized by these MAbs. 

4. DISCUSSION 

The main findings of this study were presented in Table 
5, which showed the locations, the characteristic fre-
quencies, and the consensus sequences of the highly 
conserved domains in HA1 discovered in each subtype. 
The domains in Table 5 are shorter than those discov-
ered in [12,13], implying that they were more easily 
conserved by the HA sequences than their longer coun-
terparts. Furthermore, the identified multiple domains in 
HA1 could provide more options than those found in the 
previous studies to design new therapeutic targets for 
drug development. Finally, because a consensus sequence 
of each subtype was employed to find these multiple 
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Figure 9. The top left plot shows the informational spectrum of consensus HA1 sequence in avian H5N1. The other three plots show 
the informational spectrum of the three conserved domains in avian H5N1 found in this study, 46:65, 136:153, and 269:286, respec-
tively. 

 

 

Figure 10. Entropy distribution of HA1 in avian H5N1. 
 

Table 5. The receptor recognition domains of HA proteins in 2009 H1N1, swine H1N2, and avian H5N1 influenza viruses. 

Subtype Frequency Residues Consensus Sequence 

2009 H1N1 F(0.295) 106 – 130 SSVSSFERFEIFPKTSSWPNHDSNK 

2009 H1N1 F(0.295) 150 – 174 WLVKKGNSYPKLSKSYINDKGKEVLV 

2009 H1N1 F(0.295) 191 – 221 LYQNADAYVFVGSSRYSKKFKPEIAIRPKVR 

Swine H1N2 F(0.055) 1 – 29 DTLCIGYHANNSTDTVDTVLEKNVTVTHS 

Avian H5N1 F(0.076) 46 – 65 GVKPLILRDCSVAGWLLGNP 

Avian H5N1 F(0.076) 136 – 153 PYQGRSSFFRNVVWLIKK 

Avian H5N1 F(0.076) 269 – 286 LEYGNCNTKCQTPMGAIN 
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domains in HA1, they are more representative of the 
strains in each subtype than those obtained in the previ-
ous studies. 

5. CONCLUSIONS 

Identifying the conserved characteristics of influenza 
viruses relevant to receptor binding preference is an im-
portant topic in flu research. The informational and 
structural properties of HA1 associated with recep-
tor-virus interaction in different subtypes were investi-
gated in [12,13]. To extend the previous results, we 
aimed to uncover multiple domains in HA1 of 2009 
H1N1 and avian H5N1 that might modulate the receptor 
binding patterns, thus to expand our repertoire of these 
key regions in HA1. Due to the important locations of 
these domains, they might serve as potential targets for 
new drugs and treatment of influenza infection. 

The observations in [12,13] suggested that the 2009 
H1N1 strains will continue to mutate in their HA gene, 
which could further favor the human interaction pattern 
by increasing the amplitude at frequency F(0.295) and at 
the same time decreasing that at frequency F(0.055). 
Given this trend, we must remain vigilant for additional 
mutations that can render a switch of the binding pref-
erence of 2009 H1N1. 
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ABSTRACT 

Pig aorta samples were tested uniaxially and equi- 
biaxially at deformation rates from 10 to 200 %/s. 
Under uniaxial and biaxial testing, loading forces 
were reduced up to 20% when the deformation rate 
was increased from 10 to 200 %/s, which is the opp- 
osite to the behaviour seen in other biological tissues. 
A rate-dependent isotropic hyperelastic constitutive 
equation, derived from the Mooney-Rivlin model, 
was fitted to the experimental results (e.g. aorta 
specimens) using an inverse finite element technique. 
In the proposed model, one of the material par- 
ameters is a linear function of the deformation rate. 
The inverse relationship between stiffness and defo- 
rmation rate raises doubts on the hypothesized rel- 
ationship between intramural stress, arterial injury, 
and restenosis. 
 
Keywords: Mechanical Properties; Artery; Uniaxial & 
Biaxial Testing; Deformation Rate; Viscoelasticity;  
Constitutive Model 

1. INTRODUCTION 

The knowledge of the viscoelastic properties is impor-
tant to predict the biomechanical behaviour of soft tis-
sues. To model their viscoelastic behaviour, first one 
performs appropriate mechanical tests to characterize de- 
formation-rate effects, and then one selects a constitutive 
equation capable of representing those effects. Material 
parameter estimation is fundamental for posterior simu-
lation of soft tissue at boundary conditions not selected 
in the experimental protocol. 

The effect of deformation rate on the mechanical 
properties of soft biological tissues has been investigated, 
in particular for ligaments [1-7], tendons [4,7-9], spines 
[10-13], bones [14-17], liver [18], heart valves [19,20] 
and myocardium [21,22]. Most biological tissues stiffen 
with increasing deformation rate [4,7,9,11-13, 17]. This 

time-dependent behavior has been described by viscoe-
lastic constitutive models [6,22-26]. However, it was 
recently demonstrated that some biological tissues, such 
as liver, myocardium and skin, soften with increasing 
deformation rate [18,22]. Deformation rate effects of 
arteries, in particular thoracic aorta, were not included in 
previous studies. 

Overstretch injury to the arterial wall during an an-
gioplasty or stenting procedure has been shown to be 
correlated to the incidence of restenosis, i.e. in-growing 
tissue re-blocking the artery lumen [26,27]. Based on the 
hypothesis that lower deformation rate results in lower 
intramural stresses, slow balloon inflation has been pro-
posed as a means to minimize vascular injury and reduce 
restenosis incidence [28]. Early studies did not conclude 
there was any difference in restenosis rates between 
conventional and slow balloon inflation [28-30], while 
some observed better immediate results [31,32]. In more 
recent studies, significantly lower restenosis rates were 
clinically observed with slow balloon inflation [33,34]. 
Slow stent deployment has also been proposed as a 
means to minimize arterial injury [35]. 

Finite element simulation of angioplasty and stenting 
can be used to optimize angioplasty procedure parame-
ters, such as inflation pressure [36-40]. Optimization of 
inflation pressure rate requires accurate constitutive mo- 
deling of artery behavior including the effect of defor-
mation rate. Numerous experimental studies have been 
performed to characterize the mechanical behaviour of 
arteries in vitro [41-44]. However, only a single defor-
mation rate was used. 

The objective of this study is thus to measure and 
model the effect of deformation rate on the tensile be-
havior of the arteries (e.g. pig aortas). In other words, the 
intention of this paper is to investigate experimentally 
the dependence of uniaxial and biaxial extensional str- 
etching of arterial wall on the deformation-rate, and 
consequently to modeling the experimental data by me- 
ans of an appropriate constitutive equation. 
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2. MATERIALS AND METHODS 

2.1. Experimental Setup 

Five thoracic aortas were harvested within the day of 
death of pigs from a local slaughterhouse and cleaned of 
remaining connective tissue. Then each artery was cut 
open along its length, and cut out in rectangular and cru- 
ciform-shaped specimens. The thickness of all specim- 
ens was measured with a vernier caliper (mean 2.4 mm, 
standard deviation 0.2 mm). Twelve samples were ob-
tained from the five aortas: 8 rectangular samples (4 
were cut in circumferential direction and 4 in axial di-
rection) and 4 cruciform samples. Samples were stored 
in isotonic saline solution at 4℃ for no longer than 8 
hours prior to testing. 

Rectangular and cruciform samples were used for uni- 
axial and biaxial testing, respectively. Rectangular sam-
ples were 40 mm long and 4 mm wide, but only 20 mm 
of the sample were free to deform. The distance bet- 
ween grips in cruciform samples was 40 mm. A nominal 
stretch ratio of 1.5 was applied to avoid permanent de-
formation on the tissue. 

Uniaxial and biaxial testing was carried on a planar 
biaxial test bench (Bose Corporation, Minnetonka, MN) 
capable of applying a peak force of 200 N over a dis-
placement range of 12 mm per actuator. A saline bath 
maintained at body temperature (37℃) was used. Sam-
ples were mounted in horizontal configuration with the 
help of grip clamps to the arms extending from the ac-
tuators over the top of the bath. 

Each sample was subjected to triangular wave form 
displacements of 1.5 stretch ratio of amplitude, and de-
formation rates of 10, 50, 100, 120, 140, 160, 180 and 
200 %/s, which correspond to frequencies of 0.1, 0.5, 1.0, 
1.2, 1.4, 1.6, 1.8 and 2.0 Hz. Half of the samples were 
subjected to deformation rates in the following order: 
160, 120, 50, 200, 140, 100, 10 and 180 %/s (randomly 
tested), and the other half were tested from 10 to 200 
%/s in ascending order in order to be confident that the 
deformation rate effect observed do not depend on the 
testing procedure order. In vivo, the artery is constantly 
submitted to stresses while the tissue is inflated-deflated 
due to blood pressure. In order to mimic in vivo loading 
conditions during in vitro tests, pre-conditioning cycles 
are required. Each test lasted for ten cycles. The first five 
cycles were used to pre-condition the tissue in order to 
reach a steady-state behavior. The force-stretch data was 

averaged over the last five cycles. 

2.2. Statistical Analysis 

The experimental data obtained in uniaxial and biaxial 
testing are represented in mostly all figures in this chap-
ter as the mean value   the standard errors (i.e. Figure 
3). The medians rather than the means are plotted only in 
Figure 6. As shown in Table 1, twenty loading-unload- 
ing cycles were used to obtain the circumferential and 
axial force-stretch mean curves per deformation rate and 
testing condition. Circumferential and axial forces at 1.5 
stretch ratio from both uniaxial and biaxial tests were 
used to calculate the medians, ranges (percentile be-
tween 75% – 25%) and  values with the help of the 
statistical tests selected. A multiple comparison between 
forces belonging to all groups (i.e. experimental forces 
obtained at each deformation rate belong to one group) 
was performed to study the significance of the effect of 
deformation rate using the ANOVA Friedman statistic 
test for dependent variables. The Wilcoxon test was also 
used to compare all deformation rate forces by pairs (i.e. 
forces at the highest deformation rate, 200%/s, with 
forces at the lowest deformation rate, 10%/s). In order to 
identify if the effect of deformation rate is more signifi-
cant than the effect of anisotropy, circumferential and 
axial forces at each deformation rate were also compared 
using the Wilcoxon test. A 0.05 level of significance 
(

p

0.05p  ) were selected for the Friedman and Wil-
coxon tests. 

2.3. Inverse Modeling 

An inverse modeling technique was used to adjust the 
parameters of the proposed constitutive model (desc- 
ribed below in the results section). The reaction forces at 
the boundaries (grips) were predicted by finite element 
simulation of the experiment consisting of applying dis-
placement conditions on a mesh of the same size and sh- 
ape as the sample. In an optimization loop, the material 
properties were iteratively adjusted until the following 
objective function was minimized, which occurs when a 
set of force-displacement experimental data matches the 
values calculated by the model: 

( ) ( ) ( )Biaxial UniaxialS c S c S c            (1) 

The objective function to be minimized is the sum of 
uniaxial and biaxial cruciform objective functions. 

Table 1. Number of force-stretch experimental data averaged per deformation rate. 

Testing condition Specimen direction Number of specimens Number of cycles per specimen Total number of cycles 

Uniaxial Circumferential 4 5 20 

 Axial 4 5 20 

Biaxial - 4 5 20 
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Figure 1. Mesh and boundary conditions 
used in simultaneous simulation of unia- 
xial and biaxial testing. 

 

 
Figure 2. Loading-unloading circumferential forcestretch 
cycles of a typical biaxial cruciform sample: Five steady- 
state cycles at a deformation rate of 100%/s. 
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where  is the vector of unknown material properties; c

xd  and  are the applied displacements; yd ( , )x x yF d d  

and ( , )yy xF d d  are the experimentally measured reaction 

forces at the grips; and ( , , )x x yf d d c  and ( , , )y x yf d d c  

are the reaction forces predicted by the finite element 
model in biaxial cruciform extension;  is the total 
number of data points gathered in the experiments. 

N

 2

1

( ) ( ) ( , )
N

Uniaxial
i i

S c F d f d c


 

 
Figure 3. Sample to sample variability of thoracic 
aorta. Open diamonds and squares represent the mean 
force-stretch behavior at 10 and 200 %/s, respectively 
(n = 4): (a) circumferential, and (b) axial directions. 
Standard error bars are also shown. 

 
Uniaxial extension predicted forces ( ( , )f d c ) were 

fitted to the average of circumferential and axial reaction 
forces ( ( )F d );  is the applied displacement in uni-

axial extension. 

d

A combined uniaxial-biaxial mesh was used to simul-
taneously simulate uniaxial and biaxial testing condi-
tions (Figure 1). Only one quarter of the rectangular and 
the cruciform sample area free to deform between the 
grips was meshed due to symmetry. The uniaxial and 
biaxial cruciform mesh-sections are linked together at 
the origin. Boundary conditions are shown in Figure 1. 
In some cases, a small stretch shift was applied to the 
experimental results to obtain better agreement between 
uniaxial and biaxial fits. 

3. RESULTS 

3.1. Experimental Results 

Figure 2 shows cycle-to-cycle variability between cy- 
cles 6 and 10, for a typical sample tested biaxially at a 
deformation rate of 100%/s. Cycle-to-cycle variability 
was observed to be small for all cases. 


      (3) 

Figure 3 shows the standard error bars (sample-to- 
sample variability) of circumferential and axial forces at 
the lowest (10 %/s) and highest (200 %/s) deformation 
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rates. Similar standard errors were obtained with the oth- 
er deformation rates. 

Figure 4 shows the effect of deformation rate on the 
circumferential behavior of thoracic aorta from uniaxial 
and biaxial testing. Lower forces were observed at hig- 
her than at lower deformation rates. In particular, a 20% 
lower force was observed at 1.5 stretch ratio with the 
lowest deformation rate (10%/s) compared to the highest 
deformation rate (200%/s). The same phenomenon was 
observed in the axial direction (Figure 5). 

 

 

Figure 4. Effect of deformation rate on the force vs. 
stretch ratio curve of arteries: Circumferential force vs. 
stretch ratio curves in uniaxial and biaxial testing. 

 

 

Figure 5. Effect of deformation rate on the force vs. 
stretch ratio curve of arteries: Axial force vs. stretch ratio 
curves in uniaxial and biaxial testing. 

Figure 6 shows the median, percentiles (75% – 25%) 
and the ANOVA Friedman test  value obtained using 

the forces at 1.5 stretch ratio for each deformation rate. 
Significant  differences ( ) were observed, with 

the highest significant differences under biaxial testing 
(

p

0.05p 

0.002p  ). 

Table 2 shows Wilcoxon test  values of uniaxial 

and biaxial data of some of the deformation rate pairs 
analyzed (i.e. comparison of the force at the maximum 
deformation rate with the forces at other deformation 
rates). Marginally significant differences were observed 
in the forces of mostly all deformation rates. Similar  

values were obtained in the other comparisons (i.e. 
50%/s vs. all deformation rates). 

p

p

In Figure 7, circumferential and axial forces at 1.5 
stretch ratio of a typical sample are plotted against de-
formation rate. In this figure, one can observe that the 
effect of deformation rate (20 % difference in force be-
tween smallest and highest deformation rate) is ap-
proximately twice as large as the effect of anisotropy 
(difference in force between circumferential and axial 
directions). This supports the hypothesis of modelling 
deformation-rate effects with an isotropic model. 

Table 3 shows  values calculated using the Wil-

coxon test comparing the circumferential force to the 
axial force at 1.5 stretch ratio per each deformation rate. 

p

3.2. Constitutive Modeling 

Based on the experimental results, it was assumed that 
the arterial wall behaves as a pseudoelastic material [45], 
where the stress is independent of the loading path. Thus, 
we propose a new rate-dependant isotropic hyperelastic 
model, based on the Mooney-Rivlin model [46] given by 
the following strain energy density function: 

     1 2 1 2
, 0

, 3
i

ij
i j

W I I a I I




   3
j

       (4) 

The Mooney-Rivlin model is a function of the 1st and 
2nd invariants ( 1I , 2I ) of the Green-Cauchy tensor: 

2 2
1 1 2I 2

3                      (5) 

2 2 2 2 2 2
2 1 2 2 3 3 1I                       (6) 

where 1 , 2 and 3  are the principal stretch ratios.  

In its most common expression, only five parameters 
are selected ( , , , , ) and the strain energy 

function reduces to: 
10a 01a 11a 20a 30a

10 1 01 2 11 1 2
2 3

20 1 30 1

( 3) ( 3) ( 3)( 3
( 3) ( 3)

W a I a I a I I
a I a I

)      
   

   (7) 

The underlying hypothesis for using the Mooney- 
Rivlin model is that one or some of the five parameters 
vary with deformation rate. This can be modeled by 
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Figure 6. Deformation rate effect on (a, b) uniaxial and (c, d) biaxial forces at maximum stretch ratio ( 1.5  ): (a, c) 
circumferential and (b, d) axial direction. 

 
Table 2. Effect of deformation rate:Wilcoxon test p values. 

Type of test Uniaxial Biaxial 

Force Circumferential Axial Circumferential Axial 

Deformation rate (%/s) 200 

10 0.07 0.07 0.07 0.07 

50 0.07 0.07 0.07 0.07 

100 0.14 0.07 0.07 0.07 

120 0.07 0.07 0.07 0.07 

140 0.07 0.07 0.07 0.07 

160 0.07 0.07 0.07 0.07 

180 0.37 0.07 0.72 0.42 

 
Table 3. Effect of anisotropy (Circumferential vs. axial forces, n = 4): Wilcoxon test p values. 

Deformation rate (%/s) Uniaxial Biaxial 

10 0.47 0.47 
50 0.14 0.47 
100 0.27 0.47 
120 0.14 0.47 
140 0.27 0.47 
160 0.14 0.47 
180 0.14 0.47 
200 0.14 0.47 

 JBiSE 
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Table 4. First simulation results (material parameters) of uniaxial and biaxial cruciform tests. 

 M-R Fitted Parameter Values (kPa)  

Deformation Rate (%/s) 10a  01a  11a  20a  30a  SUM/n x 10-03 (n = 24) 

10 9.25 7.57 5.77 6.94 4.43 2.69 
50 9.21 7.45 5.45 6.58 3.64 2.09 

100 8.90 7.23 5.51 6.66 3.86 1.76 
120 9.46 7.66 5.38 6.52 3.03 1.66 
140 9.96 8.07 5.30 6.45 2.36 3.45 
160 9.22 7.47 5.29 6.40 3.24 2.72 
180 9.07 7.32 5.34 6.49 2.95 2.80 
200 8.86 7.17 5.24 6.36 2.80 1.90 

Linear Regression Coefficients & R2  ija A B     

A 9.32 7.60 5.69 6.85 4.27  
B x 10-03 -0.70 -0.90 -2.40 -2.50 -8.20  

R2 0.01 0.04 0.80 0.78 0.65  

 
Table 5. Second simulation results (material parameters) of uniaxial and biaxial cruciform tests. 

 M-R Fitted Parameter Values (kPa)  

Deformation Rate (%/s) 10a  01a  11a  20a  30a  SUM/n x 10-03 (n = 24) 

10 4.99 2.64 
50 3.66 2.18 
100 3.74 1.88 
120 3.16 1.68 
140 

9.24 7.79 5.41 
2.75 

6.55 
3.56 

160 3.06 2.83 
180 2.72 2.98 
200 2.26 1.98 

Linear Regression Coefficients & R2  ija A B     

A - - - - 4.76  
B x 10-03 - - - - - 1 2 . 2 0  

R2 - - - - 0.88  

 

 

Figure 7. Comparison of the effect of deformation rate 
versus the effect of anisotropy. Typical sample forces at 
maximum stretch ratio (1.5). 

 
making these parameters functions of the deformation 
rate. Those relationships are explored in this work. 

3.3. Inverse Modeling Results 

Initially, all five Mooney-Rivlin parameters were all- 
owed to vary while being limited to a 10-4 kPa to 104 kPa 

value range. Table 4 summarizes the fitted parameters 
obtained for the uniaxial and biaxial cruciform force vs. 
stretch ratio curve averaged for each deformation rate. 

In a second simulation only parameter  was al-

lowed to vary because this was the parameter with the 
highest slope (absolute value of ) in the linear regres-
sions reported in Table 4. The remaining parameters 
were maintained constant by using the average of the 
fitted values obtained for all deformation rates. The fit-
ted parameters obtained are summarized in Table 5. The 
sum of least squares (last column in Tables 4 and 5) 
were almost unchanged when the first four parameters 
were kept constant, supporting the hypothesis that only 

 varies with deformation rate. 

30a

B

30a

Other fits were performed assuming that 11 20 0a a   

 model could be reduced to a simpler form 
(Table 6). First, parameters 10a , 01a  an a were 

wed to vary. The highest regression coefficient (ab-
solute value of B ) and the highest correlationcoeffi-
cient ( 2R ) were tained for 30a . Thus p meters 10a  

to see if the

allo

a

d 30  

raob
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and 01a  e assum d to be constant (i.e. 10 12.59a   

9 P e calculated as the 

average value of the fitted results obtained for all defor-
mation rates. Parameter 30a  was fitted again (Table 7). 

The sum of least squares remained small although higher 
than in the Table 4. Repeated optimization with different 
initial parameter values consistently converged towards 
the same solution. 

kPa , 01 .54a k a ) which wer

Uniaxial and biaxial simulations fitted values of pa- 

rameter  (Table 7) are plotted against deformation 

rate in Figure 8. This parameter decreased from 11 to 8 
kPa when the deformation rate increased from 10 to 200 
%/s, respectively. A quadratic polynomial was also used 
to model the variation of  with deformation rate but 

its correlation coefficient was similar to that obtained 
with a linear relationship, i.e. 0.89 and 0.88 respectively. 
Therefore, the linear fit was preferred over the polyno-
mial fit due to its simplicity. 

30a

30a

 
Table 6. Third simulation results (material parameters) of uniaxial and biaxial cruciform tests. 

 M-R fitted parameter values (kPa)  

Deformation rate (%/s) 10 01aa   11a  20a  30a  SUM/n x 10-03 (n = 24) 

10 12.90 9.72 10.76 2.61 
50 12.35 9.31 9.82 2.68 

100 12.39 9.35 9.86 2.61 
120 12.73 9.65 8.91 3.04 
140 13.38 10.14 7.92 5.17 
160 12.37 9.36 9.12 3.40 
180 12.27 9.35 8.74 4.96 
200 12.35 9.41 

0.00 0.00 

8.17 4.09 

Linear regression coefficients & R2  ija A B     

A 12.76 9.61 - - 10.66  
B x 10-03 -1.50 -0.60 - - -12.50  

R2 0.07 0.02 - - 0.73  

 
Table 7. Final simulation results (material parameters) of uniaxial and biaxial cruciform tests. 

 M-R fitted parameter values (kPa)  

Deformation rate (%/s) 10a  01a  11a  20a  30a  SUM/n x 10-03 (n = 24) 

10 10.91 2.62 
50 9.45 2.78 

100 9.53 2.70 
120 8.87 3.07 
140 8.41 5.33 
160 8.76 3.50 
180 8.38 5.13 
200 

12.59 9.54 0.00 0.00 

7.85 4.21 

Linear regression coefficients & R2  ija A B     

A - - - - 10.66  
B x 10-03 - - - - -13.70  

R2 - - - - 0.88  

 

 

Figure 8. Parameter  dependency on deformation rate 

for both, uniaxial and biaxial extensions. 
30a



J. O. V. Delgadillo et al. / J. Biomedical Science and Engineering 3 (2010) 124-137 

Copyright © 2010 SciRes.                                                                   

131 

JBiSE

 
Table 8. Linear regression adjusted parameters. 

Parameter Units Uniaxial & biaxial cruciform 

A  kPa 10.66 

B̂  kPa*s -2.06 

 

 

Figure 9. Mooney-Rivlin computed reaction forces versus 
stretch ratios in uniaxial and biaxial testing at 10 and 200 
%/s. An increase in the deformation rate decreases the re-
action forces at a particular stretch ratio. 

The following linear equation is proposed for param- 
eter : 30a

 30
ˆ

N

a f A B



 
   

 



where   is the deformation rate in s-1, N  is the 

nominal stretch ratio ( N  = 1.5), A  and  are the 

linear regression coefficients. The strain rate was nor-
malized by the nominal stretch ratio, in order to account 
for the biological variability in peak stretch of aorta 
samples. Table 8 summarizes the adjusted parameters of 
Equation 8. 

B̂

Figure 9 shows the computed forces at the lowest (10 
%/s) and highest (200 %/s) deformation rates. Circum- 
ferential and axial forces were averaged in order to 
clearly exemplify the model prediction of the arterial 
behavior when the deformation rate is increased. 

Although an excellent fit is observed between the bi-
axial data and biaxial simulation, the Modified Mooney- 
Rivlin model does not predict well the uniaxial behavior, 
especially in the nonlinear part of the curve at high stre- 
tch ratios (> 1.45). 

Minimization of the objective function and parameter 
 estimation, using the data gathered at 100%/s defor- 

mation rate, is shown in Figure 10. Figure 10a shows 
the value of the objective function plotted against the 
iteration number in the optimization loop, for three dif-
ferent initial guesses. The objective function was evalu-
ated 50 times in iterations 0 (initial guess) to 9. Figure 
10b illustrates optimization of material parameter . 

30a

30

Figure 11 shows the stress and stretch ratio distribu-
tions (at 1.5 stretch ratio) during uniaxial and biaxial 
testing. Scalar bars of the results at 10, 100 and 200 %/s 
deformation rates are shown for their comparison: One 
can observe the overall reduction of the stresses when 
the deformation rate was increased. The highest non un- 
iform stress distribution was obtained in biaxial testing. 

a

             (8) 

 

 

Figure 10. Optimization of the Mooney-Rivlin parameters for both uniaxial and biaxial tests at a deformation rate of 100%. (a) ob-
jective function, and (b) parameter  values as a function of iteration number, for three different initial guesses for material pa-

rameter : Case_A ( , = 0.1 MPa), Case_B ( , = 1.0 MPa), and Case_C ( , = 0.0001 MPa). 
30a

30a 30a 30a 30a
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Figure 11. Deformed configurations at 1.50 nominal stretch ratio for uniaxial and cruciform mesh: Distribution 
of (a) xx  stress and (b) stretch ratio in the principal direction. The stress and stretch distributions at 10, 100, 

and 200 %/s are shown inside the tables. 

 

                 
Figure 12. Parameter a30 dependency on deformation rate for uniaxial extension: (a) circumferential and (b) axial directions. 

 
3.3.2. Uniaxial Fit 
In order to improve uniaxial simulations, two objective 
functions were defined, one for each direction: 

 2

1

( ) ( ) ( , )
N

x x x x
i i

S c F d f d c


    




        (9) 

 2

1

( ) ( ) ( , )
N

y y y y
i i

S c F d f d c


         (10) 

These objective functions were used to better predict the 
uniaxial extension experimental data. Different mat- 
erial properties were obtained for the circumferential and 
for the axial directions. 

Uniaxial simulations fitted values of parameter  

per deformation rates are shown in Figure 12. This para- 
meter was reduced roughly from 33 to 23 kPa when the 
deformation rate was increased, following the same  

30a
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Figure 13. Mooney-Rivlin computed reaction forces 
versus stretch ratios in uniaxial testing at a deforma-
tion rate of 100 %/s. 

 
Table 9. Mooney-Rivlin fitted parameters in uniaxial extension. 

Parameters (kPa) 
Mooney-Rivlin 

Circumferential Axial 

a10 9.56 9.56 

a01 18.01 7.87 

a11 0.00 0.00 

a20 0.00 0.00 

A  33.64 30.62 

B̂  -5.32 -4.40 

 

trend in circumferential and axial directions. It was also 
observed that material parameter  changed linearly 

as a function of the deformation rate. 
30a

Table 9 summarizes Mooney-Rivlin fitted parameters 
obtained just for uniaxial tests. The values of  ob-

tained per deformation rate were almost 4 times greater 
than  values calculated with the combined uniaxial- 

biaxial simulation. Parameters  and  remained 

almost unchanged in both the uniaxial and combined 
uniaxial-biaxial simulations, with exception of parameter 

 in circumferential direction (i.e. 18 kPa). 

30a

30a

10a 01a

01a

The computed circumferential and axial forces ob-
tained using the Mooney-Rivlin fitted parameters from 
Table 9 in uniaxial tests, at a deformation rate of 100%/s, 
are shown in Figure 13. Uniaxial behaviour in both di-
rections was well predicted. 

Figure 14 shows the stress and stretch ratio distribu-
tion of rectangular samples. The reduction of the stresses 
as the deformation rate increases is observed when the 
stress distribution at each deformation rate is compared 
(scalar bars at 10, 100 and 200 %/s). 

4. DISCUSSION 

Contrary to the conventional understanding of biological  

 

Figure 14. Deformed configurations at 1.50 nominal stretch ratio for uniaxial mesh using the mate-
rial parameters of Table 6.3 (Circumferential direction): distribution of (a) xx  stress and (b) stretch 

ratio in the principal direction. The stress and stretch distributions at 10, 100, and 200 %/s are shown 
inside the tables. 

 
tissue behaviour, it was discovered in this study that the 
stiffness of thoracic aorta decreases with deformation 
rate, which was confirmed by the use of two statistical 
methods. Overall significant differences ( ) in 

the mechanical forces of uniaxial and biaxial experiments 
were found using the ANOVA Friedman statistic test. In 
addition, the Wilcoxon test help us to observe which 
particular pair of deformation rates likely had a tendency 
to be significantly different (i.e. almost all deformation 
rates were different than 200%/s, p ). An increase 

in the sample size for further studies will certainly 
reduce the Wilcoxon test  values obtained. 

0.02p 

0.07

p

Giles et al. [22] observed a similar behaviour in load 
controlled planar biaxial laboratory tests of myocardium 
and skin samples. Hu and Desai [18] studied the varia-
tion of the elastic modulus of pig liver tissue at different 
deformation rates under compression tests, and found 
that at higher strain rates the liver has an apparently 
lower resistance (i.e. softer) to deformation than at lower 
deformation rates. However, under uniaxial displace-
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ment controlled tests, Pioletti et al. [7] found that an 
increase in the deformation rate results in a stiffer mate-
rial response. In their work, they submitted ligament 
samples to deformation rates within 0.1 – 40%/s in as-
cending order. In the present study, thoracic aortas were 
tested over a 10 – 200%/s range of deformation rates. In 
both, uniaxial and biaxial tests, the peak force on the 
arterial samples was around 20% smaller at a deforma-
tion rate of 200%/s than at 10%/s (Figures 3 and 4). 
These results were observed on the average of the five 
steady-state loading cycles, after five-preconditioning 
cycles for each deformation rate. However, similar re-
sults were also observed on the first loading cycle at 
each deformation rate, eliminating the possibility of this 
behavior being due to pre-conditioning. The experimen-
tal procedure was validated by repeating the same ex-
periments on latex and nitrile samples. As expected, the 
effect of deformation rate was opposite in these rubbers 
to what was observed in the arterial samples. An ex-
periment without any sample was performed to measure 
the combined effects of inertia, friction, and water drag 
force, which were found to be negligible, i.e. less than 
10 % of the effect of deformation rate. 

Sample variability between circumferential and axial 
force vs. stretch ratio curves was found to be lower than 
the effect of deformation rate, supporting the use of an 
isotropic constitutive equation to predict the behavior of 
the arterial wall. Isotropic models have also been used to 
model the artery in other studies [43,47-50]. Forces in-
stead of stresses were reported here due to the 
non-homogeneous stress and strain distributions found in 
speci- mens subjected to biaxial tests, where the highest 
and lowest stresses are found near the curved boundaries 
and near the center of the sample, respectively [51]. 
Moreover, researchers who are focused (like us) on ex-
perimental rather than theoretical work will appreciate to 
report the data as raw as possible. 

The main constituents of arterial tissues are collagen 
and elastin. The elastic response of arteries is largely due 
to elastin because elastin is about 1000 times more ex-
tensible than collagen. The proportion of elastin to the 
other arterial constituents is the highest in the aorta. Ela- 
stin chains are crosslinked together to form rubberlike, 
elastic fibers [52]. Each elastin molecule uncoils into a 
more extended conformation when the fiber is stretched 
and recoils spontaneously as soon as the stretching force 
is relaxed. Its elasticity is based on changes in the en-
tropy of the molecular chains, while the material is de-
formed. An imposed strain increases the order in the 
molecular network and thus decreases its entropy. Ac-
cording to the thermodynamic laws, the network would 
try to recover its former shape, increasing their entropy. 

One possible explanation for the observed phenomenon 
is that when elastin is stretched at high rates it would 
attain a highly oriented conformation and as a result the 

cross-links would not be able to bear the load due to 
slippage. However, as the stretch occurs at lower rates, 
the elastin molecules would have more time ava- ilable 
to adjust in order to prevent slippage of the cross-links 
and as a result would be able to bear a higher load. This 
effect can be viewed as an energy dissipation effect 
where at high rates of stretching the energy is dissipated 
rather by the associative flow and the slippage between 
cross-links. At lower rates the energy dissipation is less. 
This effect is similar to the stretching behaviour of 
branched polymers when compared to that of their linear 
counterparts [53,54]. Here elastin at high extensional 
rates would behave more like a linear polymer where the 
linear polymers can slip one past the other to exhibit a 
reduced load mainly due to high oriented conformation 
imposed by the high stretching rate. On the other hand, 
elastin at low extensional rates would behave like a 
branched polymer where the presence of branches pre-
vent cross-linking slippage and as a result bear higher 
loads. 

Moreover, Trepat et al. [55] subjected human airway 
smooth muscle cells to a transient stretch-unstretch ma-
neuver with zero residual macroscale strain, observing 
that the cell promptly fluidizes and then slowly resolidi-
fies. Therefore, is it possible that changes in the align-
ment and configuration of adjacent fibers within the ex-
tracellular matrix occurs as soon as one fiber begins to 
shear over the other (i.e. fluid-like behavior), making 
softer the overall response in the tissue when stretching 
the arterial sample at the highest deformation rate 
(minimum relaxation in the tissue due to short testing 
time). At lower deformation rates, the fibers have more 
time to move back to their original configuration, thus 
restraining their ability to flow (stiffer response). 

The constitutive equation selected here is capable of 
representing the nonlinear elastic behavior of the artery, 
including the effect of deformation rate, with only four 
parameters. It produces a unique curve fitting solution to 
experimental results for each deformation rate. More 
importantly, it was observed that Mooney Rivlin pa-
rameters  and  were not a function of the de-

formation rate. This could imply that they are related to 
the elastic behavior of the artery. A linear relationship 
was obtained between parameter  and the deforma-

tion rate, where the partially elastic contribution is given 
by coefficient 

10a 01a

30a

A  and the deformation rate response is 

given by coefficient . B̂
As shown in Figure 9, the model better fits the biaxial 

data than the uniaxial data. Using higher weights for the 
uniaxial least square differences, it was possible to ob-
tain a better fit for uniaxial data, at the expense of a de-
terioration of the fit for biaxial data. The use of material 
parameters  and  did not improve the fits sig-

nificantly enough to justify increasing the complexity of 
11a 20a
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the model with these two extra parameters. The use of 
anisotropic constitutive equations in future studies might 
reduce this discrepancy between predicted and experi-
mental forces in uniaxial direction. 

Clinical results have shown that slow balloon inflation 
might reduce restenosis. It was hypothesized that the 
slower deformation rate gives as a result lower intr- 
amural stresses and lower arterial injury. This hypothesis 
is contradictory to our results, which would indicate that 
a lower inflation rate would result in higher intramural 
stresses. Other mechanisms might play a role in leading 
to lower restenosis rates, such as endothelium denuda-
tion or artery injury being dependent on stretch ratio 
rather than on intramural stress. 

5. CONCLUSIONS 

In the present study, the effect of deformation rate on the 
mechanical behavior of arteries in vitro under uniaxial 
and biaxial extensions was investigated. It was found 
that the loading force at a stretch ratio of 1.5 is reduced 
by 20 % when the deformation rate is increased from 10 
to 200 %/s, implying that the stiffness of arteries de-
creases with deformation rate. This behavior might be a 
consequence of the faster fluidization and small resolidi-
fication that occurs in the cell at higher deformation 
rates. This effect of deformation rate was observed to be 
higher than the effect of anisotropy. The development of 
an isotropic hyperelastic rate-dependent constitutive 
model, derived from the Mooney-Rivlin hyperelastic 
model, is capable of representing this behavior. In its 
proposed form, the model has only 4 parameters, only 
one of which varies with deformation rate. The small 
number of material parameters and simple formulation 
increase the applicability of this model to numerical 
simulations. The inverse relationship between stiffness 
and deformation rate raises doubts on the hypothesized 
relationship between intramural stress, arterial injury, 
and restenosis. 

Future work might be helpful in order to account the 
entire loading history of the arterial wall by performing 
additional characterizations such as relaxation time ex-
periments, and with the aim of a viscoelastic model. The 
ratio between maximum stretch with balloon and infla-
tion time might be computed as well to observe if the 
same phenomenon appears. 
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ABSTRACT 
Purpose: Selective laser sintering (SLS) is a rapid pro- 
totyping technique applied to produce tissue-engineer- 
ing scaffolds from powder materials. The standard 
scanning technique, however, often produces struts of 
extensive thickness, which means fabrication of high- 
ly porous scaffolds with small overall dimensions is 
quite difficult. Nevertheless, this study aims to over-
come this shortfall. Design/methodology/approach: To 
this end, three scanning methods were evaluated in 
terms of minimum feature size and freedom of design, 
using a test polyamide (PA) material. Polycaprolac-
tone (PCL) was then employed to create highly po-
rous 3D scaffolds using the preferred scanning me- 
thod to produce thin struts. Findings: While in nor-
mal scanning mode some features were well above the 
laser spot diameter, strut thicknesses below the laser 
spot diameter were achieved when using the “outline 
scan” function for PA material. Those achieved for 
PCL were slightly higher and in the 500-800 m range, 
with an average pore size of 400 µm. Investigations 
on the properties of the scaffolds revealed an effective 
compression modulus of the PCL scaffold of 6.5 MPa. 
Furthermore, there was no change in physical or che- 
mical properties when the scaffolds were stored in a 
physiological environment for 7 weeks. Originality/ 
value: Though SLS is considered as a fabrication te- 
chnique for tissue engineering scaffolds, actually pro- 
duced scaffolds did not comply with porosity require-
ments and limitations of the SLS process in produ- 
cing features at the size of the laser beam spot have 
not been discussed. The present paper shows the ca-
pabilities of the SLS process based on two materials 
and presents a method to minimize feature size in 
scaffolds. 

Keywords: Selective Laser Sintering; Rapid Prototyping; 
Scaffolds; Polycaprolactone; Tissue Engineering 

1. INTRODUCTION 

Over the last ten years, there has been significant interest 

in tissue engineering since it offers an alternative ap-
proach with great potential for reconstruction or re-
placement of damaged bone tissues [1-5]. Three main 
elements are required to engineer tissue, namely (i) a 
scaffold, (ii) cells and (iii) a dynamic environment in 
which the cell-scaffold construct are conditioned [6-8]. 
Current bone tissue engineering techniques employ the 
use of porous, 3D, biodegradable, biocompatible, and 
bioresorbable scaffolds, which act as temporary plat-
forms for initial cell attachment and subsequent tissue 
formation. However, to date there is no optimum scaf-
fold structure available, which matches the material 
properties of native bone tissue, and at the same time 
allows for sequential growth of the neotissue as the 
scaffold degrades with time. 

Recently, several novel materials and processing tech-
niques have been developed to address this shortfall 
[9-12]. With recent advances in design and manufactur-
ing capabilities, there has been significant interest in 
developing biomimetic scaffolds with similar microar-
chitectures, mechanical and biological properties that are 
similar to those of native tissue. In recent years, the ad-
vanced manufacturing technique of rapid prototyping 
(RP) has played an increasingly important role in scaf-
fold fabrication, with the potential to overcome the limi-
tations of conventional manual-based fabrications tech-
niques [12-15]. One such technique is selective laser 
sintering (SLS), which has the advantage that complex 
3D shapes with various pore sizes, shapes and inter-
connectivities can be produced from CAD files. Addi-
tionally, this technique is a fully automated system that 
employs a CO2 laser to melt polymeric powders and 
form scaffold geometries without the use of any toxic 
chemicals, blowing agents or support structures [16]. 

Porosity has always been cited as an important re-
quirement for cell growth on tissue engineering scaffolds. 
Using SLS fabrication methods, porosity can be ma-
nipulated by varying scaffold parameters such as pore 
size and strut thickness. Yang et al. [17] reported that the 
minimum feature size of the SLS process is limited to 
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400 µm, which basically is due to the laser spot diameter. 
In this situation a requirement for high porosity, com-
bined with a small pore size, necessitates the generation 
of a low scaffold strut thickness. However, specific de-
tails about scaffold strut thickness in the literature are 
difficult to obtain. When strut thickness values are quoted, 
as for example by Das et al. [18] and Partee et al. [19], 
they are deemed to be multiples of the proposed laser 
spot diameter; at least 700 µm. Some studies concentrate 
on the size of the pores without giving details on the 
achieved strut thickness [20,21], while Smith et al. [22] 
gave no dimensions of the actual scaffold features at all. 
Other studies discussed selective laser sintering of scaf-
folds, however, for the experiments simple flat disks 
were manufactured to investigate sintering of the mate-
rial used. In these cases the pore size and shape were not 
the specific focus, but the porosity was generated by 
adjusting the process parameters [16,23]. A comparison 
between intended design (CAD) and actual achieved 
structure is often missing. Williams et al. [21] designed 
pores of 1.75 to 2.5 mm and calculated porosities of 
63.1% to 79%, while the porosity of the fabricated scaf-
folds actually achieved was consistently 27 percentage 
points lower than the values aimed for. This was due to 
particle size and growth of the struts by heat conduction 
into adjacent powder particles. 

Strut thickness is an important consideration in SLS 
fabricated scaffolds to achieve high porosities with small 
pores. Due to the importance of being able to generate 
thin struts, the study presented here was focussed on an 
examination of the different SLS scan options with a 
view to generating a minimum strut thickness. With pro- 
cess parameters for sintering of polycaprolactone (“PCL”), 
determined as part of the study, scaffolds were fabricated 
and characterised in terms of strut morphology and me-
chanical properties. 

2. MATERIALS AND METHODS 

2.1. SLS Processing Methods 

In this study, a Sinterstation 2500plus (DTM, USA) was 
employed to fabricate the scaffolds. Initially, Duraform 
PA powder (polyamide, “PA”) (3D Systems, UK) was 
employed to optimise the build parameters. Thereafter, 
PCL (CAPA6501, Solvay, UK) was used to fabricate the 
scaffolds. The software “Sinter v3.3” (3D Systems) was 
used to prepare the builds. The Sinterstation 2500plus is 
actually optimised to build large models and the optics 
focus the CO2 laser spot to a diameter of about 400 to 
500 µm. To achieve feature sizes in the appropriate 
range for tissue engineering scaffolds, as a first step, the 
laser processing parameters have to be optimised. 

The main sintering path of the laser is along the x-axis 
of the machine, which is parallel to the front wall of the 
build chamber. In general, the cross sections of the 3D 

models are sintered with parallel line scans in the 
x-direction, incrementally shifted in the y-direction (fill 
scan). In the y-direction, thin walls or struts are fabri-
cated by single dot-like shots, building up to form a line 
parallel to the y-axis, as pictured in Figure 1. Ideally, a 
strut built this way has a thickness similar to the laser 
spot diameter. 

Surfaces that have not been parallel to the y-axis dur-
ing fabrication may appear stepped due to the scanning 
technique. To reduce this, a so-called “outline scan” can 
be added to improve the surface quality. After perform-
ing the fill scan, the laser scans along the edge of the 
part in each cross section similar to a plotter. As laser 
power and offset values of both the fill scan and the out-
line scan can be controlled separately, the latter can be 
used to fabricate thin, smooth walls in any direction in 
the x-y-plane by turning off the “fill scan” completely. 

To compensate for the diameter of the laser spot when 
scanning, the laser usually is offset from the edges of the 
cross section. Depending on the offset value and the di-
mensions of the strut in the 3D design, one or two main 
struts in the fabricated scaffold can be created. This will 
be explained further below. 

In order to find the most suitable method to fabricate 
thin struts in scaffolds, the present paper investigated 
three approaches: 

a) using the fill scan and a laser offset of about half of 
the strut thickness 

b) using the outline scan, but no laser offset (laser 
path along the edge of the strut) 

c) using the outline scan and a laser offset of about 
half of the strut thickness 

Method a) is the common sintering technique used for 
all models fabricated using the Sinterstation. Therefore,  

 

 

Figure 1. Build preview showing the laser scan paths. Thin 
lines parallel to the y direction of the build chamber consist 
of single laser shots aligned along the y axis. 
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Figure 2. Laser spot over-
lap when the strut thickness 
t is smaller than the laser 
spot diameter D. 

 

 

Figure 3. Designed 3D model (left) and actually built model 
(right). 

 
it was investigated to examine the accuracy of the scaf-
folds generated using the standard sintering technique. 

Method b) fabricated a frame around the designed 
strut with two short and two long edges. During the de-
sign stage it was taken into account that the long edges 
were likely to be fused together if their distance (= strut 
width) was less than the laser spot diameter of 410 µm. 
This is due to an overlap of the laser spot in the centre of 
the strut when scanning around the edge of the strut 
(Figure 2). Therefore, the strut width was set to 800 µm, 
and the distance between the struts was set to be the 
same to ensure even distances between the sintered paths. 
Each single strut in the 3D design actually resulted in 

 

Figure 4. Laser scans along the centreline of each strut. 

 
two struts connected at the ends in the fabricated scaf-
fold (Figure 3). As only one pass of the laser per strut 
was used here, these struts were expected to have the 
smallest achievable dimensions. For Method c) the offset 
value was set to approximately half the thickness of a 
designed strut to make the laser scan along the centre 
line of each strut (Figure 4). As the outline has to be a 
closed line, the laser scanned along the centre line twice. 
It was assumed that this adds to the thickness of the final 
fabricated strut. On the other hand, unlike Method b), the 
fabricated scaffold resembled the 3D design as the actual 
strut thickness achieved by this method has been antici-
pated in the design. 

2.2. Scaffold Design Dependence of SLS     
Parameter settings 

All scaffolds were designed using Pro/Engineer Wildfire 
(PTC, USA) and exported into the. STL file format. 
Scaffolds designed for Method a) consisted of four struts 
per layer, each strut 500 µm wide and with 2 mm dis-
tance between the centrelines of the struts. For Method b) 
four struts per layer were necessary in the 3D design to 
result in eight struts in the fabricated model. In this case, 
the struts were designed with a width of 1 mm, a height 
of 500 µm and a centreline separation distance of 2 mm. 
Scaffolds designed for Method c) consisted of eight 
struts per layer, each 500 µm wide, with a distance of 1 
mm between the strut centrelines. In all cases the layers 
were oriented alternating parallel to the x or to the y-axis. 
Three layers with a height of 500 µm each and, to dis-
tinguish between top and bottom of the scaffold, a top 
layer of 1000 µm height, were included. CAD images of 
the models are illustrated in Figure 5. 

The important sintering parameters can be seen in Ta-
ble 1. The laser power was reduced for Methods b) and c) 
because the laser scan speed is slower in the “outline 
scan” mode. When not reducing the laser power, the 
energy density 

LP
ED

SS LS



               (1) 
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(with ED = energy density in J/mm², LP = laser power in 
Watt, SS = scan spacing in mm, and LS = laser scan 
speed in mm/s), as described in Caulfield et al. [24], 
would have been excessive over Method a), resulting in 
thicker struts. 

number of scans (one or two) and preheat temperature 
for the powder (38℃ up to 50℃). Subsequently, cylin-
drical scaffolds with diameters of 5 and 8 mm (Figure 6) 
were fabricated from PCL. Resulting from the parameter 
study, the powder bed preheat temperature was set to 38
℃ and sintering was performed with a single scan at a 
laser power of 4 W. The scaffolds were sliced into 45 
horizontal layers with a layer thickness of 0.11 mm each. 
Each set of struts consisted of 5 layers. 

Using the laser scan method that was found to be most 
suitable to fabricate thin struts, a parameter study was 
performed to find process parameters most suitable for 
sintering PCL scaffolds. The variable parameters were 
laser power (3.5 up to 11.5 W with 0.5 W increments),  

 

 

Figure 5. CAD models for scan method experiments. 

 
Table 1. Sintering parameters for the polyamide scaffolds. 

Laser offset 
Fabrication method 

x-direction µm y-direction µm

Laser power
W 

Scan spacing 
mm 

a) 240 200 9 0.10 

b) 0 0 5 n/a 

c) 243 243 5 n/a 

 

 

Figure 6. CAD models for PCL scaffolds. 
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Figure 7. Polyamide models fabricated via the three scan methods. 

 
Table 2. Strut width in x and y directions for each SLS fabrication method. 

Strut Width Method a) Method b) Method c) 

x - direction [µm] 325 +/- 8 325 +/- 21 355 +/- 20 

y - direction [µm] 955 +/- 49 330 +/- 20 375 +/- 8 

 
2.3. Characterisation of Scaffold Properties 

2.3.1. Strut Morphology 
The scaffold structures were examined by scanning elec-
tron microscopy (SEM) (Hitachi, UK). All surfaces were 
coated with gold using an Emitech K550 gold coater 
(Emitech, UK) to avoid charging under the electron beam. 
The pore size, pore area, and strut thickness values as 
well as the surface topography were obtained using Im-
ageJ analysis software (NIH, Public Domain). 

2.3.2. Compression Tests 
To determine the effective modulus of the scaffolds, the 
PCL scaffolds (diameter 5 mm) were tested in compres-
sion (n=6). The influence of cells and physiological con-
ditions on the effective modulus were investigated using 
two additional scaffolds, one of which was seeded with 
SaOs-2 cells in a well (3x104 cells/well) and left in the 
physiological solution described below for seven weeks, 
while the other was stored as is in the solution for seven 
weeks. All compression tests were carried out on a 
Zwick Z2.5 (Zwick Testing Machines Ltd., UK) using a 
1 kN load cell and at a compression rate of 1 mm/min. 
The modulus values were determined from subsequent 
stress-strain graphs. 

2.3.3. Stability of the SLS Fabricated Scaffold in a 
Physiological Environment 

To examine the physical integrity of the SLS fabricated 
constructs in a physiological environment, scaffolds 
were stored in the cell media solutions. Subsequently, 
the scaffolds were covered with 1 ml of media contain-

ing 500 ml RPMI-1640, 5 ml penicillin-strep- tomycin, 5 
ml L-glutamine, 50 ml and 10 % foetal bovine serum 
and incubated at 37℃, 100 % humidity and 5 % CO2 for 
7 weeks (n=6). Thereafter, the scaffolds were visually 
examined using scanning electron microscopy; the po-
rosity and surface topography were also examined. Be-
cause of the non-conductive nature of the polymer, sam-
ples were gold-coated prior to imaging. Samples were 
viewed and images captured over a range of magnifica-
tions. Furthermore, to determine if there were any ad-
verse affects on the chemical composition of the scaf-
folds after storage in the cell culture media over a 7- 
week period, Fourier transform infra red spectroscopy 
(FTIR-ATR Shimadzu, UK) was employed (n=6). Spec-
tra were recorded in the wavelength range of 4000 and 
400 cm−1 by 2 cm−1 resolution in 16 scans. 

3. RESULTS 

3.1. Optimisation of Scaffold Structure 

While for the struts in the x-direction the thickness was 
satisfying when using the standard scanning method, 
perpendicular struts had an excessive thickness, see Fig-
ure 7. As shown in Table 2, the struts in y-direction fab-
ricated using Method a) were found to be more than 
twice the laser diameter, possibly caused by too much 
energy applied to a small area in the fast shot of the laser, 
or due to an inaccurate control of the laser beam move-
ment. Though the laser spot diameter is only 410 µm, the 
struts were 955 ± 49 µm wide. There were no gaps found 
between them. This was in contrast to the struts parallel 
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Figure 8. Curved struts following cutting a cylindrical section from the original design 
 approach not suited for cylindrical scaffolds. 

 

 

Figure 9. Photograph of the 8 mm and 5 mm PCL scaffolds. 

 
to the main sintering direction of the laser along the 
x-axis of the build chamber, which tended to match the 
size of the laser spot diameter. Hence, this method was 
deemed unsuitable for scaffold fabrication. Methods b) 
and c), on the other hand, resulted in scaffold struts that 
were in both x- and y-direction even less thick than the 
laser beam spot diameter. For Method b), struts in the 
x-direction and y-direction were about the same widths 
of 325 +/- 20 µm. This matched the width of the struts in 
the x-direction achieved with Method a), because for this 
direction the scanning technique is the same for these 
two methods. With Method c) slightly higher widths as 
Method b) were achieved in both directions. This was 
attributed to the fact that with Method c) each strut was 
scanned twice along its centre. 

Method b) gave the best results in achieving minimal 
strut thickness. However, it has a few general drawbacks. 
Using this method it is quite difficult to foresee the 
structure of the fabricated scaffold based on the designed 
one, as each strut in the 3D design results in two struts in 

the built model. In addition, this method is only suitable 
when the edges of the design are parallel. Using a cylin-
drical design, some of the fabricated struts would be 
curved (Figure 8). Therefore, Method b) is not suited for 
scaffolds with curved surfaces, such as cylindrical scaf-
folds. Finally, the flow through the structure from the 
sides is obstructed, because some of the struts are con-
nected at their ends, unless this part is cut away. Due to 
the good results obtained using Method c), it was chosen 
for further scaffold fabrication. The thickness achieved 
was only slightly higher than for Method b), it allows for 
more complex designs, and, when anticipating the fabri-
cated strut thickness in the 3D design, final outcome and 
design do not differ. Non-parallel shapes can be built as 
intended, and there is virtually no limitation in the mac-
roscopic shape of the scaffold, i.e. cylindrical scaffolds 
can be fabricated. 

It was observed that when processing PCL with me- 
thod c), the achievable minimal strut thickness was 
higher then when processing PA. In the x-direction it 
was 450 µm, while it was approximately 700 to 800 µm 
in y-direction. The increased thickness compared to the 
PA samples is due to the different process parameters 
used and different thermal properties of the material. The 
difference between struts in x- and y-direction, however, 
is surprising, as sintering conditions for both directions 
were the same. In an additional test of all three methods 
applied to PCL material, however, Method c still gave 
the best results. In order to achieve pores of 300 to 400 
µm diameter, the number of struts in the y-direction was 
reduced to three compared to five struts parallel to the 
x-axis in a 5 mm diameter cylindrical scaffold. In an 8 
mm diameter scaffold there were six struts parallel to the 
y-axis and eight parallel to the x-axis. At the bottom and 
at the top of the scaffolds, two perpendicular struts were 
added to increase the mechanical stability and prevent 
inclining when loaded with compression forces. Based 
on the CAD design, the scaffolds had a porosity of 50 %. 
The fabricated scaffolds are shown in Figure 9. 
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3.2. Materials Properties of the Scaffolds 

3.3.1. Strut Morphology 
Visual inspection of the PCL constructs using SEM re-
vealed strut thickness values of approximately 500 µm 
and 800 µm, respectively, depending on their orientation. 
The average pore size was around 400 µm (Figure 10a). 
On the microscale each strut within the scaffold con-
sisted of a large number of randomly oriented grains 
(Figure 10 a, b, c). The grains had different shapes and 
their surface area ranged from 500 to 5000 mm². The 
surface of the single particles appeared smooth and each 
grain had rounded, regular edges (Figure 10d). The 
grains were usually connected by molten material 
through sintering, however, many grains were connected 
to each other by a system of thin struts, leaving an inter-
nal microporosity within each strut. 

3.3.2. Compression Tests 
The effective modulus for the untreated scaffolds was 
determined to be 6.5 ± 0.7 MPa. The effective moduli 
for both scaffolds stored in the physiological solution for 
seven weeks, whether or not seeded with cells, are 
within one standard deviation of this value. 

3.3.3. Stability of the SLS Fabricated Scaffold in a 
Physiological Environment 

The surface topography of the scaffolds stored in the 
physiological solution (Figure 11) appeared to be slightly 
different to the as-fabricated PCL scaffolds. The number 
of grains in the struts appeared to be reduced; there were 
more areas where no separate grains were attached. The 
grains appeared to have irregular shapes with uneven, 
jagged surfaces (Figure 11 d). 

 
As-fabricated scaffolds 

   
(a)                                                            (b) 

   
(c)                                                            (d)) 

Figure 10. SEM analysis of strut morphology. Untreated scaffold at various magnifications, (a) X30, (c) X100, (e) X 250, (g) X 
1000. 
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Scaffold after immersion in physiological solution 

   
(a)                                                            (b) 

   
(c)                                                            (d)) 

Figure 11. SEM images of scaffold after seven weeks in media at various magnifications, (b) X 30, (d) X100, (f) X 250, (h) X1000. 

 
Figure 12. FTIR spectra showing chemical composition of SLS scaffolds. There is no 
change in the functional groups after 7 weeks in media, suggesting the SLS fabricated 
scaffold maintains its chemical integrity. 
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Based on the FTIR analysis, it was seen that the chemi-
cal composition of the scaffolds stored in the media did 
not change over a 7-week period (Figure 12). The char-
acteristic C–H stretching of CH2 and CH3 groups of 
saturated structures was observed in the range 2980–2850 
cm−1. Typical absorption frequencies associated with 
ester moieties present in PCL were readily evidenced 
mainly at 1740 cm−1 (C=O stretching). The absorption 
band at 1220 cm−1 was attributable to the C(O)–O and 
C–N stretching and N–H bending (amide III) vibrations. 
Thereby, no alteration in the chemical composition of 
the scaffolds was observed. 

 JBiSE 

4. DISCUSSION 

The selected approach to fabricate scaffolds using the 
outline scan function of the Sinterstation proved to be 
successful with respect to producing minimal strut thick- 
nesses, which to date had not been seen for selective 
laser sintered PCL scaffolds. The phenomenon of dif-
ferent strut thicknesses in x- and y-directions is more 
obvious for the PCL scaffolds than for PA. This is pro- 
bably due to the different heat conduction properties of 
this material and will be further investigated. However, 
as it occurs for both tested materials, an influence of the 
prototyper’s non-accessible scan parameters is undeni-
able. Nonetheless, porous PCL scaffolds were fabricated 
by selective laser sintering, using a Sinterstation, with a 
pore size range of 300–400 m in diameter and a mini-
mum wall thickness of 450 m in the x-direction and 700 
m in the y-direction. 

In addition, there was no dramatic change in the 
physical properties or chemical composition of the SLS 
fabricated scaffolds stored in a cell culture environment 
for 7 weeks. This was echoed in the mechanical proper-
ties. Though signs of degradation of the material were 
obvious, the mechanical performance of the scaffolds 
remained unchanged after 7 weeks under the influence 
of the physiological solution and cells. Degradation ap-
peared to be limited to surface particles that did not con-
tribute to the mechanical properties as they did not have 
a strong mechanical bond to the main structure. More-
over, the mechanical property values were at the lower 
end of the compressive modulus values quoted for can-
cellous bone [25]. 

Taken together, these results highlight the potential of 
the described selective laser sintering method as an al-
ternative fabrication technique for highly porous tissue 
engineering scaffolds with minimal strut thickness. Op-
timisation of process parameters to further reduce the 
strut thickness, in particular for PCL, is currently in pro-
gress. 
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ABSTRACT 

This study examined the replicative senescence of 
primary-culture human vocal fold fibroblasts, in terms 
of changes in gross chromosomal structure with sub- 
culturing, and population doubling time (PDT). The 
mRNA expressions of 14 target genes were also ex-
amined. The objectives were to identify the onset of 
senescence for establishing the acceptable limit of 
sub-culturing, and to better understand the effect of 
cellular aging on matrix protein regulation in the 
vocal fold. Gross chromosomal changes in vocal fold 
fibroblasts from a 58-year-old woman were karyo-
typed with Giemsa stain. Proliferation of the fibro-
blasts was determined with cell recovery and PDT 
calculation. Transcript levels of the target genes were 
found by RT-PCR. Onset of significant chromosomal 
anomalies was seen with passage 5. For mRNA ex-
pressions, significant increases with passaging were 
observed in collagenase, macrophage elastase, lysyl 
oxidase and fibromodulin, whereas significant down-
regulation was detected in decorin, procollagen I, 
hyaluronic acid-synthase 2 and collagen III. This 
modulation pattern suggested that fibroblasts un-
derwent in vitro aging, consistent with the significant 
increase in PDT. The inception of senescence did not 
occur until passage 5. These findings may facilitate 
the development of representative in vitro models for 
testing tissue engineering approaches involving pri-
mary-culture fibroblasts. 
 
Keywords: Larynx; Extracellular Matrix; Cell Proliferation; 
Replicative Senescence; Tissue Engineering 

1. INTRODUCTION 

A better understanding of the biology of vocal fold fi-
broblasts is fundamental for establishing representative 
and consistent in vitro models of the vocal fold lamina 
propria extracellular matrix (ECM), where fibroblasts 
are the predominant cell type [1,2]. Such in vitro models 
are critical for the development of tissue engineering 
approaches for the treatment of a variety of vocal pa-

thologies. Tissue engineering, or regenerative medicine 
approaches involve the fabrication of tissue substitutes 
that can be used to surgically augment, replace, and 
functionally repair tissue defects in the lamina propria, 
e.g., vocal fold scarring, atrophy, sulculs vocalis, and 
tissue deficiencies left with the surgical removal of tu-
mors [3]. Vocal fold fibroblasts are responsible for the 
homeostatic expressions of key ECM components of the 
lamina propria, including fibrous proteins (e.g., collagen, 
elastin), proteoglycans (e.g., decorin, fibromodulin, ver-
sican, biglycan), glycosaminoglycans (e.g., hyaluronic 
acid), and structural glycoproteins (e.g., fibronectin) 
[1,2]. Expressions of these ECM proteins contribute to 
the optimal tissue viscoelastic properties crucial for func-
tional voice production, since the lamina propria is the 
primary tissue layer responsible for flow-induced self- 
oscillation of the vocal fold [4]. The structural and func-
tional integrity of the ECM depends on the proliferation, 
metabolic activities, and turnover rate of vocal fold fi-
broblasts. ECM changes have often been studied with 
cultured vocal fold fibroblasts, yet it is well established 
that fibroblasts in vitro are influenced by a phenomenon 
known as replicative senescence, an in vitro form of ag-
ing somewhat parallel to the senescent processes in vivo 
[5]. Cells undergo replicative senescence after repeated 
subculturing for a number of passages. Replicative se-
nescence is characterized by decreased cellular prolif-
eration, resistance to mitosis, and avoidance of pro-
grammed cell death or apoptosis [5,6]. 

Thibeault et al. examined the karyotypes of normal 
vocal fold fibroblasts and tracheal scar fibroblasts from 
primary culture, across different passages (passages 3, 4, 
5, 6 and 10) [7]. Normal vocal fold fibroblasts displayed 
multiple chromosomal abnormalities including loss of 
the Y chromosome, translocations, multiple rearrange-
ments, and tetraploidy of all chromosomes excluding the 
Y chromosome. With tracheal scar fibroblasts, no aber-
rations were detected in the early passages while 15 of 
20 cells analyzed in the late passage showed tetraploidy 
in all but the sex chromosome. While these data pro-
vided an initial understanding of chromosomal abnor-
malities in primary vocal fold fibroblasts, the onset of 
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these abnormalities with passaging was not known, par-
ticularly in early passages (before passage 3). This study 
attempted to determine the inception of these anomalies 
using detailed cytogenetic analyses of early and late 
passages (passages 1-5, and passage 10) of normal pri-
mary-culture human vocal fold fibroblasts. The expres-
sions of key matrix proteins in the lamina propria ECM 
and their protein precursors, as well as those of the ma-
trix-synthesizing and matrix-degrading enzymes at the 
mRNA level were examined by reverse transcriptase- 
polymerase chain reaction (RT-PCR). The rate of prolif-
eration of the fibroblasts was also investigated by meas-
urement of the population doubling time (PDT). Our 
goals were: 1) to identify the onset of senescent mecha-
nisms for establishing an acceptable limit of sub-cultur-
ing; and 2) to better understand the effect of cellular ag-
ing on the homeostatic regulation of matrix proteins in 
the vocal fold lamina propria, so that one could establish 
representative, consistent in vitro models of the ECM 
based on the acceptable limit of sub-culturing. Such 
models can serve as a platform for evaluating the impact 
of tissue engineering approaches on functional tissue 
remodeling and reconstruction, e.g., approaches based 
on the use of acellular bioscaffolds, polymeric substrates, 
or growth factors [8,9,10]. 

2. MATERIALS AND METHODS 

2.1. Vocal Fold Tissue Culture 

Primary-culture vocal fold fibroblasts were obtained 
from the vocal ligament (intermediate and deep layers of 
the lamina propria) of a larynx excised from a 58-year- 
old Hispanic female who underwent total laryngectomy 
due to papillary columnar thyroid carcinoma. The la-
ryngeal specimens were examined by an otolaryngolo-
gist as well as by a pathologist, and were certified to be 
free of cancerous tissue, i.e., without any epithelial to 
mesenchymal transition [11]. The protocols for the pro-
curement of the laryngeal specimens and the subsequent 
experimental procedures were approved by the Institu-
tional Review Board of UT Southwestern Medical Cen-
ter. Using primary explant techniques as described in Xu 
et al. the specimens were disinfected with 70% ethanol, 
washed twice with phosphate-buffered saline (PBS), 
dissected using phonomicrosurgical instruments and cut 
into 1- to 2-mm3 sections [8]. The tissue sections were 
then placed in a 24-well plate (one section per well) and 
supplemented with DMEM fortified with 20% fetal bo-
vine serum (FBS) and 2% penicillin/streptomycin. Pri-
mary fibroblasts reproduced and migrated from the tis-
sue sections over a two-week period prior to being sub-
cultured, or passaged. The primary cells were authenti-
cated as conventional vocal fold fibroblasts according to 
their morphological characteristics under light micros-
copy [12]. For sub-culturing, cells were grown to 60% 
confluence and treated with trypsin-EDTA for 3-4 min at 

37°C with 5% CO2. An equal volume of complete media 
was then added to the trypsinized suspension prior to 
centrifuging for 3 min at 1500 rpm. After removal of the 
supernatant, the pellet was resuspended in 8 ml of com-
plete media with 1 ml added to a 75-cm2 tissue culture 
flask (T-75), at 1:8 dilution. DMEM was then added 
(20-25 ml) to the resuspension and cells were incubated 
at 37°C with 5% CO2. 

2.2. Karyotype Analysis 

Karyotype analysis of primary-culture vocal fold fibro-
blasts of passages one through five (P1-P5) and ten (P10) 
and grown to 60% confluence was conducted at the Veri- 
path Laboratories of UT Southwestern Medical Center 
(Dallas, TX). To induce cell cycle arrest and obtain suf-
ficient numbers of cells in metaphase, colcemid (Roche 
Laboratories, Nutley, NJ) was added (50 ng/ml final 
concentration) overnight for 12-16 hours prior to harvest. 
After trypsinization and centrifugation (1500 rpm for 5 
min) along with subsequent aspiration of the supernatant, 
cells were treated with a hypotonic solution (75 mM KCl) 
for 25-30 min at 37°C to promote swelling and to allow 
for proper spreading and clear microscopic examination 
of the chromosomes. 

Cells were fixed using a 3:1 mixture of methanol to 
glacial acetic acid (one ml volume) and mixed thor-
oughly prior to centrifugation (1500 rpm for 5 min). Af-
ter a second fixation step using a larger volume of fixa-
tive (7 ml), cells were dropped onto microscope slides in 
an incubation chamber (Thermotron, Holland, MI) with 
constant humidity for proper spreading of the chromo-
somes. To allow for adsorption of chromosomes onto the 
glass surface, slides were incubated at 90°C for 30 min 
prior to G-banding by trypsin using Giemsa (GTG) stain. 

For the G-banding procedure, heat-treated slides were 
immersed in trypsin (1:50 dilution with Isoton II buffer 
(Curtis Matheson Scientific, Houston, TX) for 1-2 min 
to remove extra chromosomal debris, then in Isoton II 
twice to remove trypsin. Two successive washes with 
75% and 95% ethanol removed remnants of Isoton II 
and a subsequent wash in Gurr buffer eliminated any 
ethanol residue. Slides were stained (for 1-2 min) using 
Wright’s solution (eosin methylene blue), rinsed with 
deionized water and dried with compressed air. 

Images of G-banded chromosomes (or karyotypes) 
were acquired using the Case Data Manager Version 
5.5.2.2 software (Applied Spectral Imaging, Vista, CA), 
which arranged chromosomes in a pairwise fashion. 
Karyotypes were generated for passages 1-5 and 10 us-
ing 20 metaphase cells. By using the standard number of 
20 cells counted, mosaicism of greater than 14% fre-
quency may be excluded at the 95% confidence level 
(i.e., p<0.05) [13]. To ensure the reliability and validity 
of the analysis, images were analyzed by four individu-
als certified in cytogenetic analysis and the karyotypes 
were documented. 
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Table 1. Primer sequences and polymerase chain reaction parameters. 

Target Primer Sequence RNA (ng) AT (°C) bp 

GAPDH (control) 
F: GGTGTGAACCATGAGAAG 
R: CTGTTGAAGTCAGAGGAGAC 

100 50 464 

HA Receptor (CD44) 
F: GAAAGGAGCAGCACTTCAGG 
R: CACTTGGCTTTCTGTCCTC 

100 50 397 

Decorin 
F: GATGCAGCTAGCCTGAAAGG 
R: TCACACCCGAATAAGAAGCC 

100 50 274 

MMP-1 (Collagenase) 
F: CAACTTACATCGTGTTGCGG 
R: ACCGGACTTCATCTCTGTCG 

100 50 395 

GAPDH (control) 
F: ACCCAGAAGACTGTGGATGG 
R: TGAGCTTGACAAAGTGGTCG 

100 56 382 

Procollagen I 
F: GTTGGTGCTAAGGGTGAAGC 
R: ACCGGACTTCATCTCTGTCG 

100 56 294 

Fibronectin 
F: TACCAACCTACGGATGACTCG 
R: CATCATCGTAACACGTTGCC 

100 56 300 

GAPDH (control) 
F: AAGGTCGGAGTCAACGGATTTGGT 
R: AGTGATGGCATGGACTGTGGTCAT 

100 60 534 

HA-synthase 2 
F: TACCAACCTACGGATGACTCG 
R: CATCATCGTAACACGTTGCC 

100 60 403 

Collagen I (2) 
F: TACCCTGGCAATATTGGTCCCGTT 
R: GGCAGACCTTGCAATCCATTGTGT 

100 60 248 

Collagen III (1) 
F: CTTGATGTGCAGCTGGCATTCCTT 
R: AGTCATTGCTCTGCAGATGGGCTA 

100 60 686 

Hyaluronidase I 
F: ACTGCAGCAATCACAAAGGCTGAC 
R: TATTTGCTGGACTGGTGCCTCTCA 

100 60 294 

Hyaluronidase II 
F: AACGTGTGGAGCACTACATTCGGA 
R: GAACTGCTGTGCTGCGAACTCAAA 

100 60 215 

Hyaluronidase III 
F: TTACAGTCAACCCTCCCAAGCACA 
R: TTAGCACTTTACCGACCTTCGCCA 

100 60 280 

Lysyl Oxidase 
F: ATGATCACAGGGTGCTGCTCAGAT 
R: GTGTGCAGTACATGCAAATCGCCT 

100 60 260 

GAPDH (control) 
F: TGGCAAATTCCATGGCACCGTCAA 
R: TTGACAAAGTGGTCGTTGAGGGCA 

100 62 768 

Fibromodulin 
F: CACTTTCCTCCACAGATGCC 
R: GCTGCTTTCTCAATCCAGCC 

100 62 387 

MMP-12 (macrophage elastase) 
F: CTGCTGATGACATACGTGGC 
R: GTTTGGGATAACCAGGGTCC 

100 62 498 

AT=annealing temperature; bp=product base pairs; F=forward; R=reverse; 
GAPDH=glyceraldehyde 3-phosphate dehydrogenase; MMP=matrix metalloproteinase 

 

 

Figure 1. An example of PCR agarose gel, showing PCR products gener-
ated from RNA extracted from primary-culture human vocal fold fibro-
blasts of passages 1-5 (P1-P5) and passage 10 (P10) for the hyaluronidase I 
target primer as shown in Table 1 (MW=100 base pair DNA molecular 
weight marker, Amresco, Solon, OH). 

 JBiSE 
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2.3. Measurement of Population Doubling Time 

In order to examine the rate of proliferation of the pri-
mary vocal fold fibroblasts, the cumulative doubling of 
the cells was measured by the population doubling time 
(PDT). PDT is the time interval required for dividing 
cells to double in number [14]. To calculate PDT, a fixed 
number (1×104 cells) of vocal fold fibroblasts of a cer-
tain passage (passages 2 to 10) were seeded in each well 
of a 6-well plate. After 72 hours, the cells from each well 
were collected and counted with a hemocytometer, with 
the number of cells designated as NT. Assuming that the 
number of cells increases exponentially, at the end of n 
generations; each single cell would yield 2n cells. Thus, 
after 72 hours, 1×104 seeded cells would produce NT = 
(104×2n) cells at harvest. The number of generations (n) 
equals to 3.32 (log NT – log 104). By definition, PDT is 
the total time elapsed divided by the number of genera-
tions. PDT of the corresponding passage can be obtained 
by the following equation [14]: 

PDT=72/3.32 (log NT – log 104) 

2.4. Reverse Transcriptase-Polymerase Chain  
Reaction (RT-PCR) 

Total RNA was extracted with TRIzol reagent (2 ml) 
(Invitrogen, Carlsbad, CA) using a modification of the 
method of Chomczynski and Sacchi [15] from fibro-
blasts grown to 80% confluence (~2x106 cells) in two 
175 cm2 flasks, for each of passages 1-5 and 10. 

All primers for PCR analysis were obtained through 
Invitrogen (Carlsbad, CA). Primers for specific targets 
and the standard control, glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), are listed in Table 1 along 
with annealing temperature (AT), product size in base 
pairs (bp), and the source of the primer sequences. 
Primer sequences for those targets designed in the pre-
sent study were based on sequences published by the 
NIH GenBank database, using the SciTools software of 
Integrated DNA Technologies (Coralville, IA). Targets 
were chosen based on their contributions to and demon-
strated roles in the maintenance of the vocal fold ex-
tracellular matrix [1,16,17]. Furthermore, analyses of 
collagenase (MMP-1), macrophage elastase (MMP-12) 
and the three isoforms of hyaluronidases (I, II, and III) 
were analyzed for conversion of fibroblasts from a ma-
trix-synthesizing to a matrix-degrading phenotype. This 
transition serves as a hallmark indicator of the process of 
replicative senescence [5]. 

A master stock (1mM) of each primer was used to 
generate a working stock (10 M) for each PCR reaction. 
All reactions were carried out using the OneStep RT- 
PCR kit (Qiagen, Valencia, CA) coupling the cDNA 
synthesis and PCR steps. For each reaction (12.5 l total 
volume), the following components were added, with the 

final concentrations or amounts noted in brackets: target 
forward and reverse primers [400-600 nM], GAPDH 
forward and reverse primers [600nM-1500 nM], 1× 
RT-PCR buffer (including MgCl2 [12.5 mM]), nucleo-
tides [400 M of each], template RNA (100 ng), RNa-
sin® RNAse inhibitor [7 U] (Promega, Houston, TX) and 
the OneStep RT-PCR Enzyme Mix [1:25] (Qiagen, Va-
lencia, CA). Four pairs of primers for the GAPDH con-
trol were used to match four different target annealing 
temperatures (Table 1). 

Reactions were incubated using a Mastercycler per-
sonal thermal cycler (Eppendorf, Westbury, NY) using a 
protocol with an initial denaturation (94°C for 3 min) 
and 29-37 cycles of the following steps: denaturation 
(94°C for 30 sec), annealing (50°C , 56°C, 60°C or 62°C 
for 30 sec) and elongation (72°C for 1 min). As a final 
step, PCR products were extended for 7 min at 72°C. 
PCR products were electrophoresed in 0.5×TAE buffer 
on 2% agarose gels and visualized for densitometric 
analysis using a FluorChem HD2 gel documentation 
system (Alpha Innotech, San Leandro, CA). An example 
of an agarose gel containing PCR products for the hya-
luronidase I target primer is shown in Figure 1. To ver-
ify that the optical density of the PCR products was in 
the linear range, three reactions, each with RNA purified 
from a different passage, were loaded using two different 
volumes (3 and 5 l). PCR products for each target and 
for GAPDH were compared using densitometric analysis 
with the gel documentation system. To indicate the rela-
tive mRNA expression for each target gene, the densi-
tometric ratio of the target relative to GAPDH was plot-
ted as a function of the passage number. 

2.5. Statistical Analysis 

For the population doubling time data, one-way analysis 
of variance (ANOVA) was conducted to determine if the 
proliferation rates of the vocal fold fibroblasts in differ-
ent passages were significantly different from one an-
other. The level of significance (alpha) was set at 0.01. 
For the densitometric results of mRNA expressions ob-
tained from RT-PCR, one-way ANOVA was also per-
formed across all passages for each given target. If the 
ANOVA results reached statistical significance (p<0.01), 
post-hoc analysis was done using the Tukey honestly 
significant difference (HSD) test for all possible pair-
wise comparisons of passages (e.g., P1-P2, P3-P4, 
P5-P10, etc.). Those pairwise comparisons that contrib-
ute to an overall trend of increase or decrease in the 
mRNA expressions of a particular target were deemed 
particularly important for the purpose of examining the 
effect of passaging or replicative senescence. Also, the 
results of the P5-P10 comparisons are shown separate to 
the other pairwise comparisons, in order to highlight the 
effect of replicative senescence in late passages. 
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Figure 2. Passage 1 (P1) karyotype: Systematic ar-
ray (karyotype) of G-banded chromosomes from P1 
visualized by Giemsa stain showing an allotment of 
23 pairs of chromosomes including the sex chromo-
somes, with three copies of chromosome 3 observed 
in 3 of 20 cells examined (boxed area) (only arrays 
with chromosomal aberrations are shown). 

 

 
Figure 3. Passage 2 (P2) karyotype: An array show-
ing three copies of chromosome 3 (boxed area). 
Karyotypically normal according to Mitelman [18]. 

3. RESULTS 

3.1. Characterization of Vocal Fold Fibroblast 
Karyotype 

Chromosomal analysis indicated the presence of an ad-
ditional cell line (noted in 3 of 20 metaphase cells ana-
lyzed) in passage 1 (P1) with three copies of chromo-
some 3 (47, XX, +3[3]/46, XX [17]) (Figure 2, boxed 
area). The same anomaly was also found in both passage 
2 (P2) and passage 3 (P3), revealing a degree of pse- 
udo-mosaicism in 5% of the cells karyotyped (Figures 3 
and 4, boxed areas). The term “pseudo-mosaicism” can 
be used because the number of cells (one) displaying the 
+3 karyotype fell below the minimum number of cells 
(two) to be considered a separate clone [18]. The finding 
of trisomy 3 can then be considered as statistically insig-
nificant, i.e., a “random gain”. Hence, P2 and P3 are 
considered to be karyotypically normal based on this 
criterion. For passage 4 (P4), trisomy of chromosome 3 
similar to that of P1 was observed in 3 of 20 cells, while 
the other cells displayed a normal female karyotype 
(Figure 5, boxed area). 

 

Figure 4. Passage 3 (P3) karyotype: As in P2, three 
copies of chromosome 3 were found (boxed area). 
Karyotypically normal according to Mitelman [18]. 

 

 
Figure 5. Passage 4 (P4) karyotype: Hyperploidy 
in P4 as indicated by three copies of chromosome 3 
(boxed area). 

 
For passage 5 (P5), three distinct cell lines were ap-

parent. In 3 of 20 cells, three copies of chromosome 3 
were observed (Figure 6A, boxed area), along with two 
cells showing trisomy of both chromosomes 3 and 8 
(Figure 6B, boxed and circled areas, respectively). 
Hence, the karyotype for P5 was 47, XX, +3[3]/48, XX, 
+3+8[2]/46, XX [15]. For passage 10 (P10), 4 of 20 cells 
exhibited the following chromosomal aberrations: trans-
location occurring as a two-break rearrangement; break-
age and reunion at bands 13 and 13.1 of the short arms 
(p) of chromosomes 1 and 19, respectively (Figure 7A, 
boxed area). The regions distal to these bands have been 
swapped. In addition, one of the sex chromosomes has 
been deleted, yielding the following karyotype: 45, X, 
-X, t(1, 19)(p13, p13.1) [cp4]/46, XX [16]. Trisomy 8 
(Figure 7B, circled area) was not listed in the karyotype, 
as it was considered a “random gain” [18]. Results for 
the cytogenetic analysis are summarized in Table 2. 

3.2. Population Doubling Time 

Figure 8 shows the mean cumulative population doubl- 
ing time (PDT) of the vocal fold fibroblasts as a function 
of sub-culturing. The cumulative PDT was seen to in-
crease across different passages, from approximately 30 
hours in P2 to over 600 hours for P10. An especially 
sharp rise in PDT was associated with the transition 
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 Figure 7. Passage 10 (P10) karyotype: (A) A transloca-

tion has occurred as a two break rearrangement. The re-
gion distal to band 13 on the short arm of chromosome 
1 has attached to band 13.1 of chromosome 19 (translo-
cation portion indicated in the boxed area). There was 
also the loss of one sex chromosome; (B) One cell out 
of four also displayed three copies of chromosome 8 
(circled area) and was considered a “random gain”. 

Figure 6. Passage 5 (P5) karyotype: (A) Triploidy of 
chromosome 3 as seen in P1-P4 (boxed area); (B) An 
additional clone was detected displaying +8 abnor-
mality (circled area). 

Table 2. Results of cytogenetic analysis. 

Passage number Cells with normal diploid karyotype / Total no. of cells Karyotypea 

1 17 / 20 47, XX, +3[3] / 46, XX[17] 

2 19 / 20 47, XX, +3[1] / 46, XX[19] 

3 19 / 20 47, XX, +3[1] / 46, XX[19] 

4 17 / 20 47, XX, +3[3] / 46, XX[17] 

5 15 / 20 47, XX, +3[3] / 48, XX, +3+8[2] / 46, XX[15]b 

10 16 / 20 45, X, -X, t(1;19)(p13;p13.1) [cp4] / 46, XX[16]c 

aThe normal diploid clone was listed at the end of the karyotype, along with square brackets [ ], indicating the absolute number of cells in each 
clone [18]. bAbnormal clones were listed according to their size with the greatest absolute number first [18]. cThe designation “cp” for composite 
karyotype was used because 1 out of 4 cells displayed an additional copy of chromosome 8 (+8) as seen in Figure 7B. As a result, the four cells 
represented a composite of three aberrations. Trisomy 8 was not listed in the karyotype as it was considered a “random gain”. 

 
from P7 to P8, suggesting a significant slowing down of 
cellular proliferation. Results of single-factor ANOVA 
indicated that the differences in PDT across the passages 
were statistically significant (F (8, 18)=4.8450, p<0.005). 
These findings suggested that the vocal fold fibroblasts 
have undergone the process of replicative senescence, 
since it has been shown that replicative senescence is 
partially signified by an increase in PDT [19]. 

3.3. RT-PCR 

The changes in mRNA expressions of the select target 
genes across different passages are shown as densi-
tometric ratios of the targets versus the standard control, 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in 
Figure 9. Table 3 summarizes the results of statistical 
analysis on the dependence of these mRNA expressions 
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Figure 8. Cumulative population doubling time (PDT) of pri-
mary vocal fold fibroblasts as a function of passaging (means ± 
standard error of the mean; n=3). 

 
on passaging. Pairwise comparisons of passages were 
analyzed to detect any possible trends over the passages. 
P5-P10 differences are listed separately for targets that are 
consistent with induction of senescence. First, for ma-
trix-degrading enzymes, the transcript levels of MMP-1  
(collagenase) showed significant increases from the early 
passages to passage 10, e.g., a three-fold increase from P5 
to P10 (Figure 9A) (p<0.01). For MMP-12 (macrophage 
elastase), there was a gradual and significant increase in  
 

its mRNA expressions from P2 to P5 (p<0.01), and then a 
dramatic, significant decrease to P10 (p<0.01) (Figure 
9B). Both MMP-1 and MMP-12 are implicated in the 
remodeling process of the vocal fold ECM, and the 
upregulation of MMP-12 has been closely associated with 
aging [20]. Hyaluronidase I showed a considerable 
upregulation from the early passages to P10, particularly 
from P5 to P10 (p<0.01) (Figure 9C). The levels of hya-
luronidase II showed a significant increase from the early 
passages to P5, and then a significant decrease to P10 
(both at the p<0.01 level) (Figure 9D). For the cross- 
linking enzyme lysyl oxidase, significant increases in 
mRNA levels were observed with passaging from P3 to 
P5, and from P4 to P10 (p<0.01). The increases were ap-
proximately two-fold (Figure 9E). 

For procollagen I, the precursor to the a1 peptide of 
collagen I, there was a pronounced decrease in mRNA 
levels across the passages (p<0.01) (Figure 9F). For 
collagen III, the transcript levels of collagen III1 de-
creased significantly across the passages (p<0.01) (Fig-
ure 9G). For fibromodulin (a proteoglycan important for 
the structural organization of collagen), there was an 
overall reduction in its mRNA levels across the passages, 
particularly from P1 to P3 and then from P5 to P10, 
where the decrease was 17-fold (p<0.01) (Figure 9H). 
For decorin, also important for collagen organization, 

Table 3. Results of ANOVA and post-hoc pairwise comparisons of mRNA expressions of target genes across different passages. 

A N O V A Post-hoc Tukey HSD Test 

Target F (5, 12) p 
Significant differences for 
the following comparisons 

Significant differences 
for P5-P10 ? 

MMP-1 (Collagenase) 218.1 2.4 x 10-11 P5-P10 Yes 

MMP-12 (macrophage elastase) 10.3 5.14 x 10-4 P2-P5, P4-P10, P5-P10 Yes 

Hyaluronidase Type I 9.5 7.4 x 10-4 P5-P10 Yes 

Hyaluronidase Type II 196.5 4.5 x 10-11 
P1-P5, P2-P5, 

P3-P5, P3-P10, P4-P5, P5-P10 
Yes 

Lysyl Oxidase 101.6 2.15 x 10-9 
P1-P2, P1-P3, P1-P4, 

P2-P3, P2-P4, P2-P5, P2-P10, 
P3-P10, P4-P5, P4-P10 

No 

Procollagen I 126.1 6.1 x 10-10 
P1-P3, P1-P4, P1-P5, P1-P10, 
P2-P3, P2-P4, P2-P5, P2-P10, 
P3-P5, P3-P10, P4-P5, P4-P10 

No 

Collagen III (1) 848.9 7.3 x 10-15 
P2-P3, P2-P4, P2-P5, P2-P10, 

P3-P4, P3-P5, P3-P10, 
P4-P5, P4-P10, P5-P10 

Yes 

Fibromodulin 126.2 6.1 x 10-10 
P1-P2, P1-P3, P1-P4, P1-P5, 

P1-P10, P2-P3, P2-P10, 
P3-P5, P3-P10, P5-P10 

Yes 

Decorin 30.2 2.12 x 10-6 
P1-P5, P1-P10, P2-P4, P2-P5, 

P2-P10, P3-P10, P4-P10 
No 

HA-synthase 2 15.16 7.92 x 10-5 P1-P3, P1-P5, P1-P10 No 

Collagen I (2) 1.7 0.21 

HA Receptor (CD44) 2.1 0.137 

Fibronectin 2 0.149 

Hyaluronidase Type III 1.5 0.264 

not applicable not applicable 
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Figure 9. Densitometric ratios for select extracellular matrix target genes (means ± standard deviations; n=3), showing the in-
tegrated density volumes (IDV) or cumulative grey scale values of PCR agarose gel bands for each target relative to those of 
the standard control (GAPDH): (A) MMP-1* (collagenase), (B) MMP-12* (macrophage elastase), (C) hyaluronidase I*, (D) 
hyaluronidase II*, (E) lysyl oxidase*, (F) procollagen I*, (G) collagen III*, (H) fibromodulin*, (I) decorin*, (J) HA-synthase 2*, 
(K) collagen I, (L) CD44, (M) fibronectin, and (N) hyaluronidase III (*p<0.01). 
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there was a significant decrease in its mRNA levels 
across the passages. For instance, the overall reduction 
from P1 to P10 was approximately three-fold (p<0.01) 
(Figure 9I). For the matrix-synthesizing enzyme HA- 
synthase 2, there was a significant overall trend of de-
crease from P1 to P10 (p<0.01), despite an increase from 
P3 to P4. In particular, significant differences were 
found from the early passages to P10 (Figure 9J). 

For the following target genes, no statistically signifi-
cant changes in mRNA expressions were detected as a 
function of passaging (p>0.01): collagen I2 (Figure 
9K), the HA receptor CD44 (Figure 9L), fibronectin 
(Figure 9M) and hyaluronidase III (Figure 9N). 

4. DISCUSSIONS 

One objective of this study was to establish the onset and 
extent of gross chromosomal aberrations in human vocal 
fold fibroblasts associated with in vitro aging, or replica-
tive senescence. Chromosomal aberrations were docu-
mented by karyotyping as a function of sub-culturing, or 
passaging. Next, alterations in the mRNA expressions 
for some key matrix proteins at the transcript level were 
observed for the vocal fold fibroblasts across passages, 
in order to characterize the consequence of the chromo-
somal aberrations due to aging in vitro. 

From the cytogenetic analysis, the +3 karyotype ob-
served in the first four passages (P1-P4) should not be 
considered as a significant chromosomal aberration, par-
ticularly for P2 and P3, where the fibroblasts were clas-
sified as karyotypically normal according to ISCN stan-
dards [18]. Beyond passage 4, however, it was apparent 
that an additional cell line has appeared with the karyo-
type (+3, +8) which conceivably could be the result of a 
nondisjunction with mother cell with a +3 karyotype. 
Aberrations observed in passage 5 in this study were 
comparable to those of passage 4 in Thibeault et al. [7]. 
Yet the severity of the aberrations in this study was rela-
tively modest, e.g., trisomy 8 in 3 cells of 20 in P4 in 
this study versus the numerous anomalies in P4 of 
Thibeault et al. [7], including the loss of sex chromo-
some in 6 of 21 cells, translocation in 3 of 21 cells; and 
rearrangement involving chromosomes 2, 5, 10, 14, 15. 
This disparity in the number and severity of chromoso-
mal abnormalities was likely due to the difference in age 
of the donors of the studies (58 years old in this study 
versus 78 years old in Thibeault et al. [7]). The suscepti-
bility of vocal fold fibroblasts to these aberrations ap-
parently increased with age and should be targeted in 
future studies. 

Based on the RT-PCR analysis for those target genes 
demonstrating statistically significant differences across 
different passages, our data on the changes in mRNA 
expressions of the targets can be divided roughly into 
two categories: 1) target genes involving matrix-syn- 
thesizing enzymes and matrix-degrading enzymes, in-

cluding MMP-1, MMP-12, hyaluronidases, and HA- 
synthase 2; and 2) targets contributing to the regulation 
of the ECM organization, including procollagen I, col-
lagen III, decorin, fibromodulin, and lysyl oxidase. 

For target genes involving matrix-synthesizing and 
matrix-degrading enzymes, it has been considered that 
the shift of fibroblasts from a matrix-synthesizing to a 
matrix-degrading phenotype is one of the hallmark indi-
cators for replicative senescence [5]. This notion was 
supported by numerous studies that showed upregulation 
of matrix metalloproteinases (MMPs) in senescent fibro-
blasts [21,22,23]. Such a shift towards a matrix-degrading 
phenotype was demonstrated in the present study by the 
modulations observed in the following targets. 

The upregulation of both MMP-1 (collagenase) and 
MMP-12 (macrophage elastase) with passaging of human 
vocal fold fibroblasts is consistent with in vitro aging 
seen in other kinds of fibroblasts, such as dermal fibro-
blasts [24,25,26]. Hyaluronidases are responsible for the 
cleavage of hyaluronic acid (HA). Type I and type II 
hyaluronidases are the most common isoforms expressed 
in human somatic tissues [27]. HA, a highly polarized 
long-chain glycosaminoglycans molecule, is abundantly 
found in the vocal fold lamina propria [28]. It is critical 
to the regulation of tissue hydration and is important for 
the maintenance of an optimal viscoelasticity of the lam-
ina propria for vocal fold vibration [2,4,28]. From the 
PCR analysis, the upregulation of hyaluronidase II from 
P1 to P5 and the upregulation of hyaluronidase I from P5 
to P10 were consistent with a proposed model for their 
concerted action in the degradation of HA [28]. Specifi-
cally, hyaluronidase II cleaves HA first into 20 kDa 
fragments, followed by hyaluronidase I digesting them 
into smaller fragments [29]. Accumulation of the 20 kDa 
fragments leads to an increase in transcripts of hyalu-
ronidase I by mass action, as seen in P10. The actions of 
these enzymes in concert were consistent with a shift 
towards a matrix-degrading phenotype. 

Mammalian HA synthesis is accomplished in part by 
HA-synthase 2 [16]. The levels of HA-synthase 2 showed 
a steady decrease from P1 to P3, and remained at low 
levels for P5 and P10, indicating that the synthesis of 
HA has been reduced in these fibroblasts. This finding 
further supported our argument that across the passages, 
vocal fold fibroblasts have shifted from a matrix-synthesiz- 
ing to a matrix-degrading phenotype, consistent with 
replicative senescence. 

The changes in mRNA expressions of the remaining 
targets strongly implicated that the in vitro aging of these 
fibroblasts would lead to a disorganized and structurally 
compromised lamina propria ECM. First, for collagen 
III 1, which is a major structural fibrous protein of the 
vocal fold lamina propria and macula flava [30,31], there 
was a steady and significant decrease in the transcript 
level with passaging. Type III collagen fibers were found 



G. M. Adams et al. / J. Biomedical Science and Engineering 3 (2010) 148-159 

Copyright © 2010 SciRes.                                                                   

157 

JBiSE

to be thicker than type I fibers, with their interactions 
likely contributing to the viscoelasticity of the lamina 
propria and the tensile strength of the macula flava nec-
essary for bearing the mechanical stresses of vocal fold 
vibration [32]. For procollagen I, a significant decrease 
in its mRNA levels was also seen with passaging. This 
downregulation did not correspond to a significant de-
crease in collagen I mRNA levels, because different pep-
tides were coded for the two targets (1 for procollagen 
I and 2 for collagen I). Our findings of collagen III, 
collagen I and procollagen I expressions suggested a 
lower turnover rate for collagen, leading to an ECM in-
creasingly cross-linked and difficult to degrade, as ob-
served in aged human vocal folds [33]. 

Decorin contributes to regulate the organization and 
overall size of collagen fibrils via its glycosaminogly-
cans moiety [34], presumably reducing collagen fiber 
size and density [35]. Lower levels of decorin have been 
associated with disorganized collagenous supramolecu-
lar assemblies in scar tissue [36]. The observed decrease 
in the transcript levels of decorin along with the decrease 
in collagen III suggested that the capability of fibroblasts 
for facilitating structural ECM organization has been 
impaired due to aging in vitro. 

Fibromodulin is a small proteoglycan that facilitates 
the construction of other proteins such as collagens I and 
II into fibrillar structures [17]. It has been shown that 
fibromodulin-knockout mice have disorganized collagen 
fibrils in their Achilles tendons, with reduced overall 
cross-sectional area when compared to normal control 
[37]. Our results showed a dramatic, significant 17-fold 
decrease in the level of fibromodulin from P5 to P10. 
Combined with the decorin data, lower fibromodulin 
levels supported the notion that the capability of the fi-
broblasts for ECM protein organization is compromised 
with passaging. 

The cross-linking enzyme lysyl oxidase catalyzes the 
removal of amino groups from certain hydroxylysine 
and lysine residues in collagen, cross-linking one colla-
gen molecule to another [38]. Lysyl oxidase is appar-
ently the only known enzyme responsible for cross- 
linking elastin monomers [39]. Such cross-linking would 
likely increase the elastic modulus for both collagen and 
elastin fibers. Increases in tissue stiffness of the vocal 
fold lamina propria and the macula flava have been seen 
with aging [17,37], which could be related to the in-
creased cross-linking of collagen and elastin fibers. Our 
data showed a clear upregulation in lysyl oxidase from 
P3 to P10, consistent with this modulation in vocal fold 
tissue stiffness with aging. 

These results, along with the dramatic decrease in 
macrophage elastase (MMP-12) from P5 to P10, sug-
gested that the gene expressions of senescent vocal fold 
fibroblasts in vitro are consistent with a proposed model 
for in vivo aging of the vocal fold. This model suggests 

that as vocal folds age, elastin fibers accumulate with a 
prolonged half-life due to lower elastase levels and un-
dergo extensive cross-linking via lysyl oxidase, contrib-
uting to increased tensile strength and tissue stiffness. 
The increase in lysyl oxidase levels with passaging in 
our study contradicted the results for aged rats in Ding 
and Gray [39], but may nonetheless reflect inherent dif-
ferences between the species, and between in vitro and 
in vivo models. 

Overall, based on our data on cytogenetic analysis, 
PDT and mRNA expressions of target genes, we have 
established the sub-culturing limit beyond which replica-
tive senescence was observed in primary-culture human 
vocal fold fibroblasts. This limit of 5 passages was critical 
for establishing representative in vitro models for tissue 
engineering approaches involving the use of primary- 
culture fibroblasts. For example, primary vocal fold fibro-
blasts seeded in decellularized ECM scaffolds have been 
shown to be promising for vocal fold regeneration [8]. 
The therapeutic potential of injection of autologous fibro-
blasts as well as the incorporation of growth factors or 
biomaterial implants with fibroblasts for treating vocal 
fold scarring has also been targeted [9,10,40]. In those 
studies, autologous fibroblasts were harvested by biopsy 
and sub-cultured for up to the sixth passage, for up to 30 
days. The current findings suggested that some of the fi-
broblasts in those studies may have become senescent, 
compromising their findings and conclusions. 

Nonetheless, it should be noted that the results of this 
study should be considered preliminary, based on the 
harvest of vocal fold fibroblasts from only a single indi-
vidual. Also, the vocal fold fibroblasts were only cul-
tured statically, unlike in physiological situations when 
they are subjected to a variety of mechanical stresses, 
particularly vibratory stresses. Titze et al. showed that 
axial and vibratory strains applied to human vocal fold 
fibroblasts cultured on a polymeric substrate resulted in 
significant changes in mRNA expressions of a number of 
matrix proteins [9]. Further studies involving bioreactors 
capable of simulating the micromechanical environment 
in vivo are required to address this important issue. In 
addition, the measurement of gene expressions at the 
transcript level does not always directly reflect expres-
sions of the corresponding proteins. Changes in mRNA 
expression of a certain protein would depend on the 
half-life of that protein, and on its regulation pathways. 
Future studies should therefore involve the measurement 
of protein levels with methods such as enzyme-linked 
immunosorbent assays. 

5. CONCLUSIONS 

In summary, the patterns of chromosomal abnormalities 
and mRNA expressions of matrix proteins across differ-
ent passages of primary-culture vocal fold fibroblasts 
indicated that the fibroblasts underwent replicative se-
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nescence, with the onset of senescence not occurring 
before the fifth passage. These preliminary data sug-
gested that an acceptable limit of sub-culturing may be 
established to facilitate the development of representa-
tive in vitro models of the vocal fold ECM, allowing for 
the evaluation of a variety of tissue engineering ap-
proaches for vocal fold reconstruction. 

6. ACKNOWLEDGEMENTS 
This study was supported by the National Institutes of Health, NIDCD 
Grant No. R01 DC006101. The authors would like to thank Dr. J.T. 
Hsieh for the use of his gel documentation system, and Glendon 
Plumton for his assistance in the RT-PCR work. 

 
REFERENCES 

[1] Gray, S.D. (2000) Cellular physiology of the vocal folds. 
Otolaryngologic Clinics of North America, 33, 679-698. 

[2] Gray, S. D., Titze, I. R., Chan, R. and Hammond, T.H. 
(1999) Vocal fold proteoglycans and their influence on 
biomechanics. Laryngoscope, 109, 845-854. 

[3] Hirano, S. (2005) Current treatment of vocal fold scar-
ring. Current Opinion in Otolaryngology & Head and 
Neck Surgery, 13, 143-147. 

[4] Chan, R.W., Gray, S.D. and Titze, I.R. (2001) The im-
portance of hyaluronic acid in vocal fold biomechanics. 
Otolaryngology Head and Neck Surgery, 124, 607-614. 

[5] Cristofalo, V.J., Lorenzini, A., Allen, R.G., Torres, C. and 
Tresini, M. (2004) Replicative senescence: A critical re-
view. Mechanisms of Ageing & Development, 125, 
827-848. 

[6] Campisi, J. (1998) The role of cellular senescence in skin 
aging. Journal of Investigative Dermatology Symposium 
Proceedings, 3, 1-5. 

[7] Thibeault, S.L., Li, W., Gray, S.D. and Chen, Z. (2002) 
Instability of extracellular matrix gene expression in 
primary cell culture of fibroblasts from human vocal fold 
lamina propria and tracheal scar. Annals of Otology, 
Rhinology, Laryngology, 111, 8-14. 

[8] Xu, C.C., Chan, R.W. and Tirunagari, N. (2007) A bio-
degradable, acellular xenogeneic scaffold for regenera-
tion of the vocal fold lamina propria. Tissue Engineering, 
13, 551-566. 

[9] Titze, I.R., Hitchcock, R.W., Broadhead, K. et al. (2004) 
Design and validation of a bioreactor for engineering 
vocal fold tissues under combined tensile and vibrational 
stresses. Journal of Biomechanics, 37, 1521-1529. 

[10] Hirano, S., Bless, D.M., Nagai, H., Rousseau, B., Wel-
ham, N.V., Montequin, D.W. and Ford, C.N. (2004) 
Growth factor therapy for vocal fold scarring in a canine 
model. Annals of Otology, Rhinology, Laryngology, 113, 
777-785. 

[11] Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K. 
and Walter, P. (2002) Molecular Biology of the Cell, 4th 
Edition. Garland Science, New York, 1313-1362. 

[12] Sato, K., Miyajima, Y., Izumaru, S. and Nakashima, T. 
(2008) Cultured stellate cells in human vocal fold mu-
cosa. Journal of Laryngology & Otology, 122, 1339- 
1342. 

[13] Richardson, A. (1997) Chromosome analysis. In Barch, 

M., Knutsen, T. and Spurbeck, J. (eds.), The AGT Cyto-
genetics Laboratory Manual. Lippincott-Raven, Phila-
delphia, 495-496. 

[14] McAteer, J. and Davis, J. (2002) Basic cell technique and 
the maintenance of cell lines. In Davis, J. (ed.), Basic 
Cell Culture: A Practical Approach. Oxford University 
Press, New York, 135-189. 

[15] Chomczynski, P. and Sacchi, N. (1987) Single-step 
method of RNA isolation by acid guanidinium thiocy-
anate-phenol-chloroform extraction. Analytical Bio-
chemistry, 162, 156-159. 

[16] Girish, K.S. and Kemparaju, K. (2007) The magic glue 
hyaluronan and its eraser hyaluronidase: A biological 
overview. Life Sciences, 80, 1921-1943. 

[17] Hedbom, E. and Heinegard, D. (1993) Binding of fibro-
modulin and decorin to separate sites on fibrillar colla-
gens. Journal of Biological Chemistry, 268, 27307-27312. 

[18] Mitelman, F. (1995) ISCN 1995: An International System 
for Human Cytogenetic Nomenclature: Recommenda-
tions of the International Standing Committee on Human 
Cytogenetic Nomenclature. S. Karger Publishers, Basel, 
Switzerland. 

[19] Campisi, J. (1997) The biology of replicative senescence. 
European Journal of Cancer, 33, 703-709. 

[20] Tsai, K.K., Chuang, E.Y., Little, J.B. and Yuan, Z.M. 
(2005) Cellular mechanisms for low-dose ionizing radia-
tion-induced perturbation of the breast tissue microenvi-
ronment. Cancer Research, 65, 6734-6744. 

[21] Frechet, M., Warrick, E., Vioux, C. et al. (2008) Overex-
pression of matrix metalloproteinase 1 in dermal fibro-
blasts from DNA repair-deficient/cancer-prone xeroderma 
pigmentosum group C patients. Oncogene, 27, 5223-5232. 

[22] Liu, D. and Hornsby, P.J. (2007) Senescent human fibro-
blasts increase the early growth of xenograft tumors via 
matrix metalloproteinase secretion. Cancer Research, 67, 
3117-3126. 

[23] Rijken, F., Kiekens, R.C., van den Worm, E., Lee, P.L., 
van Weelden, H. and Bruijnzeel, P.L. (2006) Pathophysi-
ology of photoaging of human skin: Focus on neutrophils. 
Photochemical & Photobiological Sciences, 5, 184-189. 

[24] Millis, A.J., Hoyle, M., McCue, H.M. and Martini, H. 
(1992) Differential expression of metalloproteinase and 
tissue inhibitor of metalloproteinase genes in aged human 
fibroblasts. Experimental Cell Research, 201, 373-379. 

[25] Millis, A.J., McCue, H.M., Kumar, S. and Baglioni, C. 
(1992) Metalloproteinase and TIMP-1 gene expression 
during replicative senescence. Experimental Gerontology, 
27, 425-428. 

[26] West, M.D., Pereira-Smith, O.M. and Smith, J.R. (1989) 
Replicative senescence of human skin fibroblasts corre-
lates with a loss of regulation and overexpression of col-
lagenase activity. Experimental Cell Research, 184, 
138-147. 

[27] Csoka, A.B., Scherer, S.W. and Stern, R. (1999) Expres-
sion analysis of six paralogous human hyaluronidase 
genes clustered on chromosomes 3p21 and 7q31. Ge-
nomics, 60, 356-361. 

[28] Butler, J.E., Hammond, T.H. and Gray, S.D. (2001) Gen-
der-related differences of hyaluronic acid distribution in 
the human vocal fold. Laryngoscope, 111, 907-911. 

[29] Csoka, A.B., Frost, G.I. and Stern, R. (2001) The six 
hyaluronidase-like genes in the human and mouse ge-



G. M. Adams et al. / J. Biomedical Science and Engineering 3 (2010) 148-159 

Copyright © 2010 SciRes.                                                                  

159 

JBiSE 

nomes. Matrix Biology, 20, 499-508. 
[30] Madruga de Melo, E.C., Lemos, M., Aragao Ximenes 

Filho, J., Sennes, L.U., Nascimento Saldiva, P.H. and 
Tsuji, D.H. (2003) Distribution of collagen in the lamina 
propria of the human vocal fold. Laryngoscope, 113, 
2187-2191. 

[31] Paulsen, F., Kimpel, M., Lockemann, U. and Tillmann, B. 
(2000) Effects of ageing on the insertion zones of the 
human vocal fold. Journal of Anatomy, 196, 41-54. 

[32] Tateya, T., Tateya, I. and Bless, D.M. (2006) Collagen 
subtypes in human vocal folds. Annals of Otology, Rhi-
nology, Laryngology, 115, 469-476. 

[33] Sato, K., Hirano, M. and Nakashima, T. (2002) Age- 
related changes of collagenous fibers in the human vocal 
fold mucosa. Annals of Otology, Rhinology, Laryngology, 
111, 15-20. 

[34] Ruhland, C., Schonherr, E., Robenek, H. et al. (2007) 
The glycosaminoglycan chain of decorin plays an im-
portant role in collagen fibril formation at the early 
stages of fibrillogenesis. FEBS Journal, 274, 4246-4255. 

[35] Hahn, M.S., Kobler, J.B., Zeitels, S.M. and Langer, R. 
(2005) Midmembranous vocal fold lamina propria pro-
teoglycans across selected species. Annals of Otology, 

Rhinology, Laryngology, 114, 451-462. 
[36] Thibeault, S.L., Bless, D.M. and Gray, S.D. (2003) Inter-

stitial protein alterations in rabbit vocal fold with scar. 
Journal of Voice, 17, 377-383. 

[37] Svensson, L., Aszodi, A., Reinholt, F.P., Fassler, R., 
Heinegard, D. and Oldberg, A. (1999) Fibromodulin-null 
mice have abnormal collagen fibrils, tissue organization, 
and altered lumican deposition in tendon. Journal of 
Biological Chemistry, 274, 9636-9647. 

[38] Lucero, H.A. and Kagan, H.M. (2006) Lysyl oxidase: An 
oxidative enzyme and effector of cell function. Cellular 
and Molecular Life Sciences, 63, 2304-2316. 

[39] Ding, H. and Gray, S.D. (2001) Senescent expression of 
genes coding tropoelastin, elastase, lysyl oxidase, and 
tissue inhibitors of metalloproteinases in rat vocal folds: 
Comparison with skin and lungs. Journal of Speech, 
Language, Hearing Research, 44, 317-326. 

[40] Chhetri, D.K., Head, C., Revazova, E., Hart, S., Bhuta, S. 
and Berke, G.S. (2004) Lamina propria replacement 
therapy with cultured autologous fibroblasts for vocal 
fold scars. Otolaryngology Head and Neck Surgery, 131, 
864-870. 

 
 



J. Biomedical Science and Engineering, 2010, 3, 160-166                                           
doi:10.4236/jbise.2010.32021 Published Online February 2010 (http://www.SciRP.org/journal/jbise/

JBiSE 
). 

 
 
 

Published Online February 2010 in SciRes. http://www.scirp.org/journal/jbise

Study on synchrony of two uncoupled neurons under the  
neuron’s membrane potential stimulation 
 
Yue-Ping Peng1,2, Jue Wang1, Quan-Xing Miao2, Hong-Yan Lu2 
 
1Key Laboratory of Biomedical Information Engineering of Education Ministry, Xi’an Jiaotong University, Xi’an, China;  
2Communication Department, Engineering College of Armed Police Force, Xi’an, China. 
Email: percy001@163.com 
 
Received 27 June 2009; revised 5 December 2009; accepted 7 December 2009. 
 
ABSTRACT 

The input current of two uncoupled Hindmarsh-Rose 
neurons under different initial conditions is modu-
lated by the membrane potential of the Hindmarsh- 
Rose neuron; and the synchronization characteristics 
of the two uncoupled neurons are discussed by ana-
lyzing their membrane potentials and their inter 
spike interval (ISI) distribution. Under the stimula-
tion of the neuron’s membrane potential whose dis-
charge pattern is period or the chaos, the two uncou-
pled neurons under different initial conditions, whose 
parameter r (the parameter r is related to the mem-
brane penetration of calcium ion, and reflects the 
changing speed of the slow adaptation current) is 
different or the same, can realize the full synchroni-
zation (state synchronization) or discharge synchro-
nization (phase synchronization), and can only be 
synchronized to the discharge pattern of the stimula-
tion neuron. The synchronization characteristics are 
mainly related to the discharge pattern and the 
strength of the stimulation neuron’s membrane po-
tential, and are little related to the parameter r and 
the initial state of the two uncoupled neurons. This 
investigation shows the characteristics of the neu-
ron’s membrane potential affecting the synchroniza-
tion process of neurons, and the neurons’ discharge 
patterns and synchronization process can be adjusted 
and controlled by the discharge pattern and the 
strength of the stimulation neuron’s membrane po-
tential. This result is helpful to study synchronization 
and encode of many neurons or neural network. 
 
Keywords: The Membrane Potential; The HR Neuron; 
Synchronization; ISI 

1. INTRODUCTION 

Since system synchronization was presented by Pecora, 

et al. [1,2] in 1991, synchronization research has been 
causing researchers’ wide focus in neuroscience field. 
Nervous activities’ synchronization is found not only 
among coupled neuron groups in the same brain region, 
but also among uncoupled neuron groups in the same 
brain region or among different cortical areas; Moreover, 
it can cross over two semispheres of the brain [3]. So in 
the nervous system, synchronization activities are pre-
sented not only among the coupled neurons, but also 
among the uncoupled neurons. Studies on neuron syn-
chronization are mainly focused on two cases: the cou-
pled neurons and the uncoupled neurons; and the syn-
chronization of coupled neurons are studied more. 

The Hindmarsh-Rose neuron (HR neuron) has several 
characteristics of the excitable cell’s physical model and 
many time scale discharge action [4,5,6,13]. There are 
some literatures of studies on synchronization of HR 
neurons [3,7,9,10,12,14,15,16,17]. Huerta, R. and Rabi-
novich, M.I. studied the period rhythm’s change of two 
HR neurons coupled by the circuit and the synapse [7]. 
Two uncoupled HR neurons can be realized synchroni-
zation by applying input signals to modulate the neuron 
model’s parameter or by applying the noise and the HR 
neuron’s membrane potential to stimulate these neurons 
[8,9,10]. The phase synchronization of two coupled HR 
neurons was discussed by Shuai, JianWei and Durand, 
D.M., and they concluded that the phase synchronization 
is the discharge synchronization, the frequency synchro-
nization is the cluster synchronization, and the full syn-
chronization is the state synchronization [11]. Synchrony 
of two uncoupled neurons under half wave sine current 
stimulation was discussed, and it was concluded that the 
two uncoupled HR neurons under different initial condi-
tions, whose parameter r is different or the same, can 
realize discharge synchronization (phase synchronization) 
or the full synchronization (state synchronization) [12]. 

In this study, we take two uncoupled HR neurons as 
the object, and make the HR neurons different initial 
discharge patterns by setting the value of the parameter r, 
and apply the membrane potential of the Hindmarsh- This work is supported by the National Natural Science Foundation of 

China (No. 30670660). 
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Rose neuron to modulate the two uncoupled HR neu-
rons’ input current, and discuss the HR neurons’ syn-
chronization characteristics by calculating and analyzing 
the two neurons’ membrane potentials and their inter 
spike intervals (ISIs). 

2. THE DISCHARGE PATTERNS OF THE 
HR NEURON MODEL 

The HR neuron has many time scale dynamics action, 
and its equation is set of three dimension ordinary dif-
ferential equations [4,5,6]: 

3 2x y ax bx z I      

2y c dx y    

[ ( ) ]z r s x X z                   (1) 

The HR neuron has three time variables: the mem-
brane potential variable x which has the quick depolari-
zation ability, the quick recovery variable y and slow 
adaptation current variable z. I is the input stimulation 
current; a, b, c, d, s, r and X are parameters. The pa-
rameter r is related to the membrane penetration of cal-
cium ion, and reflects the changing speed of the slow 
adaptation current variable z. Other parameters have no 
specific physical meaning. The equations are nondimen-
sional, and at numerical calculation, value of parameters 
is as follows: a=1.0, b=3.0, c=1.0, d=5.0, s=4.0, I=3.0, 
X=−1.56, and you can set the neuron at different dis-
charge patterns by changing the parameter r. 

The discharge threshold value is −0.25, and if the 
membrane potential is more than −0.25, the neuron will 
produce one discharge process. Figure 1 is the ISI bi-
furcation figure of the neuron, where parameters except 
r are set to the above values, and the initial state of the 
neuron is (1.0, 0.2, 0.2). From Figure 1, the discharge 
pattern of the neuron begins from the chaos state(r is  

 
Figure 1. Bifurcation figure of the HR neuron under the 
parameter r changing from 0.008 to 0.022. 

Table 1. The values of the two neurons’ parameter r. 

Case The values of r1 and r2 

The same 
r1=r2=0.009, r1=r2=0.011, 

r1=r2=0.013, r1=r2=0.0171, r1=r2=0.02 

A little different

r1=0.0085 and r2=0.009, 
r1=0.011 and r2=0.0115, 
r1=0.014 and r2=0.0141, 
r1=0.017 and r2=0.0171, 
r1=0.021 and r2=0.0215 

Much different

r1=0.0082 and r2=0.0115, 
r1=0.014 and r2=0.0085, 
r1=0.0085 and r2=0.017, 
r1=0.009 and r2=0.021, 
r1=0.011 and r2=0.0145, 
r1=0.0112 and r2=0.017, 
r1=0.0115 and r2=0.021, 
r1=0.014 and r2=0.017, 
r1=0.022 and r2=0.013, 
r1=0.017 and r2=0.021 

 
about 0.008~0.009), and evolves period 6 discharge pat-
tern(r is near 0.01), and via the adverse period doubling 
bifurcation passes period 3(r is about 0.0105~0.012) and 
enters the chaos state(r is about 0.0125~0.015) again, 
and at last via the adverse period doubling bifurcation 
passes period 4(r is about 0.016~0.018) and comes into 
period 2(r is about 0.0185 ~0.022). 

3. THE SYNCHRONIZATION OF TWO 
UNCOUPLED HR NEURONS UNDER 
THE STIMULATION OF THE     
NEURON’S MEMBRANE          
POTENTIAL 

The equation set of two uncoupled HR neurons’ model is: 
.

3 2 ( (i i i i i i i i S ))x y a x b x z I I t       

.
2

i i iiy c d x yi    

.

[ ( ) ]i i i i i iz r s x X z      ( i =1, 2)          (2) 

Time variables of these two neurons are respectively 
(x1, y1, z1) and (x2, y2, z2), and the parameters of these 
two neurons are respectively (a1, b1, c1, d1, r1, s1, I1, X1) 
and (a2, b2, c2, d2, r2, s2, I2, X2). 

The equations are also nondimensional. At numerical 
calculation, the values of these two neurons’ parameters 
(except r) are as follows: a1=a2=1.0, b1=b2 =3.0, 
c1=c2=1.0, d1=d2=5.0, s1=s2=4.0, X1=X2=−1.56, I1=I2=3.0; 
and the values of the initial states of these two neurons 
are respectively (1.0, 0.2, 0.2) and (−1.0, 0.8, 0.3); and 
you can set these two neurons at different discharge pat-
terns by controlling values of the parameter ri (i=1, 2). 

According to the difference of these two neurons’ pa-
rameter r, there are three cases: the parameter r is the 
same, a little different ( 1 2 0.0005r r  ), and much 
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different ( 1 2 0.003r r  ). Table 1 shows the values of 

the two neurons’ parameter r, and the discharge patterns 
of these two neurons are correspondingly showed in the 
Figure 1. 

The value of the initial state of the stimulation neuron 
is (0.2, 1, −0.2). The values of the parameters except r of 
the stimulation neuron are as follows: a=1.0, b=3.0, 
c=1.0, d=5.0, s=4.0, I=3.0, X=−1.56. The stimulation 
neuron can be made different discharge patterns by 
changing the parameter r according to Figure 1. 

Total stimulation current includes two parts: the bias 
current (I1 and I2) and the input stimulation current IS(t): 

. x(t) is the membrane potential of the 

stimulation neuron, and k is the stimulation strength of 
the membrane potential. The stimulation neuron begins 
to stimulate the system model after the bias current (I1 
and I2) has been working for 500. The simulation time of 
the system model is often 0~4000. 

)()( tkxtI S 

3.1. Synchronization under the Stimulation of 
the Period Discharge Pattern 

The values of the parameters of these two uncoupled 
neurons are above given values. The parameter r of the 
stimulation neuron is respectively 0.011, 0.017, and 0.02, 
and its discharge pattern is respectively period 3, period 
4, and period 2. Under each discharge pattern, the stimu-
lation strength k is respectively 0.5, 1, 2, 3, 6, 9, and 12. 

The parameter r of the stimulation neuron is 0.011 
(the discharge pattern is period 3). As it begins to stimu-
late the two neurons, in above all cases, the two uncou-
ple neurons’ discharge patterns totally change into dy-
namic period discharge pattern from the initial discharge 
patterns with the stimulation strength k increasing, and 
the changing trend of their membrane potentials’ ISI is 
the same, namely gradually evolves into period 3 dis-
charge pattern which is the same as the stimulation neu-
ron’s. When the stimulation strength is 0.5 and 1, these 
two neurons don’t realize synchronization, and when the 
stimulation strength is 3, 6, 9 and 12, these two neurons 
realize discharge synchronization (phase synchronization) 
or the full synchronization (state synchronization) [11]. 
When the stimulation strength is 2, only several groups 
of these two neurons realize discharge synchronization 
or the full synchronization. When the parameter r is the 
same, these two neurons realize the full synchronization. 
When the parameter r is a little different, these two neu-
rons realize the full synchronization or discharge syn-
chronization. When the parameter r is much different, 
these two neurons realize discharge synchronization or 
the approximate full synchronization. The synchroniza-
tion discharge pattern is the same as the stimulation neu-
ron’s discharge pattern (period 3). 

The parameter r of the stimulation neuron is 0.017 
(the discharge pattern is period 4). As it begins to stimu-

late the two neurons, in above all cases, the two uncou-
ple neurons’ discharge patterns totally change into dy-
namic period discharge pattern from the initial discharge 
patterns with the stimulation strength k increasing, and 
the changing trend of their membrane potentials’ ISI is 
the same, namely gradually evolves into period 4 dis-
charge pattern which is the same as the stimulation neu-
ron’s. When the stimulation strength is 0.5 and 1, these 
two neurons don’t realize synchronization, and when the 
stimulation strength is 3, 6, 9 and 12, these two neurons 
realize discharge synchronization or the full synchroni-
zation. When the stimulation strength is 2, only several 
groups of these two neurons realize discharge synchro-
nization or the full synchronization. When the parameter 
r is the same, these two neurons realize the full synchro-
nization. When the parameter r is a little different, these 
two neurons realize the full synchronization or discharge 
synchronization. When the parameter r is much different, 
these two neurons realize discharge synchronization or 
the approximate full synchronization. The synchroniza-
tion discharge pattern is the same as the stimulation 
neuron’s discharge pattern (period 4). 

The parameter r of the stimulation neuron is 0.02 (the 
discharge pattern is period 2). As it begins to stimulate 
the two neurons, in above all cases, the two uncouple 
neurons’ discharge patterns totally change into dynamic 
period discharge pattern from the initial discharge pat-
terns with the stimulation strength k increasing, and the 
changing trend of their membrane potentials’ ISI is the 
same, namely gradually evolves into period 2 discharge 
pattern which is the same as the stimulation neuron’s. 
When the stimulation strength is 0.5 and 1, these two 
neurons don’t realize synchronization, and when the 
stimulation strength is 6, 9 and 12, these two neurons 
realize discharge synchronization or the full synchroni-
zation. When the stimulation strength is 2 or 3, only sev-
eral groups of these two neurons realize discharge syn-
chronization or the full synchronization. When the pa-
rameter r is the same, these two neurons realize the full 
synchronization. When the parameter r is a little differ-
ent, these two neurons realize the full synchronization or 
discharge synchronization. When the parameter r is 
much different, these two neurons realize discharge syn- 
chronization or the approximate full synchronization. 
The synchronization discharge pattern is the same as the 
stimulation neuron’s discharge pattern (period 2). 

Limited to the length, Figure 2 only shows the syn-
chronization process of the two neurons, where the pa-
rameter r of the stimulation neuron is 0.02, and the 
stimulation strength k is 9. In Figure 2, from (a) and (d), 
(b) and (e), (c) and (f), these two neurons respectively 
realize the full synchronization, the full synchronization, 
and the discharge synchronization; and the synchroniza-
tion discharge pattern is all period 2, which is the same 
as the stimulation neuron’s discharge pattern. 
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Figure 2. The synchronization process of the two neurons, 
where the parameter r of the stimulation neuron is 0.02 and 
the stimulation strength is 9. (a) The membrane potential’s 
ISI changing chart of the two neurons with time, where r1 is 
0.013 and r2 is 0.013. (b) The membrane potential’s ISI 
changing chart of the two neurons with time, where r1 is 
0.014 and r2 is 0.0141. (c) The membrane potential’s ISI 
changing chart of the two neurons with time, where r1 is 
0.022 and r2 is 0.013. (d) The two neurons’ membrane poten-
tial’s synchronization error ( 1 2err x x  ) changing chart 

with time, where r1 is 0.013 and r2 is 0.013. (e) The two neu-
rons’ membrane potential’s synchronization error changing 
chart with time, where r1 is 0.014 and r2 is 0.0141. (f) The 
two neurons’ membrane potential’s synchronization error 
changing chart with time, where r1 is 0.022 and r2 is 0.013. 

 
Synchronization state of two neurons can also be clas-

sified by the phase function [11]. The phase function of 
these two neurons is here defined as: ( )i t   

 (i=1, 2), where x(t) is 

the membrane potential. Limited to the length, Figure 3 
only shows the trajectory projection in the 

 plane and the phase of the 

neuron changing with time. From Figures 3(a), 3(b) and 
3(c), it can be seen that the attractor has a single rotation 
center in the  plane. The phases 

of the neuron are given in Figure 3(g), 3(h) and 3(i) 
with time from 3500 to 4000. The corresponding mem-
brane potentials of the neuron are given in Figure 3(d), 
3(e) and 3(f). 

arctan[ ( 0.5) / ( ( ) 0.1)]i ix t x t  

( 0.5) ( ( ) 0.1)i ix t x t   

( 0.5) ( (ix t x t  ) 0.1)i 

The absolute phase difference of two neurons ( ( )t ) 

is defined as: 1 2( ) ( ) ( )t t     t . When the maxi-

mum absolute phase difference of these two neurons 
(

max
)(t ) is no more than 2π, these two neurons real-

ize discharge synchronization; When 
max

)(t  ap-

proximates to zero, these two neurons realize the full 
synchronization; when 

max
)(t  can be as large as 4π 

for some small time intervals, these two neurons can be 
viewed as an intermittent discharge synchronization. 

Limited to the length, Figure 4 only partly shows the 

 
Figure 3. The trajectory projection in the  )5.0(txi ( )1.0)( txi  

plane and the phase of neuron changing with time, where the 
strength k of the stimulation neuron is 9. (a) The trajectory 
projection in the plane of the neuron, whose parameter r is 
0.021, where the parameter r of the stimulation neuron is 0.011. 
(b) The trajectory projection in the plane of the neuron, whose 
parameter r is 0.009, where the parameter r of the stimulation 
neuron is 0.013. (c) The trajectory projection in the plane of 
the neuron, whose parameter r is 0.011, where the parameter r 
of the stimulation neuron is 0.02. (d) The membrane potential 
changing chart with time of the neuron, whose parameter r is 
0.021, where the parameter r of the stimulation neuron is 0.011. 
(e) The membrane potential changing chart with time of the 
neuron, whose parameter r is 0.009, where the parameter r of 
the stimulation neuron is 0.013. (f) The membrane potential 
changing chart with time of the neuron, whose parameter r is 
0.011, where the parameter r of the stimulation neuron is 0.02. 
(g) The phase function changing chart with time of the neuron, 
whose parameter r is 0.021, where the parameter r of the 
stimulation neuron is 0.011. (h) The phase function changing 
chart with time of the neuron, whose parameter r is 0.009, 
where the parameter r of the stimulation neuron is 0.013. (i) 
The phase function changing chart with time of the neuron, 
whose parameter r is 0.011, where the parameter r of the 
stimulation neuron is 0.02. 
 

changing diagram of 
max

)(t with the stimulation 

strength k changing, where the parameter r of the stimu-
lation neuron is 0.02. From Figure 4, when the stimula-
tion strength k changes from 0 to 8 according to the step 
0.02, these two neurons’ discharge patterns begin with 
asynchronization, and gradually realize discharge syn-
chronization or the full synchronization via the quick 
intermittent discharge synchronization process. When 
the stimulation strength k is near 2.6, and these two neu-
rons in Figure 4(a) go into the intermittent discharge 
synchronization state, so the critical value of these two 
neurons realizing synchronization is about 2.6. When the 
stimulation strength k is near 2.1, and these two neurons 
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in Figure 4(b) go into the intermittent discharge syn-
chronization state, so the critical value of these two neu-
rons realizing synchronization is about 2.1. When the 
stimulation strength k is near 2.5, and these two neurons 
in Figure 4(c) go into the intermittent discharge syn-
chronization state, so the critical value of these two neu-
rons realizing synchronization is about 2.5. When the 
stimulation strength k is near 2, and these two neurons in 
Figure 4(d) go into the intermittent discharge synchro-
nization state, so the critical value of these two neurons 
realizing synchronization is about 2. When the stimula-
tion strength k is near 2.9, and these two neurons in 
Figure 4(e) go into the intermittent discharge synchro-
nization state, so the critical value of these two neurons 
realizing synchronization is about 2.9. So, under the 
same stimulation signal, the stimulation strength’s criti-
cal value of the two neurons whose parameter r is at 
0.008~0.009, is bigger than that of the two neurons 
whose parameter r is at 0.0125~0.015. Under the same 
stimulation signal, the less the difference between the 
two neurons is the smaller stimulation strength k of the 
two neurons’ realizing synchronization and the easier the 
two neurons realize synchronization. In addition, the 
bigger the stimulation strength k is easier the neurons 
realize synchronization. 

is the same, namely gradually evolves into the chaos  
discharge pattern which is the same as the stimulation 
neuron’s. When the stimulation strength is 0.5 and 1, 
these two neurons don’t realize synchronization, and 
when the stimulation strength is 3, 6, 9 and 12, these two 
neurons realize discharge synchronization or the full 
synchronization. When the stimulation strength is 2, 
these two neurons except r1=0.009 and r2=0.021, r1= 
0.022 and r2=0.013, realize discharge synchronization or 
the full synchronization. When the parameter r is the 
same, these two neurons realize the full synchronization. 
When the parameter r is a little different, these two neu-
rons realize the full synchronization or discharge syn-
chronization. When the parameter r is much different, 
these two neurons realize discharge synchronization or 
the approximate full synchronization. The synchroniza-
tion discharge pattern is the same as the stimulation neu-
ron’s discharge pattern (the chaos). 

The parameter r of the stimulation neuron is 0.013 
(the discharge pattern is the chaos). As it begins to 
stimulate the two neurons, in above all cases, the two 
uncouple neurons’ discharge patterns totally change into 
dynamic period discharge pattern from the initial dis-
charge patterns with the stimulation strength k increasing, 
and the changing trend of their membrane potentials’ ISI 
is the same, namely gradually evolves into the chaos 
discharge pattern which is the same as the stimulation 
neuron’s. When the stimulation strength is 0.5 and 1, 
these two neurons don’t realize synchronization, and 
when the stimulation strength is 3, 6, 9 and 12, these two 
neurons realize discharge synchronization or the full 
synchronization. When the stimulation strength is 2, 
only several groups of these two neurons realize dis-
charge synchronization or the full synchronization. 
When the parameter r is the same, these two neurons 
realize the full synchronization. When the parameter r is 
a little different, these two neurons realize the full syn-
chronization or discharge synchronization. When the 
parameter r is much different, these two neurons realize 
discharge synchronization or the approximate full syn-
chronization. The synchronization discharge pattern is 

3.2. Synchronization under the Stimulation of 
the Chaos Discharge Pattern 

The values of the parameters of these two uncoupled 
neurons are above given values. The parameter r of the 
stimulation neuron is respectively 0.0085 and 0.013, and 
its discharge pattern is the chaos. Under each parameter 
r, the stimulation strength k is respectively 0.5, 1, 2, 3, 6, 
9, and 12. 

The parameter r of the stimulation neuron is 0.0085 
(the discharge pattern is the chaos). As it begins to 
stimulate the two neurons, in above all cases, the two 
uncouple neurons’ discharge patterns totally change into 
dynamic period discharge pattern from the initial dis-
charge patterns with the stimulation strength k increasing, 
and the changing trend of their membrane potentials’ ISI  

 

 

Figure 4. The changing diagram of
max

)(t is changing with the stimulation strength k changing, where the parameter r of 

the stimulation neuron is 0.02, and the changing step of the stimulation strength k is 0.02. (a) The parameter r of these two 
neurons is the same: r1=r2=0.009. (b) The parameter r of these two neurons is the same: r1=r2=0.013. (c) The parameter r of 
these two neurons is a little different: r1=0.0085 and r2=0.009. (d) The parameter r of these two neurons is a little different: 
r1=0.014 and r2=0.0141. (e) The parameter r of these two neurons is much different: r1=0.014 and r2=0.0085. 

 JBiSE 



Y. P. Peng et al. / J. Biomedical Science and Engineering 3 (2010) 160-166 

Copyright © 2010 SciRes.                                                                   

165 

JBiSE

 

 
Figure 5. The synchronization process of the two neurons, 
where the parameter r of the stimulation neuron is 0.013 and 
the stimulation strength k is 9. (a) The membrane potential’s 
ISI changing chart of the two neurons with time, where r1 is 
0.013 and r2 is 0.013. (b) The membrane potential’s ISI 
changing chart of the two neurons with time, where r1 is 
0.014 and r2 is 0.0141. (c) The membrane potential’s ISI 
changing chart of the two neurons with time, where r1 is 
0.022 and r2 is 0.013. (d) The two neurons’ membrane po-
tential’s synchronization error ( 21 xxerr  ) changing chart 

with time, where r1 is 0.013 and r2 is 0.013. (e) The two 
neurons’ membrane potential’s synchronization error chang-
ing chart with time, where r1 is 0.014 and r2 is 0.0141. (f) 
The two neurons’ membrane potential’s synchronization er-
ror changing chart with time, where r1 is 0.022 and r2 is 
0.013. 

the same as the stimulation neuron’s discharge pattern 
(the chaos). 

Limited to the length, Figure 5 only shows the syn-
chronization process of the two neurons. In Figure 5, 
from (a) and (d), (b) and (e), (c) and (f), these two neu-
rons respectively realize the full synchronization, the full 
synchronization, and the discharge synchronization; and 
the synchronization discharge pattern is all the chaos, 
which is the same as the stimulation neuron’s discharge 
pattern. 

Limited to the length, Figure 6 only shows the chang-
ing diagram of 

max
)(t  with the stimulation strength k  

changing. From Figure 6, when the stimulation strength 
k changes from 0 to 8 according to the step 0.02, these 
two neurons’ discharge patterns begin with asynchroni-
zation, and gradually realize discharge synchronization 
or the full synchronization via the quick intermittent 
discharge synchronization process. 

When the stimulation strength k is near 1.7, and these 
two neurons in Figure 6(a) go into the intermittent dis-
charge synchronization state, so the critical value of 
these two neurons realizing synchronization is about 1.7. 
When the stimulation strength k is near 1.3, and these 
two neurons in Figure 6(b) go into the intermittent dis-
charge synchronization state, so the critical value of 
these two neurons realizing synchronization is about 1.3. 
When the stimulation strength k is near 1.6, and these 
two neurons in Figure 6(c) go into the intermittent dis-
charge synchronization state, so the critical value of 
these two neurons realizing synchronization is about 1.6. 
When the stimulation strength k is near 1.4, and these 
two neurons in Figure 6(d) go into the intermittent dis-
charge synchronization state, so the critical value of 
these two neurons realizing synchronization is about 1.4. 
When the stimulation strength k is near 1.8, and these 
two neurons in Figure 6(e) go into the intermittent dis-
charge synchronization state, so the critical value of 
these two neurons realizing synchronization is about 1.8. 
So, under the same stimulation signal, the stimulation 
strength’s critical value of the two neurons whose pa-
rameter r is at 0.008~0.009, is bigger than that of the two 
neurons whose parameter r is at 0.0125~0.015. Under 
the same stimulation signal, the less the difference be-
tween the two neurons is, the smaller the stimulation 
strength k of the two neurons’ realizing synchronization 
is, and the easier the two neurons realize synchronization. 
From Figures 4 and 6, for the two neurons, the critical 
value of the chaos signal’s stimulation strength is less 
than that of the period signal’s stimulation strength, so 
the chaos signal’s stimulation is easier to realize the 
synchronization of two neurons than the period signal’s 
stimulation. In addition, the bigger the stimulation str- 
ength k is, the easier the neurons realize synchronization.

 
Figure 6. The changing diagram of 

max
)(t  is changing with the stimulation strength k, where the parameter r of the 

stimulation neuron is 0.0085, and the changing step of the stimulation strength k is 0.02. (a) The parameter r of these two 
neurons is the same: r1=r2=0.009. (b) The parameter r of these two neurons is the same: r1=r2=0.013. (c) The parameter r 
of these two neurons is a little different: r1=0.0085 and r2=0.009. (d) The parameter r of these two neurons is a little dif-
ferent: r1=0.014 and r2=0.0141. (e) The parameter r of these two neurons is much different: r1=0.014 and r2=0.0085.  
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4. CONCLUSIONS 

Under the stimulation of the neuron’s membrane poten-
tial whose discharge pattern is period or the chaos, the 
two uncoupled neurons under different initial conditions, 
whose parameter r is different or the same, can realize 
the full synchronization or discharge synchronization, 
and can only be synchronized to the response being in 
synchronization with stimulation signal. The synchroni-
zation discharge patterns are the same as the stimulation 
neuron, and the synchronization characteristics are 
mainly related to the discharge pattern and the strength 
of the stimulation neuron’s membrane potential, and are 
little related to the parameter r and the initial state of the 
two uncoupled neurons. And the bigger the strength of 
the stimulation signal is, the easier the two neurons real-
ize synchronization. The critical strength value of these 
two neurons realizing synchronization is related to, not 
only the two neurons’ parameter r and the initial state, 
but also the stimulation signal. For the two neurons, the 
critical value of the chaos signal’s stimulation strength is 
less than that of the period signal’s stimulation strength. 
The chaos signal’s stimulation is easier to realize syn-
chronization of two neurons than the period signal’s 
stimulation. 

This investigation shows characteristics of the neu-
ron’s membrane potential affecting the synchronization 
process of two uncoupled neurons, and the two neurons’ 
discharge patterns and synchronization process can be 
adjusted and controlled by the discharge pattern and the 
strength of the stimulation neuron’s membrane potential. 
This result is helpful to study synchronization and en-
code of many neurons or neural network. 
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ABSTRACT 

The design and development of a new dual-frequency 
RF probe-head are presented. This probe was ini-
tially dedicated for the MRI of both proton (1H) and 
hyperpolarized Xenon-129 (HP 129Xe) in the rat brain 
at 2.35 Tesla. It consists of a double-tuned (100 MHz- 
27.7 MHz) volume coil, which could be used for both 
transmitting and receiving, and of a receive-only sin-
gle-tuned (27.7 MHz) coil. The double-tuned coil con-
sists of two concentric birdcage resonators. The inner 
one is a low-pass design and it is tuned to 27.7 MHz, 
while the outer one, tuned to 100 MHz, is high-pass. 
The receive-only coil is a surface coil which is de-
coupled from the double-tuned volume coil by an 
active decoupling circuitry based on the use of PIN 
diodes. A home-built Transmit/Receive (T/R) driver 
ensures biasing of the PIN diodes in both volume and 
surface coils. The original concepts of the design are 
addressed, and practical details of realization are 
presented. One of the underlying ideas behind this 
work is to proceed well beyond the application to the 
MRI of HP 129Xe. Actually, this design could be easily 
adapted for a large palette of other MRI applications. 
Indeed, we tried to make the design versatile, simple 
and easy to replicate by other research groups, with a 
low-cost, minimum development time and accepted 
performances. The prototype was validated at 100 
MHz and at 26.4 MHz (sodium-23 resonance fre-
quency at 2.35 T). MRI experiments were performed 
using phantoms. In vivo 1H images and 23Na spectra 
of the rat brain are also presented. 
 
Keywords: MRI; RF Coils; Double-Tune; Active   
Decoupling; Proton; Sodium-23; Hyperpolarized  
Xenon-129 

1. INTRODUCTION 

Nuclear Magnetic Resonance (NMR) and Magnetic 

Resonance Imaging (MRI) are important diagnostic and 
analytical tools for biomedical studies. During the last 
two decades, and since the MRI of hyperpolarized xe-
non-129 (HP 129Xe) was initially demonstrated in 1994 
[1] in mouse lungs, the MRI of hyperpolarized gases 
(129Xe, 3He…) have become widespread for a large pal-
ette of applications in biology and medicine. Particularly, 
the MRI of injected or inhaled HP 129Xe is a promising 
noninvasive method for the investigation of brain func-
tion and clinical use. In fact, several studies carried out 
in our laboratory and by some research groups in the 
world, have already demonstrated that the MRI of HP 
129Xe may allow quantitative measurement of the cere-
bral blood flow (CBF) with a high spatial resolution 
[2,3,4,5]. This physiological parameter, which is defined 
as the blood supply to the brain in a given time and per 
mass unit of brain tissue1, is tightly regulated to meet the 
brain’s metabolic demands. The measurement of changes 
in both global cerebral blood flow (gCBF)2 and regional 
cerebral blood flow (rCBF)3 is of great value for func-
tional brain studies as well as for the diagnosis of a large 
number of brain diseases (Alzheimer, epilepsy, Parkin-
son, ischemia…). Nevertheless, for such measurements, 
especially those of the rCBF, to become quantitatively 
reliable by the MRI of HP 129Xe, one must first over-
come several experimental and instrumental challenges. 

In addition to the understanding of the behavior of the 
129Xe in the brain, which is out of the scope of this paper, 
many instrumental obstacles have to be actually resolved. 
For example, the experimental set-up for polarization 
build-up and storage is relatively complicated and re-
quire some know-how. One important aspect in building 
this polarization set-up has already been addressed in our 
previous works [6,7]. A second instrumental challenge 
concerns the development of specific radiofrequency 
(RF) probes for these experiments. In this paper, we deal 
with this problem and we present an original and versa-
tile design of a dedicated RF double-tuned volume coil 
actively-decoupled from a simple-tuned receive-only RF 
surface coil. 

1In healthy brain of adult humans, the CBF is regulated to an average of 
50 milliliters of blood per 100 grams of brain tissue per minute. 

2Value of the CBF measured over all the brain. 
3Value of the CBF measured within a specific brain region.

To help the reader in better understanding the general 
context of our research and the goal of this paper, one may 
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need to review or to learn some basic principles of a typi-
cal NMR experiment as well as of the NMR of HP 129Xe. 

As it is well known, when a sample, consisting of 
NMR-sensitive nuclei (1H, 3He, 129Xe; 23Na…etc.), is 
subjected to a uniform static magnetic field B0, a net 
macroscopic magnetization M of the sample appears in 
the direction of B0. This magnetization is proportional, 
roughly speaking, to the polarizing field B0, to the den-
sity of the nuclei within the sample and to the character-
istic gyro-magnetic ratio of the nucleus being studied. 

If the sample is subjected now to a short pulse (called 
excitation pulse) of a second radiofrequency magnetic 
field B1, applied at the characteristic Larmor frequency f0 
(about 100 MHz for 1H, 27.7 MHz for 129Xe and 26.4 
MHz for 23Na at B0=2.35 Tesla), the net magnetization, 
M, may be “tipped” or rotated from its initial direction 
(or from its equilibrium state) by an angle his angle is 
called “flip angle”. It is proportional to B1 according to 
the equation 1. .B    where the duration of the RF 

pulse is. At the end of the excitation pulse, a resonance 
signal (or the NMR signal) at the same frequency, f0, is 
received. This signal, which is proportional to the mag-
netization M and to  , is processed to be used for ob-

taining a “fingerprint” of the environment of the nucleus 
being studied. 

At equilibrium and for a same magnetic field B0, the 
NMR signal of a given 129Xe population is about 10000 
times lower than the one that could be obtained from the 
same volume of protons. This is because of the intrinsic 
lower gyro-magnetic ratio and lower density of the xe-
non. Consequently, at equilibrium, the in vivo-NMR 
signal of the injected or inhaled 129Xe is not exploitable. 
To compensate this limitation, hyperpolarizing tech-
niques have been successfully used to dramatically in-
crease the magnetization of 129Xe before using it for the 
in vivo experiments. In this case, the magnetization and 
the NMR signal levels are typically enhanced by about 
five orders of magnitude. 

In NMR/MRI experiments, the well-tuned (to the fre-
quency f0) RF probe has usually a dual role: it ensures 
the excitation of the sample (i.e., it creates the RF field 
B1) and it receives the weak NMR signal from this same 
sample. Usually, both excitation (transmission) and re-
ceiving processes are produced in the same coil. Never-
theless, there are cases where these processes are pro-
duced by two or more different coils. Generally, accord-
ing to considerations related to the spatial homogeneity 
of the excitation field B1 and to the receiving sensitivity, 
RF coils may be categorized, roughly speaking, as either 
volume coils or surface coils. Volume coils create ho-
mogeneous spatial distribution of B1 and guarantee the 
possibility to image deep organs. Surface coils allow 
high sensitivity, and hence high signal-to-noise ratio 
(SNR), for surface regions (the rat brain could be con-
sidered as surface region). These surface coils present 

however a poor B1 homogeneity when compared with 
volume coils. This homogeneity decreases generally 
when one moves away for the centre of the coil. 

Both volume and surface coils could be used for both 
transmission and receiving. However, when B1 homo-
geneity during the transmission period is required, the 
use of a transmit volume coil is necessary. On the other 
hand, when this homogeneity is not an issue, a surface 
coil may be preferred to optimize the SNR of the de-
tected NMR signals. The association of a volume coil, 
for transmission, decoupled from a surface coil, for re-
ceiving, is usually used when both B1 uniformity and 
high SNR are required. 

For our experiments of measuring the rCBF by the 
NMR of HP 129Xe, a dedicated RF probe has to be built. 
Actually, the measurement method of the gCBF requires 
knowledge of the global (over all the rat brain) flip angle 
[2,3,4,5]. This angle depends, remember, on B1. The 
determination of a global flip angle can be easily per-
formed. However, when local or regional cerebral blood 
flow (rCBF) values (within a specific brain region or 
inside a pixel of the MRI image) have to be measured, 
the local flip angles (which depend on the local values of 
B1) have to be accurately estimated. This estimation is 
not a trivial task. This is why it’s generally assumed that 
local flip angles are close enough to the global value. 
Nevertheless, when a surface coil is used for transmis-
sion, the estimated global flip angle could be very dif-
ferent from the local values due the inherent 
non-uniformity of the B1 field distribution. This may 
produce inaccurate results in the rCBF values. For ex-
ample, Venkatesh et al. have noted a 20% difference be-
tween the decay times (parameter directly related to the 
rCBF) obtained with a surface coil and those obtained 
with a volume coil used for both transmission and receiv-
ing [3]. Moreover, since Kilian et al. [2] used a surface 
coil in their human brain measurements, it is possible that 
their results contain a systematic error due to inaccurate 
estimation of the local flip angles. The same problem was 
also encountered in our experiments [5]. In all these ex-
periments, the use of surface coils was initially motivated 
by the desire to obtain a high SNR in the MRI images. 

To overcome this problem, the idea we develop here 
consists in using a volume coil for transmitting so as the 
global flip angle will be close enough to the local ones 
thanks to the high B1 homogeneity guaranteed by this type 
of coils. The detection of the NMR signals will then be 
performed by a surface coil positioned inside the volume 
coil. In this situation the advantage the inherent high sen-
sitivity associated with the surface coil is retained. 

The two coils must be decoupled so as when the first 
is active, the second must be deactivated. In other words, 
during transmission, the volume coil is active or “on” 
while the surface coil is “off”. During receiving, the 
transmit volume coil has to be deactivated and the sur-
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face one has to be active. Both transmit and receive coils 
must be well-tuned to the resonance frequency of 129Xe 
(27.7 MHz at 2.35 T). 

Moreover, for the rCBF measurements by MRI, the fi-
nal “ideal” probe must satisfy more stringent requirements. 
Actually, in addition to the transmission and receiving at 
the frequency of 129Xe, one has to be able to perform 
1H-MRI experiments (at 100 MHz) without changing the 
probe and without moving the sample under test (rat in 
our application). In fact, acquiring 1H images is necessary 
to localize anatomical structures in the rat brain. These 
anatomical images are to be superposed to 129Xe images to 
identify structures where inhaled or injected 129Xe could 
be localized in the rat brain. On the other hand, the pro-
cedure of homogenization of the static magnetic field 
(shimming), which is essential before every MRI acquisi-
tion, must be performed using 1H NMR signals. Actually, 
since this shimming procedure requires repetitive excita-
tions and detections, it can not be accomplished on the 
129Xe signals because the artificial magnetization (non 
equilibrium state) of the HP 129Xe is not renewable when 
destroyed by an RF excitation pulse. 

In both anatomical image acquisition and shimming 
procedures, a high SNR of the detected 1H signals is not 
an issue and a same transmit-receive volume coil tuned 
to 100 MHz could be adequate. This coil must however 
be decoupled from both transmit volume and receive- 
only 129Xe coils. 

To summarize: the final “ideal” NMR probe that we 
developed consists of a transmit volume coil actively 
decoupled from a receive-only surface coil working at 
27.7 MHz, and a transmit/receive volume coil for the 1H 
MRI at 100 MHz. The decoupling between the 1H coil 
and the 129Xe coils will be performed geometrically. 

This novel configuration, which actually associates 
three MRI coils in a same probe, is new and has not been 
published. In fact, due to the variety of size and experi-
mental protocols encountered with small-animal imaging 
experiments, it is usually advisable and may be neces-
sary to build a probe optimized for each experimental 
set-up and for each application. However, it is important 
to notice here that another objective of this work is to 
proceed well beyond this specific application to the MRI 
of HP 129Xe. Actually, the current design could be 
adapted or could inspire other designs for a palette of 
MRI applications in the rat brain. Generally, for such 
applications, the “ideal” imaging/spectroscopy coil 
would be one which provides high sensitivity, high B1 
homogeneity, and operation on two or more frequencies 
without retuning requirement or cables changes. The 
problem of sensitivity can be addressed using surface 
coils [8]. The homogeneity requirements can be met by 
the use of adequate coil geometry (i.e., birdcage design 
[9]). The problem of acquiring data from two different 
nuclei (usually proton and a second nucleus like 129Xe, 
23Na sodium, 31P…) requires the use of an efficient dou-

ble-tuned coil (volume or surface coils) [10,11,12,13,14, 
15,16,17]. While these problems have been addressed 
individually, there have been no published designs that 
have integrated all these features into one design. The 
goal of this work is to approach performances as out-
lined above. Another underlying idea is to make this 
specific probe easy to replicate, by other research groups 
with a low-cost, minimum development time and ac-
cepted performances. To allow for easy extension of this 
design to other frequencies (nuclei) and dimensions, we 
describe in some details the practical aspects of the 
workbench design as well as the coil characterization 
and MRI/NMR testing using phantoms. The probe is 
validated at the 1H frequency and the sodium frequency 
(26.4 MHz at 2.35 T) since this last is very close to the 
xenon frequency. In vivo MRI images of the rat brain 
were obtained at 1H frequency as well as NMR signals at 
the sodium frequency. 

All developed circuits and any other details on devel-
oped probe could be obtained by simply writing to au-
thors. 

2. MATERIALS AND METHODS 

2.1. The Double-Tuned Volume Probe 

We built a double-tuned volume probe using the bird-
cage design [9]. This design ensures inherent high B1 
homogeneity within the coil region. It is therefore 
well-suited for the MRI of HP 129Xe. The design is 
shown in its low-pass and high-pass versions in Figure 1. 
It consists of two circular loops, referred to as end-rings, 
connected by a number of equally spaced straight seg-
ments referred to as legs or rungs. Depending on the 
version, the tuning capacitors are placed in the legs 
(low-pass) or in the end-rings (high-pass). 

A single-tuned birdcage will resonate in several 
modes. A birdcage with N legs has N/2 resonance modes 
(assuming N is even) [9,17], with the most useful to 
MRI being Mode 1 (fundamental mode). In this mode, 
the currents in the legs follow a cosine distribution as 
one moves radially around the coil. This sinusoidal dis-
tribution of currents is essential to create a very ho-
mogenous transverse magnetic field B1. 

For our application, it is necessary to double-tune 
the birdcage. The sinusoidal optimum current distribu-
tion should be maintained at each frequency. Double- 
tuning a birdcage resonator is not a trivial task and it has 
been subject of many publications [10,11,12,13,17]. The 
method to choose depends actually on the desired per-
formances at each frequency. Double-tuned birdcages 
have been used at relatively low field (  T). Few 
designs at higher fields have been proposed. For exam-
ple, Fitzsimmons et al. [10] presented a double-tuned 
birdcage coil at 2 T. It was dedicated for the MRI of 
proton (85.5 MHz) and the NMR spectroscopy of phos-

5.1
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Each resonator consists of eight legs. This number 
represents a compromise between B1 homogeneity and 
complexity of realization. The inner coil, a low-pass bir- 
dcage, had a diameter of 9 cm, a length of 13 cm, and 
was tuned to the xenon frequency. The outer coil, a 
high-pass design, had a length of 16 cm, a diameter of 
10.5 cm, and was tuned to the proton frequency. We 
verified that no proton resonance modes occur at the 
xenon frequency. Conversely, no xenon modes occur at 
the proton frequency. The inner birdcage was rotated 
within the outer birdcage until minimum coupling oc-
curred. This positioned the legs of the inner coil midway 
between the legs of the outer one. Also, the outer bird 

phorus (34.6 MHz) of the rat abdomen. They derived 
their coil in quadrature operation for both proton and 
phosphorus channels. The coil was used for both trans-
mission and receiving at each frequency. One of the 
originalities of the double-tuned birdcage that we pro-
pose here is that it has to work at higher field (2.35 T) 
for the MRI of the rat brain. More important is the fact 
that, to the knowledge of the author, a double-tuned 
birdcage associated with an actively decoupled receive- 
only surface coil has not been published. 

The double-tuned birdcage we built consists of two 
birdcages in a concentric configuration as it is seen in 
Figure 2. 

 

 

Figure 1. Spatial representation of the low-pass (left) and high-pass (right) birdcage 
resonators. CH (high-pass) and CL (low-pass) are the tuning capacitors. 

 

 

Figure 2. A simplified scheme of the developed imbricate birdcage resonators. The 
inner coil is low-pass and the outer one is high-pass. In linear polarization operation, 
the coils should be derived in such a way that their B1 fields are orthogonal allowing 
efficient geometric decoupling between the resonators. 
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cage was made longer than the inner one, minimizing 
coupling between the pairs of end rings. Realistically, 
one cannot achieve perfect isolation between the two 
coils since the legs of the coils are in close proximity. 
The coupling is only reduced. For our application, since 
the resonance frequencies of the coils are far away from 
each others, this geometric decoupling could be accepted. 
Quantitative measurements of the isolation between the 
two coils are given in Section 3. 

The calculation of the necessary tuning capacitances 
for both coils was performed using the free Birdcage-
Builder software from the Penn State University [18]. 
The practical used values for these tuning capacitors 
were close to the calculated ones. 

Variables capacitors were used to perform a final fine 
tuning when the coils are placed inside the magnet and 
loaded by the sample (Figure 3). For the low-pass bird-
cage, the fine tuning is achieved by adjusting tow dia-
metrically opposed capacitors (CLT in Figure 3). This 
method allows only a limited tuning range. Otherwise, it 
destroys the original ideal sinusoidal current distribution 
between the legs [17]. After testing the resonator inside 
the magnet and with different loads (phantoms, rats), we 
limited the tunable range of the resonator to sufficient 
range of about 500 kHz, so as the current deviation from 
its ideal is less than 10% [17]. 

For the high-pass resonator, the fine tuning is accom-
plished by connecting two diametrically opposed points 
of one end-ring by a tuning variable capacitor CHT. In 
practice, the connection of these points is made by adding 
a second circular loop, parallel to the end-ring as shown in 
Figure 3. To preserve the symmetry of the birdcage, the 
adjustable tuning capacitors CHT was balanced by a fixed 

capacitor of 8.2 pF connected across the second end ring 
using a circular loop (not shown in Figure 3). 

Both coils were derived in linear polarization opera-
tion in such a way that theirs B1 fields are orthogonal as 
it was shown on Figure 2. We used balanced capacitive 
coupling to match their impedances to the real value of 
50 at the working frequency [17]. The coupling scheme 
of the low-pass resonator is shown together with the 
active decoupling circuitry in Figure 4. In this scheme, 
the capacitive coupling, accomplished through the ca-
pacitors CT and CM1, CM2 and CM3, is preceded by a 
balun (balanced-unbalanced). This balun is required for 
the probe circuit, not only due to the necessity of equili-
brating the probe coil and consequently minimizing di-
electric coil losses in the sample, but also for blocking 
unwanted common mode currents. The balun we built is 
widely used in radio technologies [17,19]. It consists of 
a simple “trap” circuit where the loop formed by the 
coaxial cable is tuned by a capacitor, CB, to form a high 
impedance circuit at the xenon frequency. 

The capacitive coupling scheme for the low-pass bir- 
dcage is straightforward to be generalized to proton res- 
onator. It will not be given here, but the interesting rea- 
der may simply write to the author for more details. 

As it was outlined in a previous paragraph, the trans-
mit-only birdcage coil for 129Xe (inner coil) must be de-
coupled from the receive-only surface coil (described in 
the next section). During transmission, this is mandatory 
since a coupling between the coils would result in dele-
terious consequences for the homogeneity of the B1 field 
and in a possible destruction of the receive coil. During 
receiving, part of the electromagnetic energy received by 
the receive coil will be dissipated in the transmit volume 

 

           
Low-pass resonator                                   High-pass resonator 

Figure 3. The fine tuning of the resonators. Low-pass resonator: CL=340 pF (220 pF+120 pF chip ca-
pacitors from American Technical Ceramics Corp. ATC), CLT=1.5-55 pF (adjustable capacitor 
NMAT55HVE from Voltronics). High-pass resonator (only one end-ring is shown): CH=40 pF (18 
pF+12 pF chip capacitors from ATC Corp.), CHT=1-15 pF (adjustable capacitor NMAT15HVE from 
Voltronics). To preserve the symmetry of the high-pass birdcage, a tuning capacitor (which balances CHT) 
should be connected across the second end-ring (not shown in the figure). We used a fixed chip capaci-
tor of 8.2 pF to balance CHT. 
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Figure 4. The 129Xe birdcage electrical circuit associated with the active de-
coupling circuitry. CL (220+120 pF from ATC Corp.) are tuning capacitors, LC 
(8 µH+ 4x1 µH from CoilCraft) are the RF choke inductors, L (90 nH) are 
parallel inductors (from CoilCraft) and D are PIN diodes (UM4006 from Mi-
crosemi Corp). Matching is achieved by the use of balanced capacitive cou-
pling through ATC chip capacitors: CT=220 pF, CM1=120 pF, CM2=53 pF (10 
pF+10pF+33pF). For fine matching, CM3 is a variable capacitor with capaci-
tance between 1.5 pF and 55 pF (NMAT55HVE from Voltronics). Notice that 

, which is with good agreement with balanced capaci-

tive coupling condition [17]. The adjustable 1.5 pF-55 pF tuning capacitors 
CLT for fine tuning are not shown (see Figure 3). The tuning capacitor CB for 
the balun CB=180 pF+120 pF. 

2 3T M MC C C C   L

 
coil resulting in SNR and sensitivity losses. Therefore, 
the interaction of the volume resonator and the receive 
coil must be cancelled out. 

Decoupling can be achieved in principle geometrically 
(as in the case of the two concentric birdcages). How-
ever, when the coils are tuned to the same frequency, it is 
difficult in practice to perfectly decouple them by simply 
adjusting their mutual orientation. Hence, geometric de- 
coupling should be accompanied or replaced by another 
effective mean that cancels out or, at least, minimize the 
induced currents in each coil. 

This can actually be done by shifting the resonance 
frequency of one coil with respect to the other during 
appropriate periods. This detuning method is well de-
scribed and used to detune a birdcage coil in [20] for 
example. In this relatively simple method, usually used 
in commercial coils, the current in the detuned coil is not 
cancelled out but only reduced. 

In more efficient design, the current in the resonator is 
cancelled out at the working frequency, improving the 
isolation to a high level. In such a design, which is based 
on the “pole insertion” technique, an inductance is con-
nected, using switching diodes, in parallel to one or 
more (depending on the coil structure and type) tuning 
capacitors, constituting a parallel resonant circuit (pole 

insertion). If the pole is well-tuned to the working fre-
quency, the resulting “trap” circuit becomes an efficient 
blocking RF current device. This method was described 
for the case of a single-tuned high-pass birdcage [21]. In 
our prototype, we demonstrate that this method can be 
generalized to the case of a low-pass birdcage which has 
not been published. 

We realized an active decoupling through the use of 
high voltage PIN diodes (UM4006, Microsemi Corp) 
distributed across one set of the legs capacitors. The sch- 
ematic of the decoupling circuitry is shown in Figure 4. 

For each leg, two bias rails apply the appropriate DC 
bias, through the RF choke inductors LC to the PIN diode 
which, when it is forward-biased, switches an inductor L 
in parallel with the tuning capacitor CL. If the value of 
the inductor L is correctly chosen ( 2

0. .   1LL C   ), the 

resulting parallel circuit presents a high impedance at the 
working frequency so as the RF current is cancelled out 
in each leg and the transmit volume coil is “off” (re- 
ceiving period). When the diode is reverse-biased, it 
forms an open circuit and the inductor L is disconnected. 
In this case, the coil is “on” (transmission period). 

The inductors LC in the direct DC path serve as 
chokes and ensure “isolation” between the RF part and  
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Figure 5. The double-tuned volume coil. We can see (right 
picture) the four variable tuning and matching capacitors for 
the two channels. 

the DC bias circuit by minimizing RF currents on the 
DC path. 

Figure 5 shows the double-tuned volume coil. 

2.2. The Receive-Only Single-Tuned Coil 

A surface coil was chosen for the receive-only function. 
It consists of a single circular loop of 4 cm of diameter 
(Figure 6). The tuning capacitor Ct was distributed into 
two series capacitors (2Ct) positioned in two different 
physical sites of the loop to reduce the losses associated 
with the electric field generated by the coil [22,23]. 

The decoupling of this coil from the transmit volume 
coil was achieved using the “pole insertion” method as 
illustrated in Figure 6. The PIN diode switches or not in 
parallel the inductor Ls across one of the distributed tune 
capacitors (2Ct). During the transmission period the coil 
is “off” (diode is forward-biased), while it is “on” during 
the receiving period (diode is reverse biased). 

 

 

Figure 6. The receive-only coil and its active decoupling cir-
cuitry. The fixed tuning is 2Ct=2x220 pF+2x150 pF+100 pF 
(chip capacitors from ATC). The adjustable capacitor of 1.5-55 
pF (NMAT55HVE from Voltronics) is not shown. The match-
ing capacitors are: Cm1=68 pF+10 pF, Cm2=56 pF Cm3=1.5-55 
pF (adjustable capacitors NMAT55HVE from Voltronics). 
Ls=40 nH (3 parallel 120 nH inductor from CoilCraft) is the 
parallel inductor. D is a PIN diode (UM4006 from Microsemi 
Corp). Lc=8 µH+5x 1 µH are RF choke inductors (from Coil-
Craft). 

 
Figure 7. The receive-only surface coil and its circuitry. The 
loop was fixed on one side of a printed board and all compo-
nents were soldered on the other side. 
 

Notice finally that the receive-only coil was matched 
using balanced capacitive coupling (capacitors Cm1, Cm2, 
and Cm3 in Figure 6). RF choke inductors LC are used to 
“separate” the RF circuit from DC bias one. Figure 7 
shows the developed single-tuned receive only coil. 

2.3. The T/R Driver 

PIN diodes for both transmit and receive-only coils were 
biased through the use of a home-made T/R driver. This 
driver provides the gated DC bias necessary for elec-
tronically turning coils “on” and “off”. We designed the 
driver with a gated input (a TTL compatible signal sup-
plied by the NMR spectrometer) and two separate TX 
and RX bias sections. The TX stage applies a –12 Vdc 
bias (PIN diodes are reverse biased and transmit volume 
coil is “on”) and a 5 Vdc bias (PIN diodes are forward 
biased and transmit coil is “off”). The RX stage applies 
–12 Vdc bias (PIN diode opened and receive-only coil is 
“on”) and a 5 Vdc bias (PIN diode closed and the coil is 
“off”). The driver contains current limitation resistors to 
limit the maximum output current to 1 A for both TX 
and RX sections. 

The flexibility of the driver allows the possibility to 
turn “off” and “on” both coils by using a manual switch 
(without the need to a TTL signal) for fine tuning and 
matching purposes inside the magnet. Another manual 
switch allows also the use of volume 129Xe coil for both 
transmission and receiving. In this situation, the receive- 
only coil is switched “off” during all the experiment 
(PIN diode forward biased).The design of the driver was 
based on the use of bipolar transistors. 

3. RESULTS AND DISCUSSIONS 

Although this specific probe-head was initially devel-
oped for the MRI of HP 129Xe, we performed all the tests 
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and all the validation experiments at proton and so-
dium-23 (23Na) frequencies. Actually, it is important to 
notice that the magnetization of HP 129Xe is artificial and 
it is therefore not renewable when destroyed by the RF 
excitation pulses. Clearly, this is not a convenient situa-
tion for coil characterization and adjustments. Sodium 
frequency at 2.35 Tesla (26.4 MHz) is very close to the 
129Xe one (27.7 MHz). We could therefore consider that 
all the tests and measurements conducted at the sodium 
frequency would be valid at the 129Xe frequency. Valida-
tion at the HP 129Xe frequency for in vivo applications 
will make the subject of a future work. 

During all the tests, the receive-only surface coil was 
placed inside the volume probe in such a way that geo-
metric decoupling between it and the proton volume coil, 
is always achieved. It is clear here that no geometric 
decoupling could be realized between the receive-only 
coil and the sodium volume coil. Only active decoupling 
between these coils is achieved. 

As it was mentioned in a previous section, a single- 
tuned birdcage will resonate in several modes, with the 
most useful to MRI being Mode 1. In this mode, a very 
homogenous transverse magnetic field is created by the 
sinusoidal distribution of the currents in the legs. It is 
important for our application to know whether or not this 
distribution of currents was disturbed by the double- 
tuned configuration, and consequently to know whether 
or not the B1 homogeneity, especially for the 23Na coil, is 
preserved. Moreover, we are interested in knowing if the 
receive-only coil would or not disturb the sinusoidal 
distribution of the currents of the proton coil since only 
geometric decoupling was realized between these coils. 
Also, we wanted to know if the only-active decoupling 
between this receive-only coil and sodium volume coil 
would be sufficient to preserve the homogeneity of the 
B1 without the need of geometric decoupling. All these 
information could be obtained by measuring the currents 
in the legs of both birdcages at the proton and sodium 
frequencies. We measured the currents distribution in each 
coil by placing a small sense loop adjacent to the legs. 
The receive-only coil was switched off during all meas-
urements. At the sodium frequency, we measured the 
currents in the legs of sodium birdcage (inner resonator), 
as well as the currents induced in the proton legs (outer 
resonator). Similarly, these currents were measured at the 
proton frequency. Measurements are shown in Figure 8. 

At the sodium frequency, the currents in the sodium 
birdcage (inner coil) follow a cosine distribution as one 
moves radially around the coil. Small currents are in-
duced in the proton resonator (outer coil). These currents 
are in phase with and add to the currents in the sodium 
coil. From this information, one can expect that the 
transverse magnetic field B1 created by the sodium coil 

would still homogenous and would not be disturbed by 
the proton coil. At the proton frequency, the measure-
ments show strong out of phase currents in the sodium 
coil. Despite the presence of these currents, the currents 
in the proton legs still follow the desired sinusoidal dis-
tribution as one moves radially around the coil. The coil 
still creates a homogenous B1 field. The presence of the 
out of phase currents in the sodium coil will result, off 
course, in losses in the efficiency of the proton coil when 
compared to a single-tuned one. 

With the simple measurement method of currents which 
was based on the use a small sense loop, no changes on 
currents distribution were observed with or without the 
presence of the surface coil. One could then argue that 
the presence of the receive-only coil, in its “off” state, 
does not disturb the homogeneity maps of B1 fields of 
both sodium and proton birdcages. 

 

 
(a) Currents distribution at sodium frequency 

 
(b) Currents distribution at proton frequency 

Figure 8. Currents distribution in the resonators at (a) sodium 
and (b) proton frequencies. 
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It’s important to evaluate the degree of isolation be-
tween the coils. We have conducted isolation measure-
ments between the different coils using a network ana-
lyzer. At sodium frequency, the isolation between the 
proton and the sodium birdcages was greater than 25 dB. 
At proton frequency, the isolation was lowered to about 
16 dB. These measurements are in agreement with cur-
rent measurements. Actually, at the sodium frequency, 
very small currents are induced in the proton coil and 
one can expect good isolation. Conversely, at the proton 
frequency, where large currents are induced in the so-
dium coil, the isolation is naturally lowered. 

Isolation measurements between the receive-only coil 
and the two volume coils were also conducted. At the 
proton frequency, the isolation between the proton bird-
cage and the surface coil was about 26 dB. This isolation 
is very good and confirms that the cosine current distri-
bution is not, or little, disturbed by the surface coil. 
Geometric decoupling between these two coils should 
sufficient for our application. Isolation between the so-
dium birdcage and the receive-only coil was also meas-
ured, with the only-active decoupling, to be about 31 dB. 
This excellent isolation between the two coils is essential 
in maintaining a transmit field homogeneity and in re-
taining the high sensitivity of the surface coil. 

We have realized MRI images using the developed 
probe. In the first time, images were acquired using phan-
toms. A variety of phantoms was used to test the devel-
oped probe in various conditions and configurations. 

The first series of images was realized using the proton 
birdcage and the sodium birdcage biased as trans-
mit/receive coils. The surface coil was in its “off” state 
during both transmitting and receiving periods. The phan-
tom (see Figure 9) was consisting of three cylindrical 
tubes with a same height (50 mm). The biggest tube (27 
mm of inner diameter) was filled with saline solution 
(pure water saturated with NaCl). The two small tubes 
(12.5 mm of inner diameter) were filled with pure water. 

 

H2O + NaCl 

H2O H2O 

 

Figure 9. The cross-section 
(drawn to scale) of the 
phantom used to validate the 
double-tune birdcages. 

 
(a) 

 
(b) 

Figure 10. The cross-sectional (axial) MRI images (displayed 
to scale) of a phantom acquired at (a) proton frequency (100 
MHz) and (b) sodium frequency (26.4 MHz). A spin echo 
pulse sequence was used to acquire images. FOV (Field of 
View)=70x70 mm2, repetition time TR=1000 ms, echo time 
TE=31 ms, flip angle=90°. Slice thickness for proton images=2 
mm. Sodium images were acquired with 2 signal averages and 
without slice selection. 

 
Figure 10 shows the cross-sectional MRI spin-echo 

images of the phantom obtained at 100 MHz and 26.4 
MHz with a field of view (FOV) of 70x70 mm2 and an 
acquisition matrix of 128x64. Before transformation of 
the acquired data to the image space, zero filling to 
128x128 was applied. 

In these images, we can see the high homogeneity of 
the B1 produced at 26.4 MHz. This confirms the currents 
measurements addressed above. The sodium birdcage was 
not disturbed by the proton coil. The homogeneity of the 
B1 created at 100 MHz is shown to be also sufficient. 

The second series of images was realized with the 
proton birdcage used for both transmitting and receiving. 
The sodium birdcage was biased as a transmit-only coil, 
while the surface sodium coil was biased as a receive- 
only coil. This is actually the final configuration of use 
of the developed probe for our application. A three- 
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compartment cylindrical phantom was used for this ex-
periment (Figure 11). It was formed of a small tube (inner 
diameter=10.5 mm) filled with pure water and placed 
approximately diagonally inside a larger tube (inner di-
ameter=28 mm) filled with a saline solution. Between 
the two tubes, we have intentionally conserved an empty 
space with a variable width as illustrated by Figure 11. 

 JBiSE 

Cross-sectional MRI spin-echo images of this three- 
compartment phantom were acquired at 100 MHz and at 
26.4 MHz (see Figure12) with a FOV of 50x50 mm2 
and an acquisition matrix of 128x64. Before transforma-
tion of the acquired data to the image space, zero filling 
to 128x128 was applied. 

We can recognize on the sodium images the typical 
sensitivity of a surface coil. This sensitivity decreases 
when one moves away from the center of the coil. We 
can, off course, expect a better signal-to-noise ratio with 
a surface coil when compared with a volume coil. This is 
actually well-known and no more signal-to-noise ratio 
characterization is necessary. 

The validation of the developed probe was further 
demonstrated in vivo in the rat brain. Firstly, spin-echo 
images were obtained at the proton frequency. Figure 13 
(respectively Figure 14) shows a set of cross-sectional 
(respectively coronal) images. 

Notice that, in the configuration of the developed probe, 
the filling factor of the outer birdcage (proton coil) is not 
optimum for the outer coil. Consequently, its SNR per-
formances are relatively reduced when compared with 
those that could be obtained by a single simple-tuned 
birdcage. Actually, it is well-known that the SNR is di-
rectly proportional to square root of the coil filling factor. 
This point does not handicap the probe since high SNR 
performances of the 1H coil are not an issue in our ap-

plication. Actually, the 1H will be only used for acquir-
ing localization (anatomic) images where signal averag-
ing could be applied to enhance the SNR. For shimming 
purposes, there is no need to have a high SNR. 

The developed probe was also tested in vivo at the so-
dium frequency on the same rat. The sodium birdcage 
was biased as a transmit-only coil, while the sodium 
surface coil was biased as a receive-only coil. Our goal 
here is not to have sodium images of the rat brain, but 
only to demonstrate a basic functioning of the sodium 
coil in vivo. Only sodium NMR signal and spectra in the 
rat brain were acquired as it is shown in Figure 15. We 
obtained the typical sodium spectra of sodium in the rat 
brain with a typical peak width of few ppm [24]. 

In vivo sodium MRI images were difficult to obtain 
with classical MRI pulse sequences (spin-echo, gradi-
ent-echo) except if an incredible number of signal av-
erages (more than 20 hours of acquisition time) is used. 
Actually, because of the short T2 transverse relaxation 
time components of sodium in the rat brain (0.7-3 ms or 
16-30 ms depending on the value of the magnetic field), 
the acquisition of sodium images requires the imple- 

H2O + NaCl

H2O

Empty space
 

Figure 11. A schematic diagram (drawn 
to scale) of the cross-section of the 
three-compartment phantom. 

 

                         
(a)                                                                         (b) 

Figure 12. Cross-sectional (axial) MRI images (displayed to scale) of the three-compartment phantom acquired at (a) proton 
frequency (100 MHz) and (b) sodium frequency (26.4 MHz). A spin echo pulse sequence was used to acquire images. 
FOV=50x50 mm2, flip angle=90°, echo time TE=30 ms, repetition time TR=2000 ms for proton and 300 ms for sodium. Slice 
thickness for proton images=2 mm. Sodium images were acquired with no slice selection and with no signal averaging. 
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Figure 13. Cross-sectional MRI images of the rat brain acquired at 100 MHz. A spin echo pulse sequence was used to acquire 
images. FOV (Field of View)=60x60 mm2, flip angle=90°, echo time TE=30 ms, repetition time TR=4000 ms, slice thick-
ness=1 mm. Acquisition matrix was 128x64. Before transformation of the acquired data to the image space, zero filling to 
128x128 was applied. 

 

  

  

  
Figure 14. Coronal MRI images of the rat brain acquired at 100 MHz. A spin echo pulse sequence was used to acquire images. FOV 
(Field of View)=60x60 mm2, flip angle=90°, echo time TE=17 ms, repetition time TR=4000 ms, slice thickness=1 mm. Acquisition 
matrix was 128x64. Before transformation of the acquired data to the image space, zero filling to 128x128 was applied. 

JBiSE
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(a)                                                             (b) 

Figure 15. In-vivo sodium (a) NMR signal and (b) its spectrum in the rat brain. A hard non-selective excitation pulse and 512 signal 
averages were used. 

 
mentation of dedicated three-dimensional (3D) and short 
echo-time pulse sequences (3D back-projection se-
quence and 3D GRE for example) [14,25]. The imple-
mentation of 3D sequences is out of the scope of our 
research topics. 

 JBiSE 

Nevertheless, we think that our probe presents no in-
trinsic limitation for acquiring in-vivo sodium images. 
The only limitation is the available MRI sequence. To 
demonstrate this without the need to implement new 
sequences, we tried to acquire sodium image of a phan-
tom containing a sodium concentration as low as those 
which are generally present in vivo. The sodium trans-
verse relaxation time of the phantom must be longer than 
its in-vivo value to allow the use of a classical spin-echo 
sequence. So, we used a syringe filled with 20 ml of a 
physiological serum. The sodium concentration (about 
0.1%) in this serum is identical, or at least close, to the 
in-vivo sodium concentrations. 

Figure 16 shows transverse, coronal and sagittal im-
ages of the phantom at both proton and sodium frequen-
cies. Sodium images were acquired with 64 signal aver-
ages. 

All these results indicate that the performances of the 
design presented here are good. We think that these per-
formances would be at least as good as, if not better, at 
the HP 129Xe frequency. Although, the resonance fre-
quency of sodium and xenon are closed, no significant 
noise from sodium nuclei will disturb the HP 129Xe sig-
nal. Firstly, the excitation plus at 27.7 MHz will not sig-
nificantly, if never, excite the sodium nuclei. Secondly, 
the in vivo HP 129Xe signal would be more than nine or 
ten orders of magnitude greater than an eventual in vivo 
sodium signal. Moreover, since the quality factor of the 
receiving coil is relatively high (about 100), its obtained 

bandwidth is narrow and it will significantly limit the 
out-of-band noise. In any case, no influence of the so-
dium nuclei was observed during our HP 129Xe NMR 
experiment. 

We are currently building another prototype that in-
cludes shielding of the birdcages to minimize external 
interferences. Some modifications in the mechanical 
structure of the probe should be achieved to allow for 
easy delivering of the hyperpolarized xenon to the rat. 
The next step of our work is the use of this new probe 
for rCBF in the rat brain. This would be the subject of a 
future publication. At the same time, a third prototype of 
the probe is currently being studied for use at a higher 
magnetic field (4.7 Teslas) for the same application. 

Notice finally that the choice of sodium for a first 
validation of the developed probe is very important, not 
only because its frequency is close enough to the xenon 
frequency, but also because of large palette of potential 
applications of the sodium MRI for both humans and 
small animals. Actually, MRI is proving to be a very 
useful tool for sodium quantification in animal models of 
stroke, ischemia, and cancer in small animals and in 
humans. For example, 23Na MRI short echo times was 
used to quantify absolute tissue sodium concentration in 
patients with brain tumors showing an increase of so-
dium concentration relative to that in normal brain 
structures [14,26]. In rabbit models of focal cerebral 
ischemia, it was shown that there are changes in tissue 
23Na signal levels following acute ischemia, which may 
help to identify necrotic tissue and estimate the duration 
of the ischemia [27,28]. Recently, the sodium and proton 
diffusion MRI are shown to be good biomarkers for 
early therapeutic response in subcutaneous tumors [26]. 
Recent advances in ultra-high field MRI hardware have  
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(a) 

 
(b) 

 
(c) 

 
(d) (e) (f) 

Figure 16. Cross-sectional, coronal and sagittal MRI images of the syringe (inner diameter=27 mm) filled with a physiological serum 
acquired at (a), (b), (c) proton frequency and at (d), (e), (f) sodium frequency. A spin echo pulse sequence was used to acquire images. 
FOV (Field of View)=70x70 mm2, flip angle=90°, echo time TE=17 ms, repetition time TR=2000 ms for proton and 500 ms for so-
dium. Slice thickness for proton images=1 mm. Acquisition matrix was 128x64 for proton and 64x32 for sodium. Before transforma-
tion of the acquired data to the image space, zero fillings to 128x128 for proton and to 64x64 for sodium were applied. Sodium im-
ages were acquired with 64 signal averages and without slice selection. 

 
allowed the acquisition of 23Na images of the mouse 
heart [14]. These examples show that in human and 
animal models, there is a need to obtain interleaved co- 
registered anatomical (1H) and physiological (23Na) in-
formation which may be useful for assessing disease and 
effective therapeutic intervention. For this purpose, dou-
ble tuned volume and/or surface coils are required. One 
of the main advantages of the probe that we presented is 
the possibility to use it in different configurations ac-
cording to the application. 

Complete schematics of the developed circuits, values 
and references of all parts, or any other details of design 
and realization could be obtained by simply writing to 
the author. 

4. CONCLUSIONS 

In summary, we have reported the design and testing of a 
new MRI probe consisting of a double-tuned volume 
coil actively decoupled from a receive-only coil. This 

developed probe provides proton and sodium images at 
2.35 T. In-vivo and phantom 1H images were acquired 
with the volume transmit/receive coil. 23Na images of 
phantoms in both transmit/receive mode and in transmit- 
only/receive-only mode were acquired. In-vivo NMR 
signals in the rat brain are also obtained. The results 
showed acceptable performances of the design. This 
probe is relatively simple to build and it is low-cost. It 
should be a suitable tool for the HP 129Xe NMR experi-
ments in the rat brain. In its final version, under con-
struction, it should enhance the quantitative measure-
ments of the rCBF and their reliability. 
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ABSTRACT 

Aim: Intervertebral spacers for anterior spine fusion 
are made of different materials, such as titanium, 
carbon or cobalt-chrome, which can affect the post- 
fusion MRI scans. Implant-related susceptibility ar-
tifacts can decrease the quality of MRI scans, thwar- 
ting proper evaluation. This cadaver study aimed to 
demonstrate the extent that implant-related MRI 
artifacting affects the post-fusion evaluation of in-
tervertebral spacers. Methods: In a cadaveric por-
cine spine, we evaluated the post-implantation MRI 
scans of 2 metallic intervertebral spacers (TiAL6V4, 
CoCrMo) that differed in shape, material, surface 
qualities and implantation technique. A spacer made 
of human cortical bone was used as a control. The 
median sagittal MRI slice was divided into 12 regions 
of interest (ROI). Results: No significant differences 
were found on 15 different MRI sequences read in-
dependently by an interobserver-validated team of 
specialists (P>0.05). Artifact-affected image quality 
was rated on a score of 0-1-2. A maximum score of 24 
points (100%) was possible. Turbo spin echo sequences 
produced the best scores for all spacers and the con-
trol. Only the control achieved a score of 100%. The 
titanium and cobalt-chrome spacers scored 62.5% 
and 50%, respectively. Conclusions: Our scoring 
system allowed us to create an implant-related rank- 
ing of MRI scan quality in reference to the control 
that was independent of artifact dimensions. Even 
with turbo spin echo sequences, the susceptibility 
artifacts produced by the metallic spacers showed a 
high degree of variability. Despite optimum sequen- 
cing, implant design and material are relevant fac-
tors in MRI artifacting. 
 
Keywords: Intervertebral Spacers; Metallic Implant  
Materials; MRI; Susceptibility Artifacts 

1. INTRODUCTION 

In the preoperative diagnostics of spinal diseases, mag-
netic resonance imaging (MRI) is used as a standard 
procedure that can visualize disc pathologies and neuro-
logical changes of the spinal canal with high precision. 
When anterior spine fusion proves indicated, implanta-
tion of intervertebral spacers often represents the treat-
ment of choice. The selection of implant design, implant 
material and implantation technique is dictated by the 
diagnostic findings. Intervertebral spacers made of vari-
ous materials can be used as stand-alone cages for ex-
clusively anterior fusion or in combination with dorsal 
instrumentation for dorsoventral fusion. 

When postoperative complications arise secondary to 
vertebra fusion, MRI scans are frequently necessary to 
evaluate implant position and demonstrate any clinically 
relevant abnormalities and to direct further surgical deci-
sion-making [1]. Depending on the material, however, 
implant-related susceptibility artifacts can decrease the 
quality of MRI scans, thereby thwarting proper evaluation. 
Depending on the problem to be clarified, consideration 
must be given to whether the MRI sequence selected will 
ensure the most artifact-free visualization and enable 
proper evaluation of implant positioning and/or patho-
logical processes like tumorous growth or infection. 

Recent studies have shown that artifacting, particularly 
caused by metallic implants, can also be minimized 
through modification of routine MRI sequences [2,3,4]. 
This cadaveric porcine study was conducted to determine 
the extent to which implant-related MRI artifacting affects 
the evaluation of intervertebral spacers. A scoring system 
(0-1-2) was developed to rank the artifacting produced by 
different intervertebral spacer designs compared with a 
human cortical bone control. Scans taken with 15 different 
MRI sequences were read independently by an inter- 
observer-validated team of specialists who ranked image 
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Figure 1. Intervertebrals disc spacers. 

 

 

Figure 2. Human cortical bone. 
 
quality of the implant, paying special attention to 
neighboring structures. The scores are presented in ta-
bles and possible implant-related factors discussed. 

2. MATERIAL AND METHODS 

In this study, we performed MRI on 2 implanted metallic 
intervertebral spacers (TiAl6V4, CoCrMo) (Figures 1(A) 
and 1(B)) that differed in shape, material, surface quali-
ties and implantation technique. The spinal column of a 
domestic pig killed for commercial human consumption 
purchased from a slaughterhouse served as our experi-
mental cadaveric model. The 2 spacers were implanted 
in the distal third of the thoracic spine and in the entire 
lumbar spine. Additionally, a piece of human cortical 
bone was implanted as a control (Figure 2). 

2.1. Spacers and Control 

The Intervertebral Body Spacer (IBS), manufactured by 
Peter Brehm GmbH, Chirurgie Mechanik, Weisendorf, 
Germany, is made of a titanium aluminum vanadium 
alloy. This square implant has an evenly ribbed structure 
on its upper and lower faces and an edge length of 25x25 
mm. The implant used in this study had a maximum 
height of 10 mm in the anterior segment with a dorsal 
inclination of 7 degrees. 

The cylindrically shaped intervertebral disc dowel 
(IDD), manufactured by ESKA Implants GmbH & Co., 
Luebeck, Germany, is made of a cobalt chrome molyb-
denum alloy and its surface has a three-dimensional tri-
podal webbed structure. The size of the IDD used in this 
study measured 35 mm in length and 15 mm in diameter. 
The German trade name of this implant is Band-
scheibendübel. 

2.2. Implantation 

Like in the human spine, the size of the vertebrae in the 
porcine spine increases in the craniocaudal direction, 
with the lower lumbar vertebrae extending to the maxi-
mum dimensions of 25 mm in height, 25 in width and 20 
mm in depth. The dimensions of the 3 study spacers and 
the control were selected to be oversized compared to 
the intervertebral disc space. The two devices were im-
planted as stand-alone cages. We refrained from the use 
of dorsally implanted pedicle screws so as to avoid any 
potential summation effects on artifact scoring caused by 
additional materials. 

A purely spinal model was chosen instead of a whole 
pig cadaver, since the size of the clinical field of view 
routinely focuses on the spine and cuts out any thoracic 
or abdominal organ structures. During dissection, the 
paravertebral muscles including the surrounding skin 
and the psoas muscles of the spine were retained. Special 
care was taken to ensure that the neurological structures 
of the spinal canal remained intact. 

To determine the distance at which the spacers should 
be placed and to avoid artifact overlapping of spacers 
implanted in a single spine, we conducted a preliminary 
trial that involved embedding the cobalt-chrome 
IDD–the spacer with the highest magnetization–in a 
homogenous tissue mass and then performing MR im-
aging of the tissue-embedded spacer. The measurements 
showed that a width of 6.5 cm had to be maintained be-
tween spacers to avoid the artifact overlapping. 

Accordingly, the lumbar and thoracic disc spaces were 
dissected to achieve a median positioning of the implants. 
The paravertebral muscles were left intact along with the 
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skin and psoas muscles. Intervertebral discectomy was 
performed, and the three spacers and the control were im-
planted intervertebrally apart at a distance of 6.5 cm. Maxi- 
mum implantation depth was reached when the implant 
was aligned with the anterior vertebra face. After implanta-
tion was completed, additional tissue mass was padded 
around the spine to optimize contrast and image quality. 

3. MAGNETIC RESONANCE IMAGING 

MRI was performed with a 1.5T MRI (Magnetom Sym-
phony, Siemens AG Medical Solutions, Erlangen, Ger- 
many). Table 1 presents the MRI data. The median sag-
ittal MRI slice encompassing all relevant structures, im-
plants and control was evaluated according to an interob- 
server-validated scoring system. 

3.1. Scoring System 

A 0-1-2 scoring system was established to rank the MRI 
scans. An evaluation unit was defined as 2 adjacent ver- 

tebrae encompassing the intervertebral disc space. 12 
regions of interest (ROI) were demarcated (Figure 3). 
Every ROI could achieve a maximum score of 2 points. 
A total score of 24 points was equivalent to a score of 
100%. Two board-certified specialists (one radiologist 
(GH) and one spinal surgeon (TE)) experienced in read-
ing spinal MRI evaluated the scans independently of 
each other. The evaluators scored regions as 0=not dis-
tinguishable, 1=partly distinguishable and 2=completely 
distinguishable. The interobserver validation of the scor- 
ing system across all 15 sequences was tested for statis-
tical significance using a t test with a significance level 
of P>0.05 (Table 2). 

4. RESULTS 

Table 3 presents the total points scored for each implant 
in each of the 15 sequences. Figures 4 I, II, III and IV 
depict the artifact range in a selection of 4 MRI sequences.

 
Table 1. MRI sequence data. 

Sequences FA TR TE ST BW FOV Number of slices Matrix 

T1 FLASH 2D 70 181 4.8 5.5 260 500 19 256 x 256 

T1 FLASH 2D FS 70 275 4.76 5.5 260 500 19 256 x 256 

T2 MEDIC 2D FS 40 2660 27 3.0 70 500 40 256 x 256 

T1 FLASH 3D 60 60 11 3.0 70 500 40 256 x 256 

T2 DESS 3D 25 23.68 6.63 1.5 130 500 64 256 x 256 

TOF FISP 3D 25 36 4.59 3.0 130 500 32 384 x 384 

T2 CISS 3D 70 10.16 5.08 3.0 130 500 64 256 x 256 

T1 TSE 150 2260 14 3.0 150 500 40 512 x 512 

T1 TSE var 150 600 14 3.0 150 500 40 512 x 512 

T1 SE 90 1270 14 3.0 90 500 40 512 x 512 

T1 SE var 90 600 14 3.0 90 500 40 512 x 512 

T1 SE FS var 90 684 14 3.0 90 500 40 512 x 512 

T2 TSE/PD 150 6110 14 3.0 130 500 40 256 x 256 

T2 TSE/PD FS 150 6760 14 3.0 130 500 40 256 x 256 

STIR 180 10000 38 3.0 130 500 40 256 x 256 

Key: FLASH=Fast Low Angle Shot, MEDIC=Multi Echo Data Image Combination, DESS=Dual Echo Steady State, FS=Fat 
Saturated, FISP=Fast Imaging with Steady Precession, CISS=Constructive Interference in Steady State, SE=Spin Echo, 
TSE=Turbo Spin Echo, PD=Proton density, STIR=Short Tau Inversion Recovery, TOF=Time of Flight, TR=Time of Repetition, 
TE=Time of Echo, FA=Flip Angle, ST=Slab Thickness, BW=Band Width, FOV=Field of View, var=varied. 

 
Interobserver validation across all 15 sequences. 

Figure 3. MRI     

Mean score value Standard deviation 

Spinal
surgeon

Radiologist
Spinal 

surgeon 
Radiologist 

P value

IBS 12.87 12.8 +1.25 +1.32 P = 0.58

IDD 8.33 8.33 +3.02 +2.85 P = 1.0

Control 20.13 20.4 +2.67 +2.79 P = 0.1

Table 2.

 evaluation unit with ROI.  
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Table 3. Total scores. 

MRI Sequence IBS IDD Control 

 1 2 1 2 1 2 

T1 FLASH 2D 
  TR:181  TE:4 

 
13 

 
13 

 
9 

 
8 

 
18 

 
18 

T1 FLASH 2D FS  
  TR:275  TE:4 

 
13 

 
13 

 
10 

 
10 

 
19 

 
19 

T2 MEDIC 2D FS  
  TR:2660  TE:27 

 
11 

 
11 

 
4 

 
4 

 
18 

 
18 

 T1 FLASH 3D FS  
  TR:60  TE:11   

 
10 

 
10 

 
5 

 
6 

 
15 

 
15 

T2 DESS 3D  
  TR:23  TE:6 

 
13 

 
12 

 
6 

 
6 

 
21 

 
21 

T2 CISS 3D  
  TR:10  TE:5 

 
13 

 
12 

 
7 

 
7 

 
22 

 
23 

T1 SE  
  TR:1270  TE:14 

 
13 

 
14 

 
12 

 
12 

 
22 

 
23 

T1 TSE  
  TR:2260  TE:14 

 
15 

 
15 

 
12 

 
12 

 
24 

 
24 

T1 TSE  
  TR:600  TE:14 

 
15 

 
15 

 
12 

 
12 

 
24 

 
24 

T1 SE  
  TR:600  TE:14 

 
13 

 
13 

 
12 

 
12 

 
23 

 
23 

T1 SE  FS 
  TR:684  TE:14 

 
13 

 
13 

 
8 

 
7 

 
22 

 
23 

PD+ T2 TSE  
 TR:6110  TE:14 

 
13 

 
13 

 
8 

 
8 

 
19 

 
20 

PD+ T2 TSE  FS 
  TR:6760  TE:14 

 
13 

 
13 

 
7 

 
7 

 
17 

 
18 

STIR 
  TR:10000  TE:38 

 
13 

 
13 

 
10 

 
10 

 
19 

 
19 

TOF FISP 3D  
  TR:36  TE:4 

 
12 

 
12 

 
3 

 
4 

 
19 

 
18 

Key: 1) spinal surgeon; 2) radiologist. 

 

 

Figure 4. I-IV: Artifact range of the different MRI sequences [I: T1 TSE (TR: 2260, TE: 14); II: T2 DESS 3D 
(TR: 23, TE: 6); III: T1 FLASH 2D (TR: 181, TE: 4); IV: TOF FISP 3D (TR: 36, TE: 4)]. 

 
The results showed that the T1-TSE sequences produced 
the best imaging scores for all implants. In these se-
quences, the human cortical bone control achieved the 

maximum possible score of 100%, i.e. was completely 
distinguishable (Figure 5, Table 3). Therefore, we used 
these two sequences as a basis for following comparison 
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of the imaging quality of the study implants. 

4.1. IBS 

In the T1-TSE sequences, the titanium IBS implant 
achieved an imaging score of 62.5% compared to the con-
trol (Figure 4(IA), Table 3). The susceptibility artifact 
border was clearly distinguishable from its surroundings. 
As a result of artifact extension, the implant-bone contact 
area was not distinguishable. The image quality was not 
sufficient to determine exact implant position.  

4.2. IDD 

In the T1-TSE sequences, the IDD implant achieved an 
imaging score of 50 % compared to the control (Figure 4 
(IB), Table 3). As a result of artifacting, the implant-bone 
contact area was not distinguishable. The distant vertebral 
end plates were completely distinguishable; the anterior 
edge of the lower vertebra and the spinous process were 
partly distinguishable. As with the titanium IBS implant, 
the image quality was not sufficient to determine exact 
implant position in relation to the spinal canal. 

4.3. Interobserver Validation 

The results of the interobserver validation are listed in 
Table 3. There was no statistical significance between the 
evaluators with respect to t-test correlations (P>0.05). 

5. DISCUSSIONS 

The disadvantages associated with bone grafting alone 
has led to the development of intervertebral spacers to 
enhance anterior spinal fusion [5,6,7]. The use of in-
tervertebral spacers of different designs and materials has 
thus become increasingly widespread in clinical routine 
because they offering immediate load transmission with 
direct primary stability. Post-fusion MRI scans are used 
for further diagnostics to demonstrate any progressive 
degenerative changes, infections, fractures and/or tumors. 
However, implant-related susceptibility artifacts can 
negatively impact the complex post-fusion evaluation 
 

 

Figure 5. MRI slice human cortical bone (T1 TSE TR:2260 
TE:14). 

 field gradient of varying susceptibility results in 

 
ch

ne

 
gn

of MRI scans. Depending on the spacer material, a local 
magnetic
the area between structures. In these border areas, the re-
spective spins gyrate with different frequencies and cause 
image distortions and susceptibility artifacts [8,9,10]. 

Our image quality scoring system gave special con-
sideration to the following material-related implant

aracteristics: 
1) Distinguishability of implant shape and position; 
2) Distinguishability of implant from anatomically 
ighboring structures; 
3) The extent of image distortions and susceptibility 

artifacts. 
Optimum MRI visualization of the different interver-

tebral spacers depends on the aim of diagnosis. MRI dia-
ostics are insofar subject to different requirements de- 

pending on the various postoperative pathologies in rela-
tion to the implant situation. Optimum MRI image dis-
tinguishability of the intervertebral spacers and the 
equivalent control was achieved using T1 TSE sequences. 
The imaging quality of the human cortical bone used as a 
control scored 100% according to the study scoring sys-
tem and was therefore used as a basis to rank the in-
tervertebral spacers examined. The scores were stated as 
a percentage compared to the control. Our interobserver- 
validated scoring system allowed us to create a unique 
implant-related ranking of MRI scan quality in reference 
to a control that was independent of artifact dimensions. 

The MRI imaging behavior of metallic spinal implants is 
well documented in the literature [9,10,11,12,13,14,15]. 
However, the aims of the published studies differed in 
that most focused on determining sequence-related arti-
fact size.  

According to our study results the implant position in 
relation to the spinal canal was best visualized using T1 
TSE sequences. In studies by Rudisch et al. [16] and 
Thomsen et al. [17], titanium materials showed a lower 
artifact range than cobalt chrome. Consistent with our 
results, the best MRI quality was achieved for both me-
tallic spacers with T1 TSE sequences. The other MRI 
sequences produced no further advantages.  

Studies on metallic artifacts in MRI of the anterior 
spine have been conducted by Vaccaro et al. [15] and 
Wang et al. [18]. In one cadaveric study, Vaccaro et al. 
[15] examined the MRI artifact rates of different metal 
particles introduced in predefined intervertebral drill 
holes and subsequently embedded in paraffin. Vacarro 
could not demonstrate any significant artifacts in T1- or 
T2 SE sequences, probably due to the fact that the parti-
cle density was lower than that produced by metal im-
plants commonly used in clinical practice. The metallic 
artifacts appearing in the gradient echo sequences 
proved a connection between artifact size and nickel 
content of the alloys examined. An increasing nickel 
content reduced susceptibility artifacting. 
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described the MRI behavior of an interver

 JBiSE 

ade of titanium. Using T1 SE sequences, the implant- 
related artifact rate of the titanium spacer was primarily 
limited to the implant’s direct surroundings and anat-
omic neighboring structures were clearly distinguisha-
bility. In our study, when T1 TSE sequences were used 
to image both metallic spacers, neither implant shape nor 
implant position could be distinguished with certainty. In 
a phantom study by Rudisch et al. [16], the relevance of 
metallic artifacts and implant-related characteristics, 
such as implant material, shape and position, was dem-
onstrated in addition to an impact by the selected MRI 
sequence. In spite of the use of optimum MRI sequences,
variability in the amount of susceptibility artifacts must 
be accounted for when evaluating MRI scans of metallic 
spine implants. 

6. CONCLUSIONS 

 

of a

The designs and material
currently used in anterior 
ity artifacts that can be rated by validated scoring sys-
tems. Of 15 sequences tested, T1 TSE sequences pro-
duced the best spacer imaging for both metallic implants 
tested. An interobserver-validated scoring system proved 
effective in ranking the relevance of spacer material on 
MRI imaging quality. Studies are ongoing to further de-
velop MRI scoring systems and establish optimum im-
aging sequences for post-fusion diagnostics. 
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ABSTRACT 

A non-air conducted speech detecting method has 
been developed in our laboratory by using millimeter 
wave radar technology. Because of the special attrib-
utes of the millimeter wave, this method may consid-
erably extend the capabilities of traditional speech 
detecting methods. However, radar speech is substan-
tially degraded by additive combined noises that in-
clude radar harmonic noise, electrocircuit noise, and 
ambient noise. This study, therefore, proposed an 
iterative spectral subtraction method which can be 
adaptively estimate noise spectrum at every iteration, 
and reduce the musical noise remained in the previ-
ous spectral subtraction process. Results from simu-
lations as well as evaluations confirm that the pro-
posed method satisfactorily reduces whole-frequency 
and musical noises and produces good speech quality. 
 
Keywords: Millimeter Wave; Speech Detecting; Speech 
Enhancement 

1. INTRODUCTION 

The speech, which is produced by speech organ of hu-
man beings [1,2], is well known that it can be spread and 
perception by means of air, and can be detected and re-
corded by acoustic sensors. However, air is not the only 
medium which can spread and be used to detect speech. 
For example, voice content can be transmitted by way of 
bone vibrations. This vibration, therefore, can be picked 
up using the bone-conduction sensors at special location 
[3]. Other medium, such as infrared ray, ultrasound wave, 
laser light also can be used to detecting the non-air 
spread speech or noise for some special applications [4]. 

Li Zong Wen (1996) [4] reported another medium, 
millimeter wave (MMW) radar, as well as light radar 
and laser radar, can detect and identify out exactly the 
existential speech signals in free space from a person 

speaking through the electromagnetic wave fields by 
principle and experiment. Since the microwave radar has 
low range attenuation, and has attribute of noninvasive, 
safe, fast, portable, low cost fashion [5], it may extend 
traditional speech detecting method to a large extent, and 
provide some exciting possibility of wide applications: 
the speech and acoustic signal directional detection in 
complex and rumbustious acoustic environment, due to 
its better sense of direction; the tiny acoustic or vibrant 
signal detection which cannot be detected by traditional 
microphone; the microwave radar also can be used in the 
clinic to assist diagnosis or to measure speech articulator 
motions [6]. 

However, there has been little previous research work 
concentrated on the research of speech which is pro-
duced by MMW radar, some studies with respect to the 
MMW radar speech concentrated on the MMW non 
acoustic sensors [5,7], in order to measure speech ar-
ticulator motions, such as vocal tract measurements and 
glottal excitation [5]. 

Although MMW radar provides another method to 
detect speech, the MMW radar speech itself has several 
serious shortcomings including artificial quality, reduced 
intelligibility, and poor audibility. This is not only be-
cause some harmonic of the EMW and electrocircuit 
noise are combined in the detected speech due to the 
different detecting methods from traditional air conduct 
speech, but also the channel noise, as well as ambient 
noise combined in the MMW radar speech. These com-
bined noise components are quite larger and more com-
plex than traditional air conduct speech, and are the big-
gest problem which must be resolved for the application 
of the MMW radar speech. Therefore, speech enhance-
ment is a challenging topic of MMW radar speech re-
search. 

The spectral subtraction method is the most widely 
used, and has been shown to be an effective approach for 
noise canceling, in order to improve the intelligibility 
and quality of digitally compressed speech. Due to the 
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simplicity of implementation, and low computational 
load, the spectral subtraction method is the primary 
choice for real time applications [8]. In general, this 
method enhanced the speech spectrum by subtracting an 
average noise spectrum from the noisy speech spectrum, 
here the noise is assumed to be uncorrelated and additive 
to the speech signal. The phase of the noisy speech is 
kept unchanged, since it is assumed that the phase dis-
tortion is not perceived by human ear. 

However, the serious draw back of this method is that 
the enhanced speech is accompanied by unpleasant mu-
sical noise artifact which is characterized by tones with 
random frequencies. Although many solutions have been 
proposed to reduce the musical noise in the subtrac-
tive-type algorithms [9,10,11,12,13], results performed 
with these algorithms show that there is a need for fur-
ther improvement. Furthermore, in order to prevent de-
structive subtraction of the speech while removing most 
of the residual noise, it is necessary to propose a new 
approach to improve the subtraction procedure. 

Therefore, the purpose of this investigation is moti-
vated by the need of improving EMW radar speech, es-
pecially in the electronic environments. An iterative 
spectral subtraction algorithm is proposed to adaptively 
estimate noise spectrum at every iteration, and reduce 
the musical noise remained in the previous spectral sub-
traction process. The results suggest that for the proper 
iteration number, the proposed iteration number can sig-
nificantly remove the musical noise, and improve the 
speech quality. 

2. METHODS 

2.1. The Description of the System 

The schematic diagram of the speech-detection system is 
shown in Figure 1. A phase-licked oscillator generates a 
very stable MMW at 34 GHz with an output power of 50 
mW. The output of the amplifier is fed through a 6 dB 
directional coupler, a variable attenuator, a circulator, 
and then to a flat antenna. The 6 dB directional coupler 
branches out 1/4 of the amplifier output to provide a 
reference signal for the mixer. The variable attenuator 
controls the power level of the microwave signal to be 
radiated by the antenna. The radiated power of the an-
tenna is usually kept at a level of about 10–20 mW. The 
flat antenna radiates a microwave beam of about 9º beam 
width aimed at the opposing human subjects standing or 
sitting directly in front of the antenna. The echo signal is 
received by the same antenna, which is a 34G Hz MMW 
signal modulated by the speech which is produced by the 
larynx of the opposing human subjects. This signal is 
then mixed with reference signal in a double-balanced 
mixer. The mixing of the amplified speech signal and a 
reference signal in the double-balanced mixer produces 

low-frequency signals and is amplified by a signal proc-
essor and then passed through a A/D converter before 
reaching computer to get further processor. For More 
details of description of the system, the reader is referred 
to [14] and [15]. 

2.2. Iterative Spectral Subtraction Method 

The iterative spectral subtraction algorithm is based on 
the assumption that the additive noise will be stationary 
and uncorrelated with the clean speech signal. If , 

the noisy speech, is composed of the clean speech signal 

( )y n

( )s n  and the uncorrelated additive noise signal , 

then: 

( )d n

( ) ( ) ( )y n s n d n                 (1) 

The power spectrum of the corrupted speech can be 
approximately estimated as: 

2 2
( ) ( ) ( )Y S D

2            (2) 

where 
2

( )Y  , 
2

( )S  and 
2

( )D  represent the noisy 

speech short-time spectrum, the clean speech short-time 
spectrum, and the noise power spectrum estimate, re-
spectively.  

Most of the subtractive-type algorithms have different 
variations allowing for flexibility in the variation of the 
spectral subtraction. Berouti et al. (1979) [16] proposed 
the generalized spectral subtraction scheme is described 
as follows: 

ˆ ( ) 1ˆ( ) ( ) , if
ˆ( ) ( )

ˆ ( ) , otherwise

D
Y D

S Y

D




 




  

  

 


    



  
(3) 

where ( 1)    is the over-subtraction factor [16], 

which is a function of the segmental SNR. (0 1)    
is the spectral floor, and   is the exponent determining 

the transition sharpness. Here we set 2   and  = 

0.002.  
 

 

Figure 1. Schematic diagram of the speech-detec-
tion system. 
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Figure 2. The proposed speech enhancement scheme. 

 
In order to decrease the musical noise, which is pro-

duced by the speech enhancement procedure, an iterative 
spectral subtraction algorithm is proposed in this study. 
The iterative method is motivated from Wiener filtering 
which is one of the speech enhancement techniques 
[17,18]. In this study, the output of the enhanced speech 
using traditional spectral subtraction method is used as 
the input signal of the next iteration process. 

Figure 2 shows the scheme of the proposed MMW 
speech enhancement algorithm. It can be seen from the 
figure that after the first spectral subtraction process, the 
type of the additive noise is changed to the musical noise. 
As the output signal is used as the input signal of the 
next iteration process, the musical noise is reestimated, 
this new estimated noise, furthermore, is been used to 
process the next spectral subtraction (that is, subtracted 
by the new noisy speech), therefore, an enhanced output 
speech signal can be obtained, and the iteration process 
goes on. If we regard the process of noise estimate and 
the spectral subtraction as a filter, then the output signal 
of the filter is used not only for designing the filter but 
also as the input signal of the next iteration process. 
More important, this filter can be refreshed adaptively 
by reestimate the musical noise so that to improve the 
speech quality effectively. 

2.3. Noise Estimation 

The noise in the radar speech, which included of each 
order of the EMW harmonic, the channel noise, the am-
bient noise combined in the MMW radar speech, and so 
on, is highly nonstationary noise, it is imperative to up-
date the estimate of the noise spectrum frequently. This 
study adopted the minimum-statistics method proposed 
by Cohen and Berdugo (2002) [19] for noise estimation, 
since this method is computationally efficient, robust 
with respect to the input signal-noise ratio (SNR), and 
have an ability to quick follow the abrupt changes in the 
noise spectrum. The minimum tracing is based on a re-
cursively smoothed spectrum which is estimated using 
first-order recursive averaging 

2 2

( , ) ( 1, ) ( , )
ˆ ˆ ˆ( ) ( ) (1 ) ( )k l D k l D k lD D Y

2

      

1

 

0 D  ,                (4) 

where 
2

( , )
ˆ ( )k lD   and 

2

( , )
ˆ ( )k lY  are the kth compo-

nents of noise spectrum and noisy speech spectrum at 
the frame l, and D is a smooth parameter. Let ( , )p k l  

denote the conditional signal presence probability in 
Cohen and Berdugo (2002) [19], then Eq. (4) implies 

2 2

( , ) ( 1, ) ( , )
ˆ ˆˆ ˆ( ) ( , ) ( ) (1 ( , )) ( )k l D k l D k lD k l D k l Y

2ˆ        (5) 

where  is a time-varying 

smoothing parameter. Therefore, the noise spectrum can 
be estimated by averaging past spectral power values. 
For More details of description of this algorithm, the 
reader is referred to [19,20]. 

ˆ ( , ) (1 ) ( , )D D Dk l p k l    

3. EXPERIMENTS 

Ten healthy volunteer speakers, 6 males and 4 females, 
participated in the radar speech experiment. All the sub-
jects were native speakers of Mandarin Chinese. Their 
ages varied from 20 to 35, with a mean age of 28.1 (SD 
=12.05). All the experiments were conducted in accor-
dance with the terms of the Declaration of Helsinki 
(BMJ 1991; 302, 1194), and appropriate consent forms 
were signed by the volunteers. Ten sentences of Manda-
rin Chinese were used as the speech material for acoustic 
analysis and acceptability evaluation. The lengths of the 
sentences varied from 6 words (5.6 s) to 30 words (15 s). 
The sentences were spoken by each participant in a quiet 
experimental environment. The speakers were instructed 
to read the speech material at normal loudness and 
speaking rates. 

For the perceptual experiment, eight listeners were 
selected to evaluate the acceptability of each sentence 
based on the criteria of mean opinion score (MOS), 
which is a five-point scale (1, bad; 2, poor; 3, common; 
4, good; 5, excellent). All the listeners were native 
speakers of Mandarin Chinese, had no reported history 
of hearing problems, and were unfamiliar with MMW 
radar speech. Their ages varied from 22 to 36, with a 
mean age of 26.37 (SD = 4.63). 

In order to test the effectiveness of the proposed 
method, two different types of background noise, namely, 
white Gaussian noise and speech babble noise, were 
added to the enhanced MMW radar speech; both noises 
were taken from the Noisex-92 database. These two rep-
resentative noises have a greater similarity to actual 
talking conditions than the other noises. Noises with 
SNRs of 0 dB were added to the original MMW radar 
speech signal. 
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In order to evaluate and compare the performance of the 
proposed enhancement algorithm, two other algorithms 
are performed in this study, they are: traditional spectral 
subtraction method and noise-estimation algorithm [21]. 
For the purpose of analyzing the time-frequency distri-
bution of the original/enhanced speech, speech spectro-
grams were provided since they have been identified as a 
well-suited tool for observing both the residual noise and 
speech distortion. In addition, results are also measured 
subjectively by Mean Opinion Score (MOS) in condi-
tions of additive white Gaussian noise as well as Bobble 
noise (for MOS) for the algorithm evaluation.  

Figure 3 shows the spectrograms of the original radar 
speech (a), the enhanced speech using traditional spec-
tral subtraction algorithm (b), the enhanced speech using 
noise-estimation algorithm (c), and the proposed itera-
tive spectral subtraction algorithm (d) (the iteration 
number is set to 5). The speech material is a Chinese 
sentence “Di si jun yi da xue” (in English, the Fourth 

Military Medical University). 
Because of its different speech detecting theory and 

working conditions, non-air conducted speech has some 
special attributes. As stated earlier, the most important is 
that combined noises are introduced into the original 
MMW radar speech. These noises can be clearly seen in 
Figure 3(a), especially in the speech-pause region. It can 
also be seen from the figure that the combined noise is 
mainly concentrated in the low-frequency components, 
roughly below 3 KHz. Figure 3(b,c) shows that the 
spectral subtraction algorithm and the noise estimate 
algorithm are effective in reducing the combined radar 
noises. However, there are still too much remnant noise 
in the enhanced speech, especially in the frequency sec-
tion in which the noise are concentrated, suggesting that 
the noise reduction are not satisfactory. Figure 3(d) 
shows that the proposed algorithm not only greatly re-
duces the low-frequency noise, in which the combined 
radar noise is concentrated, but it also completely elimi-
nates the high-frequency noise. It can be seen from the 
figure that in the speech-pause regions the residual noise  

 

 
(a)                                                       (b) 

     
(c)                                                        (d) 

Figure 3. The Spectrogram of the sentence “Di Si Jun Yi Da Xue”. (a) The original spectrogram of the millimeter wave con-
ducted speech. (b) Enhanced radar speech obtained by the traditional spectral subtraction method. (c) Enhanced radar speech 
obtained by the noise estimated algorithm. (d) Enhanced radar speech obtained by the proposed algorithm. 
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is almost eliminated. Moreover, it is clear that the resid-
ual noise is greatly reduced and has lost its structure. 
These results suggest that the proposed algorithm 
achieves a better reduction of the whole-frequency noise 
than traditional spectral subtraction methods. 

The perceptual score of the noisy speech and the en 
hanced noisy speech are shown in Figure 4. Mean Opin-
ion Scores (MOS) were used for 100 sentences produced 
by ten volunteer speakers. The noisy speech in the cases 
of the additive white and babble noises had SNR inputs 
of 0 dB. It can be seen from the figure that the original 
noisy speech has “bad” perceptual effects, but the score 
of the enhanced speech obtained by using the proposed 
algorithm is much better. Comparing the two noises, it 
can be seen from the figure that the MOS for white noise 
is a little higher than for babble noise. This suggests that 
the proposed algorithm is more “sensitive” to white 
noise, however, the difference is small. 

The iteration times is another important factor which 
has effects on the performance of speech enhancement. 
In order to explore the relationship between the per-
formance of speech enhancement and the iteration times, 
the variation of the mean segmental SNR of the radar 
speech with iteration times are shown in Figure 5. It can 
be seen from Figure 5 that the SNR increased as the 
iteration number increased, which suggest the larger 
iteration number will corresponding to the better speech 
enhancement performance and the less musical noise. 
However, both performed waveform and the corre-
sponding spectrogram suggest that the larger iteration 
number would eliminate part of the normal speech 
component to some extent while it works overmuch ef-
fectively on reducing the musical noise, therefore, the 
proposed iteration number for the radar speech is 3 to 5. 

As a single channel subtractive-type speech enhance-
ment method, the algorithm proposed in this paper can 
be applied for the enhancement of non-air conducted 
speech using available electronics. For example, a mil-
limeter wave conducted speech enhancing system, into  
 

 
Figure 4. Perceptual results of the noisy and enhanced 
noisy speech based on the MOS criteria. 

 
Figure 5. Variations of mean segmental SNR of the 
MMW radar speech with iteration times. 

 
which this algorithm is embedded, can be developed. 
With the help of digital signal processing (DSP) tech-
nology, the speech enhancement function can be realized 
with a microprocessor and implanted into a ra-
dar-telephone, radar-microphone, or other electronic 
equipment. Different enhancement algorithms, suitable 
for different noise conditions, can be selected by a 
switch. With the development of efficient enhancement 
methods, the quality of non-air conducted speech will be 
vastly improved and will provide better perception. 

5. CONCLUSIONS 

As a non-air conducted speech, MMW radar speech may 
have greater advantage and wider applications than air 
conduct speech. However, the complex noises added in 
the radar speech decreased the speech quality to a large 
extent. Therefore, an improved spectral subtraction 
method, iterative spectral subtraction algorithm are used 
in this study in order to decrease the complex noise and 
the musical noise. The results from both simulation and 
evaluation suggest that for the proper iteration number, 
this method achieves a better reduction of the whole- 
frequency noise, the musical noise, and yields good 
speech quality. 
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ABSTRACT 

The aim of this article is to develop an automatic al-
gorithm for the classification of non stationary sig-
nals. The application context is to classify uterine 
electromyogram (EMG) events to prevent the onset 
of preterm birth. The idea is to discriminate between 
the events by allocating them to the physiological 
classes: contractions, foetus motions, Alvarez or Long 
Duration Low Frequency waves. Our method is 
based on the Wavelet Packet (WP) decomposition 
and the choice of a best basis for classification pur-
pose. Before classification, there is a need to detect 
events in the recorded signals.  The discrimination 
criterion is based on the calculation of the ratio be-
tween intra-class variance and total variance (sum of 
the intra-class and inter-class variances), calculated 
directly from the coefficients of the selected WP. We 
evaluated the performance of the algorithm on real 
signals by using the classification methods Neural 
Networks (NN) and Support Vector Machines (SVM). 
Subband energies of the best selected WP are used as 
effective features. The determined best basis is ap-
plicable to a wide range of uterine EMG signals from 
large range of patients. In most cases, more than 
85% of events are well classified whatever the term of 
gestation. 
 
Keywords:Uterine EMG; Preterm Birth; Wavelet Packet; 
Best Basis; Event Classification 

1. INTRODUCTION 

The automatic classification of non stationary signals is 
an important studied problem especially as the nonsta-
tionarity precludes classification in the time or frequency 
domain [1]. The aim of this paper is to use the nonpara-
metric representation wavelet packet transform (WPT) 
which is suitable for nonstationary signals and choose 
among the wavelet packets (WPs) the best basis for clas-
sification. The application context is the classification of 

uterine electromyographic (EMG) events used for the 
prevention of preterm birth. The progress of labour can 
be assessed non-invasively using EMG signals from the 
uterus (the driving force for contractility) recorded from 
the abdominal surface [2,3]. 

Preterm labour and resultant preterm birth are the 
most important problems in perinatology [2,4,5]. 
Knowledge of labor commencement, as well as the pos-
sible prediction of its starting time, would be of great 
interest in terms of limiting unnecessary stays in hospi-
tals and adapting treatment to the actual state of the 
pregnancy. The principal events extracted from the rele-
vant activities of uterine EMG are the contractions (CT). 
Other events can be of value for pre-term birth diagnosis: 
Alvarez (Alv) waves, foetus motions (MAF) and 
long-duration low-frequency (LDBF) waves [2] (Figure 
1). Several works have been carried out on mammals, 
with electrodes placed on the uterine surface [2,5]. They 
demonstrated a modification in electrical activity during 
both preterm and term labor. In [6] the uterine EMG 
signals are classified using artificial neural networks 
method to distinguish the normal term labour from ab-
normal preterm labour signals. [7] applied the wavelet 
transform on the uterine signals recorded using abdomi-
nal surface electrodes. In literature, the best basis algo-
rithm is used to find the best-adapted WP for a lot of 
goals such the detection [8,9], denoising [10], feature 
extraction and classification [11,12], etc. Saito and 
Coifman introduced the Local Discriminant Bases (LDB) 
to search a best basis for classification [12]. Wavelet 
packet analysis is used to extract the features of the 
sample DNA sequences in [13]. An index of discrimina-
tion based on Kullback-Leibler distance is proposed as a 
way to select most discriminant wavelet packets for tex-
ture classification in an image [14]. 

In this work, classification of uterine EMG events by 
allocating them to the physiological classes: CT, MAF, 
Alv, or LDBF waves.is based on their energy distribu-
tion throughout the wavelet packet transform (WPT) 
which is used because it is characterized by the frequency 
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Figure 1. Samples of various events appearing in the uterine 
EMG recordings. X axis: minutes; Y axis: Amplitude scale in 
arbitrary units. 

 
content of the packets [2,3]. Only a few WP of the re-
dundant tree is relevant for classification purpose to de-
fine the features of events. The idea behind WP selection 
(best basis for classification) is to define an index for 
discrimination purpose. The ratio (for each WP) between 
intra-class and total variances (intra-class and inter-class 
variances), calculated directly from the wavelet packet 
coefficients (WPC) is the proposed discrimination crite-
rion. An additional characteristic, the duration of the 
events, is also taken into consideration, as previous 
studies have shown its importance in terms of discrimi-
nation [3]. 

This paper is organized as follows. In Section 2, the 
signal composition and the used data are presented. In 
Section 3, WP decomposition is briefly described. The 
detection step is mentioned in Section 4. The index dis-
crimination, the best basis for classification and the clas-
sification methods are displayed in Section 5. The per-
formance of the method using real datasets is shown in 
Section 6. Discussion and conclusion are in Sections 7 
and 8 respectively . 

2. SIGNAL DESCRIPTION 

2.1. Signal Composition 

Uterine EMG signals are the electromyographic (EMG) 
activity of the uterus during labor recorded using ab-
dominal electrodes placed across the maternal abdomen. 
Recordings were carried out in Amiens hospital setting 
under the supervision of the research group of Pr. Cath-
erine Marque at the University of Technology of Com-
piègne, France [2,10]. They can be described by a ran-
dom process that is composed of the EMG signal, the 
superimposed events and the noise due to the environ-
ment, especially electrode and instrumentation noise. 

When the uterus contracts, an electrical activity is gen-
erated and the contractions can characterize the uterus 
states. The superimposed signals correspond to short 
potentials or artifacts which appear randomly throughout 
the signal, such as foetus motions, Alvarez waves and 
other superimposed events [2,3,15]. Alvarez waves ap-
pear during the first 30 weeks of the human pregnancy. 
Other waves have been recently discovered, such as 
LDBF waves, whose impact on obstetrical diagnosis has 
not yet been clearly identified. The evoked events pre-
sent different time and frequency features deduced from 
spectral analyses. At mi term, the frequency of contrac-
tions is less than 0.2 Hz and at late term, it is greater 
than 0.5 Hz. Alvarez frequency band is 0.2 Hz to 1 Hz. 
MAF frequency is less than 0.5 Hz and LDBF waves 
have a very low frequency [2]. The contractions and the 
Alvarez events have the same frequency contents but the 
length of a contraction is greater than that of an Alvarez 
wave. The same interpretation can be used for the LDBF 
events and the foetus motion related events (very short) 
(Figure 1). The normalized amplitude is used through-
out the paper. 

Classical signal pre-processing includes the necessary 
step of signal to noise ratio (SNR) improvement. The 
denoising techniques based on the wavelet packet trans-
form are widely used [8,16]. In the present work, the 
selection of a specific WP subset (best basis) automati-
cally improves the SNR by keeping only the WPs con-
taining the useful uterine information. 

2.2. Data Description 

The group named (CLASS) was defined in order to test 
classification efficiency. It contains 100 real events of 
each class (CT, Alv, MAF, LDBF, and noise) identified 
by an expert. Half of them are belonging to the training 
set (train_CLASS), the others are belonging to the test 
set (test_CLASS). 

The acquired initial real uterine EMG signals were 
amplified and filtered between 0.2 and 6 Hz to eliminate 
the continuous component and the artefacts due to pow-
erline interference. The sampling frequency was set to 
Fe=16 Hz. 

3. WAVELET PACKET TRANSFORM 

WPT is an extension of Discrete Wavelet Transform 
(DWT) and can be obtained by a generalization of the 
fast pyramidal algorithm [17]. It enables non-stationary 
signals with different frequency features to be distin-
guished. Each detail and approximation coefficient’s 
vectors are filtered and down-sampled using lo(n) and 
hi(n), the two impulse responses of low-pass and 
high-pass analyzing filters. Each node is associated with 
a subspace ,j n  generated by an orthonormal basis 

 j,n n



, with j being interpreted as a scale parameter, 
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and n as a sequence parameter. The wavelet packet coef-
ficients (WPC) at each node (j,n) are computed as [17]: 

0

14

 , ,( ) ( ), ( 2 )j
j n j nC k f t t k         (1) 1 2

13

where f(t) is the initial signal and k is the time-local-
ization index. In the following, each WP is characterized 
by the sequential index v obtained by according sequen-
tial numbers to the WP (see Figure 2). In fact, WPC 
carry the same information as the reconstructed signals. 
As WPT is a linear transformation, WPC exhibit the 
same statistical properties as the initial signal [8]. Con-
sequently, WPC of the real noise follow the normal dis-
tribution [15]. 
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4. DETECTION 

To detect events, several methods can be used. In our 
last work [15] an algorithm of best basis for detection is 
proposed. It is based on the Kullback Leibler distance as 
a criterion to select the best WPs which show clearly the 
events. After choosing the best basis, the detection algo-
rithm DCS (Dynamic Cumulative Sum) is applied on 
every selected wavelet packet coefficients. After the de-
lay correction and the change time fusion [15], the uter-
ine events of the real signals are obtained. 

5. CLASSIFICATION 

After change detection, the problem consists in identify-
ing the detected events by allocating them to physio-
logical classes: contractions, foetus motions, Alvarez 
waves, LDBF waves, or noise. In this section, the classi-
fication criterion is described. The approach of best basis 
is proposed for the classification task. The principal fea-
tures for the classification methods are the variances of 
the selected packets. The duration of events was intro-
duced as an additional feature to improve the correct 
classification rate (CCR). 

5.1. Classification Criterion 

An important criterion to discriminate between classes is 
to minimise the intra class variance and to maximise 
inter-class variance. In [18] an index which maximises 
the Euclidian distance between the classes was used. The 
most discriminant coefficients of all packets were se-
lected as a criterion for classification [19]. In our work, 
the ratio between intra-class variance and total variance 
(sum of inter-class and intra-class variances) calculated 
for each WP seems to be an efficient index for discrimi-
nation. As the uterine EMG events are characterised by 
their frequency content, the variances of selected WPs 
produce useful information to identify events. 

For the level of decomposition J, the number N of 
packets is: 

12JN  

 

Figure 2. Wavelet packet decomposition tree. 
 

Suppose that the ith class is composed of mi elements, 
so the gravity center of this class is: 

^
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v
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m 

                   (3) 

where v
iqx  is the qth element of class i (i = 1.5) and WP 

number v. 
The gravity center global of WP v is: 
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where M is the number of classes (in our case M =5) and 
m is the total number of samples. 

The intra-class variance  of a WP number v is de-
fined as: 
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where 
^
v
ig  is the center of gravity of the packet v and 

class i, mi the number of elements of class i, M the total 
number of classes and v

iqx  is the qth element of the 

packet v and class i. 

The inter-class variance 
^ v

B  of WP v is written as: 
2

^^ ^

1

1v vM
v

B i i
i
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           (6) 

where gv is the centre of gravity for all classes. 

The total variance 
^

  is equal to the sum of the in-
ter-class and intra-class variances [20]: 

^ ^ ^v v

w

v

B                       (7) 

For each packet v, define the discrimination criterion as 
follows: 
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5.2. Best Basis Selection for Classification 

The goal of this part is to retain only the wavelet packets 
that are able to discriminate between events in a specific 
class of signals (uterine EMG in our application). If the 
distances between classes are important and each class is 
strongly concentrated, the ratio Rv of packet v is small. 
In this case, the classes are well separated and the packet 
is one of the best WPs for classififcation.  

The values of criterion Rv are calculated for all WP 
and sorted in ascending order. There is a clear gap be-
tween the values of Rv corresponding to the packets that 
are relevant for classification and the others (Figure 3), 
a threshold can be indicated. As the tree is highly redun-
dant, there is a need for further step to reduce the num-
ber of selected packets based on the frequency contents 
of events. In our case, the packets which contain the 
bandwidths of the events are retained as best basis for 
classification. The variances of the retained WPs (best 
basis) are used as features for the classification methods. 

5.3. Classification Methods 

Classification has been achieved using the two methods: 
neural networks (NN) [21] and Support Vector Machines 
(SVM) [22,23]. 

5.3.1. Neural Networks 
The Multi Layer Perceptron (MLP) is widely used to 
solve classification problems using supervised training 
for instance, the feed forward technique, which is used 
to minimize error. A multilayer perceptron is a feedfor-
ward artificial neural network model that maps sets of 
input data onto a set of appropriate output [24].  

Such a network is based on the calculation of the out-
put (direct calculation, weights are fixed) and adjustment 
of the weight by minimizing an error function. The 
process continues until the outputs of the network  
 

 
Figure 3. Rv values of each WP plotted in ascending order. 
X axis: arbitrary units. Y axis: Rv values. 

be come close to those desired. The network is defined 
by the transfer function of the neuron, the number of 
layers and the number of neurons in each layer. The 
number of inputs is equal to the dimension of the input 
vectors (in this case the variances of the selected pack-
ets). The number of outputs depends on the number of 
classes. Various transfer functions (sigmoid, hyperbolic 
tangent, linear, etc) can be used as neural activation 
functions [24]. 

5.3.2. Support Vector Machines 
The SVM method is a new discriminator based on the 
construction of an optimal hyperplane, which is con-
structed in such a way that it maximizes the minimal 
distance between itself and the learning set. 

Support vector machine is a learning technique which 
is well-founded in modern statistical learning theory [22]. 
It uses the training data to create the optimal separating 
hyperplane between two classes. The optimal hyperplane 
maximizes the margin of the closest data points. In this 
way the SVM minimizes the misclassification probabil-
ity of new cases. The optimal separating hyperplane is 
computed as a decision surface of the form: 

1

(y) sgn (y , y)
sl

i i i
i

g d K b


 
  

 
        (9) 

where xi are support vectors which are determined from 
the training data,  is the inner product kernel 

which must satisfy Mercer’s theorem [22], and is used to 
map the data from its original dimension to higher di-
mension so that the data is linearly separable in the 
mapped dimension, ls is the number of support vectors, 

di is the class indicator 

(y , y)iK

  1, 1  id

i

 of xi, and b is 

bias. The coefficients   are calculated by solving the 

quadratic programming problem: 

Maximize 
1 , 1

1
,

2
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1

0, 0 1,...,
l

i i i
i

d C for i 


   
where C is a user specified positive regularization pa-
rameter used to control he amount of allowed overlap 
between classes. Given the expression of g(y), the deci-
sion is based on the sign of g(y). In this work a radial 
basis function (RBF) is chosen as inner product kernel, 
which is defined as: 

2

2
( , ) exp( )

2

u v
K u v




             (11) 

where 0   is a user specified constant which defines 
the kernel width. In RBF kernel support vector machine, 
number and value properties of support vectors deter-
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mine the number of kernels and their centers [8]. Using 
RBF as an inner product kernel provides classification of 
a non-linear set of data, which means perfect discrimina-
tion of the prostate texture features. 

JBiSE 

To discriminate between the various uterine events, 
the SVM multiclass method [23] was used. It is based on 
building a model SVM for each group of events, ena-
bling discrimination in comparison to the other groups. 

6. RESULTS ON CLASSIFICATION 

As the main discriminant feature of the events contained 
in uterine EMG recordings is the frequency content, the 
decomposition was performed up to level 4. The used 
wavelet is symlet 5 [15]. For this, every event was de-
composed onto 30 WP (Figure 2). This choice is justi-
fied by the fact that the level 4 is the limit where WP still 
contain relevant information related to all the uterine 
events. For example, the WPs 15 and 16 correspond to 
the frequency bands which belong MAF and LDBF 
waves. 

In detection case, the decomposition level is limited to 
3 because the goal was to choose the best packets for 
detection whatever the events [15]. To decide which 
packets were able to classify the events, the values Rv of 
the discrimination criterion were computed on each 
packet using equation 8 (there are 30 packets). The 
events of train_CLASS were used (see Subsection 2.2). 
Figure 3 shows the criterion values in ascending order. 
The selection of the discriminant WP was made by ap-
plying a threshold and selecting those WP which have 
the smallest criterion values. 

By examining Figure 3 there is a clear threshold for 
Rv. In first step, the packets 1, 3, 7, 15 and 16 were se-
lected. These packets correspond to the bandwidths [0, 
4], [0, 2], [0, 1], [0, 0.05] and [0.05, 1] Hz, respectively. 
The second step consists in eliminating the redundant 
packets by keeping only the packets which correspond to 
the frequency contents of events. As the contractions and 
Alvarez waves have a frequency band less than 1 Hz, 
MAF frequency is less than 0.5 Hz and LDBF waves 
have a very low frequency (see Subsection 2.1), only the 
packets 7, 15 and 16 are retained as best basis for classi-
fication. 

In order to demonstrate that Rv is a good criterion to 
discriminate between uterine classes, the validation step 
is carried out. The classification methods MLP and SVM 
were applied on the test_CLASS to evaluate the Correct 
Classification Rate (CCR). 

In the current application, a two layer feed forward 
network is created. The first layer has five tansig 

2

2
( ) 1

1 n
f n

e
    


  neurons, the second layer has ten pure-

lin (f(n) = n) neurons. 
For the SVM method, the CCR were calculated for 

some kernels (linear, polynomial, sigmoid and Gaussian 

Radial Basis Function (GRBF)) [22]. The kernel GRBF 
gave the best CCR, it is defined as follows [22]: 

2

2
( , ) exp( )

2

u v
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To provide the reader with the performance improve-
ment of the best basis with respect to the DWT, we also 
present the CCR produced by using the packets 2, 4, 8 
and 16 corresponding to the DWT. The variances of 
packets 2, 4, 8 and 16 were used as features for the clas-
sification methods. The best basis method was evaluated 
by comparing the results with those obtained using the 
DWT. Results are summarized in Tables 1,2, showing 
the performance of the use of the variances of the se-
lected WP as features for the classification methods. 
Table 1 shows the CCR of MLP classifier for the best 
basis selection and DWT. The CCR were calculated for 
large values of the regularization parameter C and σ for 
the SVM method [22,23] (C = [0.0001, 0.001, 0.01, 0.1, 
1, 10, 100, 1000, 10000, Infinity] and σ = [0.1, 0.2, 0.4, 
0.6, 1, 5, 10]). C controls the tradeoff between the com-
plexity of the machine and the number of non- separable 
points. C and σ are chosen for each class in such a way 
that the best correct classification rates are obtained. The 
optimal values of C and σ are presented in Table 2 for 
the best basis selection and DWT. 

Event duration is used as an additional feature to im-
prove the correct classification rate. The correct classifi-
cation and false alarm rates are presented in Table 3 
after including the event durations in the case of best 
basis. The results are well improved specifically for Al-
varez and MAF waves. 

7. DISCUSSION 

This paper developed a best basis selected from the 
set of WP tree for classification. The uterine EMG 
events are characterized by their frequency content jus-
tify the use of WPT. WP tree reduction is generally 
guided by a certain criterion (depending on the WPT 
objectives) based on the knowledge of a data (often sta-
tistical) model or the availability of training data. The 
mother wavelet choice in the current work was based on 
the minimum delay induced by applying detection algo-
rithms directly on the wavelet packet coefficients. The 
choice was made using all available EMG events, lead-
ing to the selection of the Symlet 5 wavelet [15]. This 
choice is probably due to the symmetrical shape of the 
associated filters. It is better to study the influence of  

 
Table 1. Correct classification rates in the cases of best basis 
(WP: 7, 15 and 16) and DWT (WP: 2, 4, 8 and 16) for MLP 
method. 

SVM CT ALV MAF LDBF Noise 

best basis 0.80 0.80 0.86 0.88 0.94 

DWT 0.52 0.62 0.62 0.66 0.94 
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Table 2. Correct classification rates in the cases of best basis (WP: 7, 15 and 16) and DWT (WP: 2, 4, 8 and 16) 
for SVM method. 

SVM CT ALV MAF LDBF Noise 

best basis 
0.82 

σ =5, C=Inf 
0.64 

σ =10, C=Inf 
0.8 

σ =5, C=Inf 
0.88 

σ =1, C=Inf 
0.82 

σ =5, C=100 

DWT 
0.54 

σ =1, C=10 
0.50 

σ =0.2, C=Inf 
0.60 

σ =0.2, C=Inf 
0.50 

σ =0.4, C=10000 
0.90 

σ =0.6, C=1000 

 
Table 3. Correct classification probabilities (a) and false alarm rates (b) for the two methods after including 
event duration (best basis case). 

CT ALV MAF LDBF Noise 
Method 

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

MLP 0.86 0.04 0.96 0.11 0.98 0 1.00 0.12 0.86 0.04 

0.88 0.04 0.86 0.12 0.96 0 0.98 0.03 0.90 0.18 
SVM 

σ =5, C=Inf  =5, C=1  =5, C=1  =10, C=1  =0.6, C=1 

 
other wavelets to choose the best wavelet for classifica-
tion. 

The best basis was searched for classification. Four 
levels were needed as they corresponded to the relevant 
bandwidths for event discrimination such as foetus mo-
tions and LDBF waves. 

The ratio between intra-class and inter-class variances 
appeared as a good discrimination criterion for the 
choice of the best basis for the classification of uterine 
EMG events. The best basis for classification was se-
lected by choosing all packets that scored a ratio lower 
than a defined threshold as explained in Section 4. A 
second step based on the frequency contents of events is 
introduced to eliminate the redundant packets. In order 
to ensure the performance of the selection of best basis, 
we asked an expert in uterine EMG events to indicate, 
from an arbitrary data set, which WP could discriminate 
between the uterine events at best. She selected the same 
WP obtained by our algorithm.  

This result illustrates the coincidence between the 
automatic unsupervised learning and direct supervised 
selection. Two classification methods (Neural Networks 
(MLP) and Support Vector Machines) were applied on 
validation and test data. The main issues related to the 
use of MLP were the choice of the activation functions 
of the hidden and output layers and the definition of the 
number of hidden neurons. Results were satisfactory 
with or without the use of the event duration as a com-
plementary feature.  

For SVM method, the parameter (C and σ) values that 
produced the best CCR were selected. These values were 
different according to whether the duration of the events 
was used or not. The CCR were greatly improved by the 
introduction of the event duration, whatever the classifi-
cation method. 

8. CONCLUSIONS 

The method proposed for event classification in uterine 

recordings based on a WPT, and best basis selection in 
order to reduce the WP tree produced very satisfactory 
results. The ratio between intra-class and total variance 
was found to be a good criterion well adapted for the 
choice of the best discriminant packets. Two proposed 
classifiers (Neural Networks and SVM) for the identifi-
cation of the detected events by allocating them to 
physiological classes (CT, MAF, Alv or LDBF waves) 
were used. On average more than 85% of the events 
were correctly classified, regardless of the pregnancy 
term. The training data permits to choose the best basis 
relevant to the uterine EMG events but the algorithm can 
be used for other similar situations. As perspectives the 
study must continue in order to show the performance of 
the algorithm when applying it to other non stationary 
data. 

Uterine electrical activity is increasingly used as a 
relevant index for the characterization of the uterine con-
traction within the scope of pregnancy and parturition 
monitoring. A further step would be the production of a 
sufficiently large database to improve the current know- 
ledge on the actual recording contents and their correla-
tion to a diagnosis of possible premature birth. 
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ABSTRACT 

In this paper, performance of three classifiers for 
classification of five mental tasks were investigated. 
Wavelet Packet Transform (WPT) was used for fea-
ture extraction of the relevant frequency bands from 
raw Electroencephalograph (EEG) signal. The three 
classifiers namely used were Multilayer Back propa-
gation Neural Network, Support Vector Machine and 
Radial Basis Function Neural Network. In MLP-BP 
NN five training methods used were a) Gradient De-
scent Back Propagation b) Levenberg-Marquardt c) 
Resilient Back Propagation d) Conjugate Learning 
Gradient Back Propagation and e) Gradient Descent 
Back Propagation with movementum. 
 
Keywords: Electroencephalogram (EEG); Wavelet 
Packet Transform (WPT); Support Vector Machine 
(SVM); Radial Basis Function Neural Network 
(RBFNN); Multilayer Back Propagation Neural Network 
(MLP-BPNN); Brain Computer Interface (BCI) 

1. INTRODUCTION 

Brain Computer Interface (BCI) system have the poten-
tial to offer a new nonmuscular communication channel, 
which enable severely handicapped persons to commu-
nicate with their external surroundings using the brain’s 
electrical activity measured as electroencephalogram 
(EEG) [1,2,3,4,5]. There are various types of EEG based 
BCIs. Evoked potentials (EPs) based BCI depend on the 
brain’s response to external events. Two types of evoked 
potentials have been widely explored in the field of BCI, 
namely P300 and Steady State Visual Evoked Potential 
(SSVEP). P300 is a electrical potential that appear 300 
ms after task-related stimuli at Centro-Parietal location. 
The amplitude of the P300 depends on the frequency of 

stimuli occurrence like less frequent stimuli produce 
larger response (vice versa). P300 has been used to de-
velop virtual keyboards and control of a wheelchair. 
Visual evoked potential (VEP) reflect electrophysio-
logical mechanisms underlying the processing of visual 
information in the brain and change in response to visual 
stimuli. Flicker stimuli of variable frequency (2–90 Hz) 
elicit a Steady State Visual Evoked Potential (SSVEP) in 
the EEG which is characterized by an oscillation at the 
same frequency as the stimulus. Thus SSVEP can be 
detected by examining the spectral content of the signals 
recorded in the visual region, namely the occipital region. 
SSVEP were used to control flight simulator and func-
tional Electrical stimulator (FES). Spontaneous BCIs are 
based on the analysis of the EEG phenomenon associ-
ated with various aspect of the brain function related to 
mental tasks carried out by the subject at his /her own 
will. EEG based of this kind BCI can use slow potential 
shifts and variation of rhythmic activity control. Slow 
cortical potentials (SCPs) are shifts in the depolarization 
level of upper cortical dendrites and reflect very low 
frequency, slow change in potential shifts, often devel-
oping over 0.5–10 seconds. A thought translation device 
was designed for cursor movement using SCP. Surface 
electrical potentials reflect electrical activity of large 
synchronous groups of neuron in the brain. This is re-
corded by electrodes placed in standard positions on the 
scalp and has amplitude between 2–100 microvolt with a 
frequency spectrum ranging from 0.1 to 100 Hz. The 
frequency bands of delta (0.5–4.0 Hz), theta (4.0–8.0 
Hz), alpha (8.0–13.0 Hz), beta (13.0–22.0 Hz), gamma 
(30.0–40.0 Hz) and µ- rhythms (8.0-13.0 Hz) are exam-
ples of rhythmic activity. Most BCIs make use of spon-
taneous electroencephalogram (EEG) to distinguish be-
tween mental states. The past two decades have wit-
nessed the importance of innovative BCI with voice, 
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vision and a combination of these, as a communication 
platform [6,7,8,9]. Effective attempts have been made to 
achieve successful BCI systems based on bioelectric 
signals. They were mainly to help patients with various 
neuromuscular disorders by providing them a way of 
communication to the world, through extracting infor-
mation about their intensions. So far the accuracy of the 
classification has been one of the main pitfalls of the 
existing BCI systems, since it directly affects the deci-
sion made as the BCI output. The speed &accuracy 
could be improved by implementing better methods for 
feature extraction and classification [10]. 

In this study, wavelet packet transform method was 
used to capture the information of mental tasks from 
eight channel EEG signals of nine subjects. The coeffi-
cients of wavelet packet transform were used as the best 
fitting input vector for classifiers. The three classifiers 
(MLP-BP NN , SVM and RBFNN ) were used to com-
pare the performance in discrimination of five mental 
tasks. 

2. METHODOLOGY 

2.1. Subjects 

Nine right-handed healthy male subjects of age (mean 
23yr) having no sign of any motor- neuron diseases were 
selected for the study. A pro-forma was filled in with 
detail of their age & education level as shown in Table 1 
The participants were student volunteers for their avail-
ability and interest in the study. EEG data was collected 
after taking written consent for participation. Full ex-
planation of the experiment was provided to each of the 
participants. 

2.2. EEG Data Acquisition 

EEG Data used in this study was recorded on a Grass 
Telefactor EEG Twin3 Machine available at Deptt. of 
Neurology, Sir Ganga Ram Hospital, New Delhi. EEG 
recording was done for five mental tasks for five days, 
from ten selected subjects. Data was recorded for 10 sec 
during each task and each task was repeated five times 
per session per day. Bipolar and Referential EEG was 
recorded using eight standard positions C3, C4, P3, P4,  

 
Table 1. clinical characteristics of subjects. 

Subject No. Subject Name Age Educational Status 

1 Subject 1 22 BE 

2 Subject 2 21 BE 

3 Subject 3 23 BE 

4 Subject 4 27 M.TECH 

5 Subject 5 23 BE 

6 Subject 6 22 BE 

7 Subject 7 27 M.TECH 

8 Subject 8 22 BE 

9 Subject 9 22 BE 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Montage for present study. 

 

 
O1 O2, and F3, F4 by placing gold electrodes on scalp, 
as per the international 10–20 standard system of elec-
trode placement as shown in Figure 1 The settings used 
for data collection were: low pass filter1 Hz, high pass 
filter 35 Hz, sensitivity 150 micro volts/mm and sam-
pling frequency fixed at 400 Hz. The reference elec-
trodes were placed on ear lobes and ground electrode on 
the forehead. EOG (Electooculargram) being a noise 
artifact, was derived from two electrodes placed on outer 
canthus of left and right eye in order to detect and 
eliminate eye movement artifacts. 

2.3. Experiment Paradigm 

An experiment paradigm was designed for the study and 
the protocol was explained to each participant before the 
experiment. In this, the subject was asked to comfortably 
lie down in a relaxed position with eyes closed. After 
assuring the normal relaxed state by checking the status 
of alpha waves, the EEG was recorded for 50 sec, col-
lecting five session of 10sec epoch for the relaxed state. 
This was used as the baseline reference for further 
analysis of mental task. The subject was asked to per-
form a mental task on presentation of an audio cue. Five 
session of 10sec epoch for each mental task were re-
corded (as shown in Figure 2). The whole experimental 
lasted for about one hour including electrodes place-
ment. 

Data collected from nine subjects performing five 
mental tasks were analyzed. The following mental tasks 
were used. 

Relaxed:The subject was asked to relax with their 
eyes closed. No mental or physical task to be performed 
at this stage. 

Arithmetic Task:The subject was asked to perform 
arithmetic simple (trivial multiplication) and arithmetics  

 

  

Figure 2. Timing of the protocol. 
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complex (nontrivial multiplication).An example of a 
trivial calculation is to multiply 2 by 3 and nontrivial 
task is to multiply 49 by 78. The subject was instructed 
not to vocalize or make movements while solving the 
problem. EEG signal were recorded corresponding. 

Geometric figure Rotation:The subject was given 30 
seconds to see complex three dimensional objects, after 
which the object was removed. The subject was in-
structed to visualize the object being rotated about an 
axis.The EEG signals were recorded during this period. 

Movement Imagination: The subject was asked to 
plan movement of the right hand and corresponding 
EEG signals were recorded during this period. 

2.4. Feature Extraction 

The frequency spectrum of the signal was first analyzed 
through Fast Fourier Transform (FFT) method. The FFT 
plot of signals from the all electrode pairs were observed 
and maximum average change in EEG amplitude was 
noted as shown in Figure 3.  

For relaxed, the peaks of power spectrum almost co-
incide for central area in the alpha frequency range 
(8–13 Hz) [11,12]. EEG recorded with relaxed state is 
considered to be the base line for the subsequent analysis. 
Mu rhythms are generated over sensorimotor cortex 
during planning a movement. For movement imagery of 
right hand, maximum upto 50% band power attenuation 
was observed in contralateral (C3 w.r.t C4) hemisphere 
in the alpha frequency range (8–13 Hz) [13]. For geo-
metrical figure rotation, the peak of the power spectrum 
was increased (upto 100%) in right hemisphere rather 
than left in the occipital area for the alpha frequency 
range (8–13 Hz) [22]. For trivial multiplication, the peak 
of the power spectrum was increased (75%) in left 
hemisphere rather than right hemisphere in the frontal 
area for the alpha frequency range (8–13 Hz) [23]. For 
non trivial multiplication, the peak of the power spec-
trum was increased (120%) in left hemisphere rather 
than right hemisphere in the parietal area for the alpha 
frequency range (8–13 Hz). 

The data was preprocessed using Wavelet packet 
transform to extract the most relevant information from 
the EEG signal [14]. By applying Wavelet packet trans  

 

 
Figure 3. Maximum average change in amplitude of PSD. 

 

Figure 4. Wavelet coefficient for relax task. 
 

 
Figure 5. Wavelets coefficient for right hand movement task. 
 

 

Figure 6. Wavelets coefficient for geometrical figure rotation task. 
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Figure 7. Wavelets coefficient for simple arithmetic task. 
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Figure 8. Wavelets coefficient for complex arithmetic task. 
 
form on the original signal wavelet coefficients in the 
(8–13 Hz) frequency band at the 5th level node (5, 3) 
were obtained as shown in Figures 4-8 We were able to 
reduce 1 second of EEG data to 21 coefficients. The 
signal was reconstructed at node (5, 3). These coeffi-
cients are scaled and used as the best fitting input vector 
for classifiers. 

2.5. Classifiers 

We have compared three classifiers: Multilayer Back 
propagation Neural Network (MLP-BPNN), Support 
Vector Machine and Radial Basis Function Neural Net-
work to discriminate various mental activities. All three 
classifier were fed with the same dimensional feature 
data under identical conditions. 

1) Multilayer Back propagation Neural Network 
For this classifier, a two layer feed forward neural 

network was used with topology of {10, 1} 10 neurons 
in hidden layer and 1 neuron in output layer. The neural 
network was designed to accept a 21 element input vec-
tor and give a single output. The output neuron was de-
signed to give 0 for baseline (relax task) and 1 for men-
tal task. The five different training methods used for this 
classifier were Gradient Descent, Levenberg-Marquardt, 
Resilient Back propagation, Conjugate Gradient Descent 
and Gradient Descent back propagation with movemen-
tum [15,16,17]. Parameter used for five training methods 
of neural network for classification of five mental tasks 
as shown in the Table 2. 

2) Support Vector Machine 
Input data as two sets of vectors in an n-dimensional 

space, an SVM will construct a separating hyperplane in 
that space, one which maximizes the margin between the 
two data sets.The solution of the SVM is based only on 
those data points that are at the margin and called sup-
port vectors [18]. 

A kernel is utilized to map the input data to a higher 
dimensional feature space so that the problem becomes 
linearly separable. The kernel plays a very important role 
in the performance of the SVM applications. In the pre-
sent study linear and polynomial kernel functions have  

Table 2. Parameter used for different algorithms with 
to pology {10, 1}. 

Gradient descent method 

Topology {10,1} Α=.01 

MSE=1exp-(5)  

Epoch=5000  

Levenberg-Marquardt 

Topology {10,1} Mu=.01 

MSE=1exp-(5)  

Epoch=5000 Mu_dec=0.1and Mu_inc =10

Resilient Back propagation 

Topology {10,1} Α=.01 

MSE=1exp-(5)  

Epoch=5000 Β=0.75 and β 1=1.05 

Conjugate gradient descent 

Topology {10,1} Α=.01 

MSE=1exp-(5)  

Epoch=5000  

Gradient descent with momentum 

Topology {10,1} Α=.01. Mu = 0.01 

MSE= 1e-5  

Epoch=5000  

 
work (RBFNN) classifier was used. A two layer network 
was implemented with 21 input vectors, a hidden layer 
with Gaussian activation function consisting as many as 
hidden neurons as input vectors and one neuron in the 
output layer [19].The output layer has 1 neurons and 
neuron gives output as 1 for a particular task. In case of 
relax task, this value is 0. 

2.6. Performance 

The study evaluated the performance of three classifiers 
for classification of five mental tasks. 60% of entire 
EEG data (five sessions, five mental tasks with nine 
subjects) was taken as training data. Remaining 40% of 
EEG data was taken as test data and the performances 
were recorded. The entire analysis of the recorded data 
was carried out using Matlab® 7.0 from Mathworks Inc., 
USA. 

Performance (RC) is calculated in percentage (%) as 
ratio between correctly classified patterns in the test set 
to the total number of patterns in the test set [20]. 

set test in the patterns ofnumber  Total

 patterns test classifiedcorrectly  ofNumber 
Rc   

3. RESULTS & DISCUSSION 

Nine right-handed male subjects participated in the ex-
periments. The subjects were asked to perform five 
mental tasks namely relaxed, movement imagery, geo-
metrical figure rotation and arithmetic task (trivial and 
non trivial multiplication). Out of 50 sec data recorded 
data the most relevant one second epoch of signal were 
used for classification of each mental task. WPT is an 
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excellent signal analysis tool, especially for non station-
ary signals. Hence in the present study, WPT was used 
for feature extraction [21]. 

As per literature [11,12,13,22,23] most prominent area 
of brain for domain of information during five mental 
tasks was shown in Table 3 For relaxed, the peaks of 
power spectrum almost coincide in central area at a par-
ticular base frequency .For arithmetic simple (trivialmul-
tiplication), it was observed that the amplitude of the 
power spectrum for alpha frequency range (8–13 Hz) 
increased left hemisphere rather than right hemisphere in 
frontal region. 

For arithmetic complex (non trivialmultiplication), it 
was observed that the amplitude of the power spectrum 
for alpha frequency range (8–13 Hz) increased left 
hemisphere rather than right hemisphere in parietal re-
gion. For geometrical figure rotation, the peak of the 
power spectrum in the alpha frequency range (7–13 Hz) 
increased right occipital area. For movement imagery, 
the peak of the power spectrum in the alpha frequency 
range (7–13 Hz) had an attenuation central area. 

The present study was a comparison of three classifi-
ers to discriminate five mental tasks effectively. Tables 
4-6 shows the performance of neural network with resil-
ient back propagation training method, support vector 
machine and radial bases function Neural Network for 
classifying of mental tasks w.r.t baseline as shown in 
Figure 9. 

From Tables 4-6 we can say that RBF neural network 
method has best performance among all the classifiers 
for classification of mental tasks w.r.t baseline. By using 
RBF Neural Network 100% accuracy was obtained. 
While classification ,Resilient back propagation training 
method showed better performance than other (Gradient 
Descent method Levenberg-Marquardt, Conjugate Gra-
dient Descent and Gradient Descent back propagation 
with movementum) back propagation training methods. 
 
Table 3. Domain of information. 

Tasks 
Domain of 
information 

(Contralateral/ 
Ipsilateral) 

Type of 
change in 

amplitude of 
alpha 

rhythm(8-13 
H )

Movement 
Imagination 

Central Contralateral Decreased 

Arithmetic 
Simple 

Frontal, Ipsilateral Increased 

Geometrical 
figure rota-

tional 
Occipital Ipsilateral Increased 

Arithmetic 
complex 

parietal Ipsilateral Increased 

Base line 
Occipital, 
Central 

Contralateral Coincide 

Table 4. Comparisons of different NN training methods. 

     Tasks
 
Method  

Baseline 
and 

Arithme-
tic simple

Baseline 
and 

Arithmetic 
complex 

Baseline 
and 

Rotation 

Baseline 
and 

movement

Gradient 
Descent 

Back 
Propagation

95% 95% 87.5% 90% 

Leveberg- 
Marquardt 

95% 90% 90% 92.5% 

Resilient 
Back Propa-

gation 
97.5% 95% 95% 95% 

Conjugated 
Gradient BP

97.5% 92.5% 92.5% 92.5% 

GD BP with 
Momentum

95% 95% 90% 90% 

 
Table 5. Comparisons of different kernel function. 

     Tasks
 
Method  

Baseline 
and 

Arithme-
tic simple

Baseline 
and 

Arithmetic 
complex 

Baseline 
and 

Rotation 

Baseline 
and 

movement

Linear 
Function 

57.5% 55% 57.5% 57.5% 

Polynomial 
Function 

55% 57.5% 62.5% 62.5% 

 
Table 6. Performance using radial basis function. 

     Tasks
 
Method  

Baseline 
and 

Arithme-
tic simple

Baseline 
and 

Arithmetic 
complex 

Baseline 
and 

Rotation 

Baseline 
and 

movement

Radial bass 
Function 
network 

100% 100% 100% 100% 

 

Figure 9. Performance of comparision using three classifiers. 

4. CONCLUSIONS 

This for various applications of BCI systems, it is nec-
essary that EEG feature related to the human intentions 
were to be uniquely identified as accurate as possible. In 
this study, nine healthy male subjects were selected to 
investigate three classifiers of discriminating five mental 

0
2

4
6
8

10
12

arith
simple

arith
complex

rotation movement 

Resilient
backpropagation 

Linear SVM

Percentage of accuracy 

polynomial SVM 

Radial basis 
function 



V. Khare et al. / J. Biomedical Science and Engineering 3 (2010) 200-205              205 

Copyright © 2010 SciRes.                                                                  

tasks (relaxed state, movement imagery of right hand, 
geometrical figure rotation, arithmetic simple task, 
arithmetic complex task) effectively. 

JBiSE 

The result showed the performance of neural network 
with resilient back propagation training method, support 
vector machine and radial bases function Neural Net-
work for classifying of mental tasks w.r.t baseline. RBF 
(Radial Basis Function) neural network method has best 
performance among all the classifiers for classification 
of mental tasks w.r.t baseline. By using RBF Neural 
Network 100% accuracy was obtained. While classifica-
tion, Resilient Back Propagation training method 
showed better performance than other (Gradient Descent 
method, Levenberg-Marquardt, Conjugate Gradient De-
scent and Gradient Descent Back Propagation with 
movementum) back propagation training methods. The 
main conclusion is that the Radial baisis function net-
work was found to be most suitable in various applica-
tions of BCI systems. 
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ABSTRACT 

Dramatic changes of pressure in the local circulation 
flow field would lead to alterations in biorheological 
characteristics of Endothelial cells(ECs), and futher 
resulted in the apoptosis induced by loss of anchorage, 
a form of cell death known as anoikis. In this study, 
we set levels of pressure(negative and positive pres-
sure) loaded ECs groups and non-activated cultured 
ECs ,single shear stress loaded ECs as control group 
to demonstrate the effects of pressure shift on cell 
morphogenesis and adhesion. Furthermore, we in-
vestigate the effects of pressure shift on ECs proli- 
feration and apoptosis to elucidate the influences of 
pressure shift on vitality of ECs. We present these 
data here to suggest that the negative pressure might 
be another important factor beyond velocity and shear 
stress in biomechanical impairment on ECs, then to 
trigger the apoptosis with the extracellular matrix 
(ECM) detachment (anoikis). As the negative pressure 
is thought to play a role in the anoikis process, these 
results have implications for both the path- ogenesis 
and therapeutics investigations of stenostic vessel dis-
eases and the future vascular tissue engineering. 
 
Keywords: Endothelial Cells; Anoikis Cell Adhesion; 
Pressure; Flow Field 

1. INTRODUCTION 

The role of the Extracellular matrix (ECM) goes beyond 
providing the physical scaffold on which the Endothelial 
cells (ECs) adhere, it also provides ECs with information 
for proliferation, migration, differentiation and survival 
through the structural and functional links. Loss of these 
links with ECM could induce apoptosis which has been 
termed as anoikis, a Greek ancient word meaning 

“homelessness”. Previous Hydrodynamics investigations  
on the mechanisms of the cardiovascular wall damage, 
in vitro assays and in vivo models, focused on the rela-
tionship between the velocity, shear stress and the ECs, 
while investigations on the pressure shift (especially the 
negative pressure) mediated anchorage-related apoptosis 
(anoikis) of ECs in vitro were rarely described. Based on 
the engineering hydrodynamics advance, the dilated 
downstream of the stenosis could lead to a decrease of 
wall pressure and an increase of pressure pulsation, fur-
ther resulted in a low pressure environment to generate 
the cavitation phenomenon which would damage the 
wall structure severely [1,2]. We therefore suggest that 
the distribution and variations of pressure located down-
stream of the stenostic vessel may be another factor for 
biomechanical impairment on ECs, then may contribute 
to the pathogenesis of cardiovascular stenostic diseases. 

In the present study, we developed an efficient assay 
for the effects of pressure shift on the expression of cy-
toskeleton(F-actin), Vascular adhesion molecule (VCAM) 
and one of the important transmembrane heterodimeric 
receptors(IntegrinαVβ3). Combined with our analysis of 
Ecs proliferation, apoptosis and the expression of apop-
tosis-associated protein (Caspase-3, P53, Bcl-2 and Fas), 
we also presented correlative evidence that the negative 
pressure played a certain role in the genesis and progress 
of anoikis in the flow field in vitro. 

2. MATERIALS AND METHODS 

2.1. Cell Cultures and Maintenance 

Human umbilical vein ECs EA.Hy926 obtained from 
Jiangsu Institute of Hematology were cultured in a 5% 
CO2 atmosphere at 37³C, in RPMI medium (Gibco BRL, 
USA) supplemented with 10% fetal bovine serum(FBS). 
Cells were detached by D-Hank’s solution with 0.25% 
trypsin 1ml and then repelleted to suspend in the RPMI 
medium. The supernatants were collected and centri-
fuged at 1000rpm for 5min in a MIKRO12–24 centri- 

*The study supported by NSF of China (Grant NO. 30700149, 30670515
and Youth Scientific Fund of Sichuan University (Grant NO.06062). 
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fuge at 4℃. The purified cells were collected, tested as 
previously described [3,4] and viability was determined 
by trypan blue exclusion. After been attached to the fi-
bronectin plates (plastic plates coated for 30min at 37℃ 
in CO2 incubator with 50ug/ml of fibronectin, washed 
twice with D-Hanks solution before use), the cells were 
grown at 37℃ in 5% CO2 incubator (Heraeus, Germany) 
with RPMI medium to confluence. 

2.2. Levels of Pressure Loading in the Flow  
Experiment 

The flow system was remanufactured from the system 
which was previously described by H.Q. Chen [5] (Fig-
ure 1). The plastic slides containing the endothelial 
monolayer were inserted into the parallel-plate flow 
chamber that was installed between the upper and 
lower reservoir connected by tubing. Continuous flow 
in this system was maintained by circulating cell cul-
ture medium (as arrow shown in Figure 1) by a peri-
staltic pump installed between the upper and lower 
reservoir, while altitude difference provided constant 
flow through the chamber to expose the bottom of the 
inserts to laminar flow at a consistent levels of pressure. 
As the periodical fluctuation of the pressure that caused 
by the peristaltic pump and fluid flow could interfere 
the experiment results, we set two reservoirs as a feed-
back regulator to maintain consistent and steady pres-
sure. The numerical analysis of the chamber flow per-
formed by Fluent 6.0 indicated the flow in chamber 
was 1) laminar flow; 2) two-dimensional flow; 3) suf-
ficient developed steady flow; 4) the pressure distrib-
uted in chamber averagely; 5) maintained steady flow 
in negative pressure environment. We set nonactivated 
cultured ECs(Con), single shear stress (1.85 dyn/cm2) 
loaded ECs (S-con)as control groups and levels of 
pressure loaded groups in the context of low shear 
stress (1.85dyn/cm2): –10cmH2O(N10), –20cmH2O(N20), 
–40cmH2O(N40), +20cmH2O(P20) and +40cmH2O(P40). 

 

Figure 1. The schematic diagram of the improved paral 
alized by using BODIPY FL phalloidin (Molecularlel 
plate flow chamber: 1) upper reservoir; 2) peristaltic 
pump; 3) lower reservoir and; 4) flow chamber. 

2.3. F-actin and Adhesion Molecule Analysis 

Loaded by levels of pressure for 2h and fixed by 4% 
paraformaldehyde at 4℃ for 15min, ECs were perme-
abilized in 1% Triton X-100 and then F-actin was visu 
Probes, USA). The cell membranes were imaged at an 
excitation of 505nm and emission of 512nm by the laser 
confocal scanning microscope (Bio-Rad Mre-1024ES) 
and fluorescence density value analysis of F-actin were 
tested by IMAGEPRO plus 5.0(Media Cybernetics Inc.). 
The collected cells were incubated with specific mono-
clonal antibody (PE-VCAM monoclonal antibody in 
1:40 dilution, FITC-IntegrinαVβ3 monoclonal antibody 
LM609 in 1:100 dilution) respectively for 20 minutes. 
Cells were then resuspended in PBS to a density of 2～
3×105cells/ml. The levels of cell surface fluorescently 
labeled protein were quantified by immunofluorescent 
flow cytometry (ELITE ESP, Coulter, USA): we set the 
fluorescent density value of non-activated cultured 
ECs(Con) as 100% and the fluorescent density value of 
other groups as Related fluorescent density value 
(RF%). 

2.4. Proliferation and Apoptosis Assay 

To label chromosomal DNA with propidium iodide (PI), 
the pressure loaded cells were washed twice with PBS, 
0.25％ trypsin and the resulting cell pellet was resus-
pended at 1×105 cells/ml in PBS containing 100ug/ml of 
PI and 500mg/ml RNase (Sigma; St. Louis, MO) for a 
30min incubation at 4℃. The stained cells were then 
analyzed by flow cytometry and quantification was per-
formed by using Cell Quest (Becton–Dickinson, Moun- 
tain View, CA). We use PI [Proliferation Index, PI=(S + 
G2M) / (G0/1+ S + G2M ) × 100%] and AI (Apoptosis 
Index, AI=number of cells displaying red fluorescence 
lower than the G0-G1 diploid peak / total number of 
cells × 100%) to assay ECs proliferation and apoptosis 
changes in cell cycle. RT-PCR technology as previously 
described [6,7,8] and Western blot analysis were applied 
to caspase–3, p53, Bcl–2 and Fas protein expression 
assay. 

2.5. Statistics 

All experiments were repeated three times. Statistic in-
formation was analyzed by one sample T-test with 
SPSS11.5 and differences at P<0.05 were considered 
statistically significant. 

3. RESULTS 

3.1. The Effects of Pressure Shift on Cells  
Morphological Changes  

Stained green-fluorescence, the F-actin filament of 
non-activated cultured ECs(Con) showed no oriented  
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Figure 2. The effects of pressure shift (loaded for 2h) on 
F-actin A. The variations of the distribution and organi-
zation of F-actin (A: con; B: S-con; C: N10; D: N20; E: 
N40; F: P20; G: P40) B. The quantitative analysis of the 
effects of pressure shift on F-actin expression (n=6, 
**compared with S-Con group p<0.01). 

 
shear stress for 2h (S-con), the F-actin filament showed a 
tendency to orient parallel to the long axis of the cells 
(Figure 2 B). As the negative pressure increasing, the 
redistribution and organization of F-actin were more 
obviously oriented parallel to the long axis of the cells 
and flow vector (Figure 2 c, d, e). However, the F-actin 
filament presented no orientation propensity to the posi-
tive pressure changes (Figure 2 f, g). As the fluores-
cence value density of BODIPY FL phalloidin was con-
sistent with the F-actin content, we analyzed the expres-
sion of F-actin by testing the green-fluorescence value 
density with Image Pro Plus 5.0. The expression of 
F-actin was generally enhanced by the increasing nega-
tive pressure (n=6, compared with S-con p<0.01), while 
no significant change of F-actin expression was ob-
served in the positive pressure loaded group. 

3.2. The Effects of Pressure Shift on Cell Adhe-
sion Molecules 

When exposed to levels of pressure and loaded for 2h, 
the expression of VCAM and IntegrinαVβ3 demon-
strated significant changes with different tendency: 

1) VCAM expression up-regulated with increasing 
positive pressure and down-regulated with gradually 
increasing negative pressure; 

Table 1. The effects of pressure shift (loaded for 2h) on the 
expression of VCAM and IntegrinαVβ3 (n=6,**compared with 
S-Con group p<0.01). 

Assay Items (relative fluorenscence values) 
Groups 

VCAM Integrin αVβ3 

con 100±0 100±0 

S-con 110.7±31.2 151.5±16.9 

N10 113.8±11.3 152.5±29.7 

N20 108.7±11.8 217.4±50.2** 

N40 78.3±4.9** 328.7±14.5** 

P20 144.7±22.6** 233.2±31.7** 

P40 155.8±24.5** 270.3±23.5** 

 

 
Figure 3. The duration-dependent effects of –40cmH2O 
pressure on the expression of VCAM and IntegrinαVβ3 
A. The variations of VCAM expression B. The varia-
tions of IntegrinαVβ3 expression (n=6**compared with 
S-Con group p<0.01). 
 

2) The increasing negative and positive pressure both 
resulted in the intensified expression of the IntegrinαVβ3 
(Table 1). 

As –40cmH2O pressure caused a significant changes 
in the expression of VCAM and IntegrinαVβ3, we fur-
ther studied the duration-dependent effects of the –40cm 
H2O pressure on the expression of VCAM and Integri-
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nαVβ3: VCAM expression down-regulated with the 
pressure loaded duration while the expression of In-
tegrinαVβ3 up-regulated initially and started to decrease 
gradually after pressure loaded for 2h (Electronic sup-
plementary Material). 

JBiSE 

3.3. The Effects of Pressure Shift on ECs 
Proliferation and Apoptosis 

As Loaded by levels of pressure for 2h, groups of ECs 
show different viability changes: 1) certain proliferative 
activity could be observed in the low negative pressure 
loaded groups (N10, N20) and significant apoptosis only 
occurred in the –40cm H2O pressure loaded group (N40); 
2) significant changes of proliferation and apoptosis 
were not observed in the positive pressure loaded 
groups(P20, P40). We therefore analyzed the time course 
of the –40cmH2O pressure-induced proliferation and 
apoptosis changes in ECs (Table 2). 

As the RT-PCR results showed, the expression of cas-
pase-3 was only significantly up-regulated in N40 group. 
We therefore investigated the duration dependent effects 
of –40cmH2O pressure on caspase-3 and apoptosis asso-
ciated protein: P53、Bcl-2 and Fas by Western blotting 
analysis (Figure 4): the expression of Caspase-3, Bcl-2 

and Fas protein up-regulated with duration-dependence 
in –40cmH2O pressure loading, while P53 protein 
showed a fluctuated increasing expression during the 
first 4h negative pressure (–40cmH2O) loading and 
sharply decreased back to the baseline in the next 2h. 
 

Table 2. The duration-dependent effects of –40cmH2O on 
the cell cycle, proliferation and apoptosis index ( sx  , n=6). 

Cell cycle distribution (%) 
Group

G0/G1     S      G2/ M 

PI (%) AI (%) 

0 min 59.1±4.9  19.8±5.8  22.7±1.5 41.4±7.9 0.1±0.1

15 min 57.8±2.5  22.9±7.8  22.2±5.6 44.8±7.5 0.4±0.0

30 min 67.2±4.4  22.5±1.2  10.9±4.1 33.2±6.6 6.5±0.6

1 h 82.6±3.6   7.6±0.5  11.9±4.6 18.4±5.1 10.2±0.3

2 h 81.6±7.5   6.8±0.4  11.2±6.7 17.4±2.0 18.4±0.6

4 h 83.6±11.2  7.0±0.2   9.1±0.5 15.2±7.3 19.4±024

6 h 90.6±13.3  5.3±0.3   5.2±1.6 10.1±5.9 27.6±1.1

 

 

Figure 4. Western blotting results of anoikis-associated proteins A Caspase-3; B P53; C Bcl-2; D Fas protein. 
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4. DISCUSSION 

Anchorage-related apoptosis appeared in ECs which 
were experimentally detached from their extracellular 
matrix had suggested the role of ECM as a suppressor of 
apoptosis induced by biomechanical forces [9]. Since the 
discovery of adhesion-activated tyrosine kinase pp125 
FAK [10,11], a web of signaling networks spread out 
and revealed the multiple pathways that could regulate 
the adhesion-related apoptosis(anoikis). Through these 
pathways, variety of biomechanical factors in flow field 
was capable of triggering the anoikis process. Many 
studies demonstrated [12,13] that observable changes in 
cytoskeleton and viability of ECs only occurred under 
the condition of loaded shear stress>8 dyn/cm2 and du-
ration>24h. To differ the focus from previous reports in 
the literature, we therefore adopted extremely low shear 
stress(1.85dyn/cm2) and short pressure loading duration 
(≤6h) to evaluate the pressure shift effects specifically. 

The cytoskeleton, particularly the content and distri-
bution of F-actin, is a strong determinant in the me-
chanical properties of ECs, such as cell shape, stiffness 
and cytoplasm viscosity. We had identified that the sig-
nificant changes in F-actin expression and cell shape 
were only observed after certain negative pressure ex-
posure for 2h(N20 and N40 group). Interestingly, up- 
regulated expression of F-actin and streamlined cell 
shape resulted in down-regulated expression of VCAM、
up-regulated expression of apoptosis-associated pro-
tein(especially Fas protein) and increased Apoptosis 
Index(AI%). However, these findings were different 
from previous studies that streched cells were found to 
be susceptible to rescuing from anoikis [14,15]. As our 
previous data demonstrated [5], when exposed to high 
shear stress, the adhesion ability of cells enhanced with 
the concentrated distribution of F-actin from the cortex 
to the perinuclear area of cells. We therefore considered 
that the increasing negative pressure may disassembly 
the F-actin filaments to monomers but inhibited its reor-
ganizaton in the perinuclear area of cells, further resulted 
in the increased amount of F-actin presenting only in the 
cortex but sharply decreased the adhesion ability. Some 
evidence demonstrated that the cytoskeletal disruption 
regulated the FasL expression and were associated with 
anoikis [16], which was coincident with our findings in 
the consistent up-regulation of F-actin and Fas expres-
sion with negative pressure(–40cmH2O) loaded for 2h. 
However, the detailed mechanism of this process re-
mains to be determined by further investigations. In the 
experiment, we demonstrated the readily apparent dif-
ferences between F-actin and ECs viability of negative 
versus positive pressure loaded ECs, which implied that 
the negative pressure could regulate both signaling 
molecules and apoptosis-related protein that were asso-
ciated with the cytoskeleton, and as such may together 

regulate anoikis by serving as sensors of cytoskeletal 
integrity. 

Sufficient and appropriate adhesion to the ECM, rep-
resented by the VCAM, is critical for proper ECs func-
tion and signaling. With the organization of the cy-
toskeleton and transduction of biochemical signals, the 
external (ECM) to internal (ECs) signaling transduction 
are mediated by the integrins [17]. As the member of the 
integrin family, IntegrinαVβ3 is capable of recognizing 
and bind many ECM proteins and induce intracellular 
biochemical responses to regulate anoikis process[18]. 
Therefore as a signaling transductant, the expression of 
IntegrinαVβ3 were observed significantly up-regulated 
in both positive and negative pressure groups with 
enough loaded duration and intensity (Table 1). Fur-
thermore, we demonstrated the up-regulated expression 
of VCAM with low AI% in positive pressure loaded 
groups(P20, P40) and significant down-regulated expr- 
ession of VCAM accompanied by high AI% in N40 
group with duration-dependence, which implied that the 
negative pressure (–40cmH2O) induced apoptosis could 
be adhesion-dependant. However, in our time course 
experiment on IntegrinαVβ3 and apoptosis-associated 
proteins (Figure 4), the up-regulated expression of In-
tegrinαVβ3 in ECs were consistent with the intensified 
expression of Caspase-3、Bcl-2 and Fas protein when 
exposed to –40cmH2O pressure loaded for 2h, during 
which the expression of VCAM showed insignificantly 
changing. The findings give evidence of the Integri-
nαVβ3 mediating some proapoptotic responses that 
could contribute to the integrated mechanism of negative 
pressure induced anoikis process with adhesion-inde- 
pendence. In support of our findings, previous studies 
[19] suggest the apoptotic effects observed with Integri-
nαVβ3 antagonist (echistatin) in ECs were not due to 
detachment but rather due to activation of intracellular 
signals.  

Multiple pathways could initiate the caspase activa-
tion to induce anoikis process converging at the level of 
effector caspases-3 [20]. As two main pathways in which 
caspases cascade are initially activated, the death recep-
tor pathway and mitochondrial pathway are regulated by 
a host of key effector proteins, such as P53、Bcl-2 and 
Fas proteins which have been previously confirmed as 
important regulators in different pathways [21,22]. As 
we noted, the expression of P53 showed a fluctuated 
increasing within 4h negative pressure (–40cmH2O) 
loading (Figure 4), which might imply the multiple 
functions of P53 protein in regulating the early stage of 
anoikis process. During the first 2h, P53 expression 
up-regulated initially and then down-regulated with the 
up-regulation of Bcl-2 expression. Meanwhile, the de-
creasing PI% that still exceeded the gradually increasing 
AI% (Table 2). Published studies [23] demonstrated that 
P53 could encode a transcription factor to activate genes 
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involved in growth arrest (p21, GADD45) and also 
could control the anti-apoptotic protein Bcl-2 in mito-
chondrial pathway. Therefore, we considered the main 
function of P53 protein during the first 2h was inducing 
the growth arrest to reduce the sensitivity of ECs to 
apoptosis. While the slight down-regulated P53 expres-
sion on the 2h checkpoint could be explained by some 
evidence that P53 and Bcl-2 may combined as p53-Bcl2 
complexes in contributing to the direct mitochondrial 
p53 pathway of apoptosis [24]. Although much of p53- 
mediated apoptosis signals were through mitochondrial 
pathways, p53 inducible genes could alter the localiza-
tion of death receptors normally found in the cytoplasm 
to the cell surface to enhance the sensitivity to death 
receptor-mediated apoptosis (Fas) [25]. Therefore, at the 
end of the first 2h, the homeostasis in the proliferation 
and apoptosis of ECs broke down (AI% started to ex-
ceed PI %) with the significantly up-regulated Fas ex-
pression and P53 expression. Meanwhile, the expression 
of VCAM showed a significant down-regulation, which 
further supported the notion that the negative pressure 
induced apoptosis could be adhesion-dependent (anoi- 
kis). As we noted, the P53 expression surprisingly de-
creased back to the baseline with up-regulated Bcl-2 
expression after being loaded by negative pressure 
(–40cmH2O) for 4h. During the same period, consistent 
with the up-regulated Fas expression, the expression of 
Caspase-3 still up-regulated with increasing AI%, which 
indicated the predominating function of Fas protein in 
the latter stage(after 4h) of negative pressure induced 
anoikis process.  

We have confirmed a certain role of negative pressure, 
particularly –40cmH2O pressure, in biomechanical im-
pairment on ECs with adhesion-dependence. While our 
preliminary investigations on the mechanism of negative 
pressure induced anoikis demonstrated that P53 acts dual 
function in regulating the early stage of anoikis process 
and Fas protein (death receptor pathway) predominated 
the end stage of the negative pressure induced anoikis 
process. These data give us insights into integrated in-
vestigations on mechanisms of downstream vascular 
impairment in stenostic vessel diseases (eg. atheroscle-
rosis, post-stenostic aneurysm formation) and Integri-
nαVβ3, P53, Fas represent attractive targets for protec-
tive therapeutics aiming at downstream vessels for a 
better long-term results in the patients with stenostic 
vessel dieases. However, the key to anoikis regulation 
depends on the sum of intrinsic and extrinsic input, It 
will be of interest for us to sort out the precise manner 
by which the architectural state of the cytoskeleton, in-
tegrin signal transduction events and posttranslational 
apoptotic factors are interrelated. 
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ABSTRACT 

Hydrotalcites known as anionic clays are found in 
nature. Hydrotalcites, hydrotalcite-like compounds, 
and calcined hydrotalcites (as mixed or complex ox-
ides) as highly active, selective catalysts play an im-
portant role in many base/catalyzed reactions. Mg/Al 
hydrotalcite (MAH) as precursor was used to prepare 
Mg/Al metal complex oxides (MAO), used as epoxi-
dation catalysts in the current research. In this paper, 
some primary physical and catalytic properties of 
MAH and MAO were investigated. The results indi-
cated that the qualified MAH (Mg/Al mol ratio of 3) 
can be achieved when the suspension was crystallized 
under 80°C for 16h, and after being filtered, dried at 
100 °C for 5h in a oven. MAO was prepared by cal-
cining MAH for 4h in a muffle furnace, and calcina-
tion temperature was determined to be 500 °C by a 
differential scanning calorimeter (DSC). Crystal 
structure and parameters of MAH and MAO were 
characterized by X/ray diffraction (XRD), good 
crystal structure was observed and typical peaks of 
MAH were detected when 2θ was at 11.5 (003), 23.0 
(006), 35.0 (009), and 61.0 (110), respectively. The 
morphology of calcined precursor, i.e. MAO, was 
investigated with scanning electron microscopy 
(SEM); the finer lamellar structure and smaller av-
erage size of 3μm was observed. Molding research 
was performed and confirmed by SEM, the results 
indicated that the surface bulge and cavity with size 
of several micrometers were increased, which simul-
taneously suggested the increasing of specific surface 
area. The catalytic activity of molding MAO was fi-
nally examined by using octanol as starting reagent 
and ethylene oxide as reactant, and narrower mo-
lecular distribution was observed comparing with the 
traditional catalyst-KOH. 

Keywords: Mg/Al Hydrotalcites; Mg/Al Metal Complex 
Oxides; Molding, Epoxidation 

1. INTRODUCTION 

Recently Widely used in the varies fields, narrow distri-
bution polyether shows advantages [1,2,3] consisting of  
low pour point, less pollution, and good compatibility. It 
has a relatively deep theoretical research and catalytic 
properties study at the laboratory stage at home and 
abroad in recent years. Currently, the study on hydrotal-
cites, as a kind of catalyst for synthesizing narrow dis-
tribution polyether, mainly deals with two aspects: one is 
the pure theoretical study, such as the characterization of 
hydrotalcites and surface property, etc; the other is water 
gas shift, nitrobenzene reduction, methane oxidation, 
and so on. However there is less report about the cata-
lytic activity for ring-opening ethylene oxide [4,5] form-
ing polyether. Although I. Hama [6,7,8] has made an 
initial attempt in this aspect, the effect of narrow distri-
bution was not ideal and it had a certain distance applied 
in industrialization. 

With its fast reaction rate and narrow molecular 
weight distribution, Mg/Al metal complex oxides 
(MAO), as one kind of narrow distribution catalyst, ob-
tained extremely potential development. Based on the 
previous research, the preparation conditions of MAO 
which showed greater maneuverability and repeatability, 
is further improved in this paper. The precursor of 
Mg/Al hydrotalcites (MAH) was synthesized by the pre-
cipitation method, and the MAO power was formed after 
HT being calcined at high temperature, showing high 
catalytic activity and selectivity. Furthermore, drawing 
lessons from the technology [9] of preparing the porous 
ceramic materials, the molding MAO presenting great 
activity and selectivity was obtained through studying 
the molding and granulating of HT. The catalyst sepa-
rated easily from the product can be used repeatedly, so 
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it can reduce production cost and improves the produc-
tion of polyether quality. 

2. EXPERIMENTAL 

The precursor [10] hydrotalcite (HT) was synthesized by 
co-deposition method described as follows. 

A homogeneous solution was formed after mixing the 
solution of magnesium and aluminium nitrates (solution 
A) (keeping the Mg:Al molar ratio to a value of 3:1, note: 
According to similar procedures reported previously, this 
proportion can get a better ethoxylation performance of 
the MAO catalyst [6]). The second solution (solution B) 
was obtained by adding sodium carbonate to sodium 
hydroxide. Then under intensely stirring, solution A and 
B was dipped into distilled water in parallel flow way 
and pH was adjusted to 9.0, controlling the drip speed at 
a certain amount. A precipitate was formed, and the sus-
pension was crystallized at 80ºC, filtered and dried at 
100ºC for 5h. Finally the resulting paste was transferred 
into a 30 ml crucible which was introduced into a muffle 
furnace and was calcined for 4h at 500 ºC.  

The calcination temperature of Mg-Al hydrotalcite 
was determined by differential scanning calorimeter 
(DSC-7, American PE company) at the heating rate of 20
℃/min under nitrogen protection. The structure of MAH 
and MAO were studied by the D/max-IIA powder X/ray 
diffractometer (RIGAKU, JAPAN), with mono-chroma-
tized Cu K radiation (= 0.154 nm) at 40Kv and 100mA. 
The spectra were collected on an angle 2θ domain rang-
ing from 4 to 65º with a step of 0.06 and an acquisition 
time of 2 s on each step. Scanning electron micrographs 
(SEM) were obtained over on the FEI Q200 SEM under 
the 20KV. Thin layer chromatography (TLC) was used 
to analyze the qualitative and quantitative of MAO. 
Camag III TLC scanner was selected with the steam as 
the coloration and the detective wavelength at 430nm, 
baked 5min at 110℃. 

3. RESULTS AND DISCUSSION 

The endothermic and exothermic process of MAH which 
determines the calcination temperature of MAH was 
studied by DSC shown in Figure 1 There was an endo-
thermic peak between 200~270℃, indicating that it lost 
the water within the structure of MAH which was the 
first stage weightlessness. The other peak which was the 
second stage weightlessness was between 370~470℃ 
and the structure of MAH was destroyed at this stage, 
CO32-at layer space and OH- on the layer were resolved 
CO2 and H2O. To get the stable structure of catalyst and 
better alkalescence catalyst effect, 500℃ was selected 
as calcination temperature. 

XRD patterns of the MAH and MAO samples were 
shown in Figure 2 It revealed that there were four dif-
fraction maximums at 2θ=11.5°, 23.0°, 35.0°, 61.0° in 

Figure 2(A), indicating that crystalline structure of MA- 
H is regular. The pattern of MAO prepared by calcining 
MAH at 500℃ was recorded in Figure 2(B), showing 
that the four diffraction maximums were weaken or dis-
appeared obviously with the calcination temperature 
 

 
Figure 1. DSC analysis of MAH. 

 

 
Figure 2. XRD patterns of MAH (A) and MAO (B). (Room 
temperature, 40kv, copper target, 10°/min). 
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Figure 3. SEM image of MAH (A) and MAO (B). 
 

 

Figure 4. SEM image of molding MAO. 
 
increasing. It indicated that the characteristic structure of 
HT was destroyed. 

The structure of MAH and MAO were characterized 
[11,12] by SEM, as shown in Figure 3. It presented that 

the form of MAH (Figure 3(A)) about 30μm in diameter 
was not regular. From Figure 3(B), it can be clearly ob-
served that the shape of MAO which was about 3μm in 
diameter, smaller than the MAH was oval. From the re-
sult of SEM images, it can be confirmed that the particle 
size was decreased significantly after calcination. 

The structure of molding MAO was also detected by 
SEM which was shown in Figure 4. There were higher 
pore-forming rate of molding MAO whose internal ar-
rangement was regular. 

The qualitative and quantitative of MAO was ana-
lyzed by thin layer chromatography. The orbit of mold-
ing MAO catalyzed products (d) had a series of peaks 
compared with other three orbits, shown in Figure 5. It 
presented that molding MAO had PEG, standard samples 
but did not have octanol, indicating that MAH had re-
acted completely, and the products didn’t contain the 
unreacted raw material. It showed that the molding 
MAO possessed the better catalysis selectivity compared 
with MAO. 

4. CONCLUSION 

We systematically investigated the optimum synthesis 
conditions of MAH and MAO, and the results of SEM 
and TLC confirm the formation of molding MAO. Con-
clusions were shown as follows: 

MAH can be successfully synthesized by the code-
position method when the mole ratio of the raw materials 
was Mg/Al=3, NaOH/(Mg+Al)=2.5, NaOH/Na2CO3=4. 
The crystallizing time was 20h and the titration speed 
was less than 20ml/l. The process showed good stability 
and reproducibility. MAO was obtained after calcining 
MAH which presented best ethoxylation catalytic activ-
ity and selectivity. 

 
Figure 5. Thin layer scanning of molding MAO cata-
lyzed product (a, PEG; b, control; c, octanol; d, molding 
MAO catalyzed product). 
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The size of MAH and MAO calculated from SEM 
data was about 30 and 3μm respectively, indicating that 
the particle size was decreased significantly after calcin-
ing. The structure of molding MAO was also confirmed 
by the results of SEM and TLC. There were higher 
pore-forming rate of molding MAO whose internal ar-
rangement was regular. 
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ABSTRACT 

Analysis of gene expression data can help to find the 
time-lagged co-regulation of gene cluster. However, 
existing method just solve the problem under the 
condition when the data is discrete number. In this 
paper, we propose efficient algorithm to indentify 
time-lagged co-regulated gene cluster based on real 
number. 
 
Keywords: Microarray; Gene Expression; Bicluster; 
Mean Squared Reside 

1. INTRODUCTION 

With the development of technology, some computa-
tional methods are widely used in the field of analyzing 
gene expression data. Among them, the clustering and 
biclustering techniques can detect the similar genes and 
similar samples from the microarray based on the fact 
that the similar genes have the similar expression levels 
under the similar condition, which means that the sam-
ples should be gotten under the similar conditions such 
as the sampling spot, sampling time and the sampling 
temperatures. However, the samples are always gotten at 
different period of time because the expression data are 
always measured from different laboratory and different 
purpose [1,2,3]. That is to say, the expression data re not 
simultaneously co-expressing but time-lagged express-
ing. As a result, the genes expression products may af-
fect other genes’ expression during the biology process. 
Such effect can be divided into two phenomenons: acti-
vation and inhibition. Under the activation process, one 
gene expression can activate another gene expression. 
On the contrary, a part of gene can inhibit the other gene 
expression under the inhibition process. To be concluded, 
some genes can activate or inhibit the other genes with 
time lagged. That is defined as the time-lagged gene 
expression. In this paper, we present an efficient method 
to bicluster of the time-lagged gene expression data. In 
the Section 2, we describe the related work. The method 
is presented in Section 3. The experiment result is given 

in Section 4 and the conclusion is given in Section 5. 

2. RELATED WORKS 

However, all the methods discussed above usually ana-
lyze two genes at the same time which have the draw-
backs as following: firstly, the approaches are clearly 
computationally inefficient in practice. When given n 
genes, n(n-1) times comparison cannot be avoided. Sec-
ondly, relationship between the genes is unclosed 
enough using the methods. At the end, the methods 
merely reflect the relationship between two genes rather 
than various relationships among genes. 

To solve the problems, Ji L. et al [3] presented an al-
gorithm to identify time-lagged gene clusters using gene 
expression data. However, they just dealt with the dis-
crete data rather than the real data. In this paper, we 
propose an algorithm to identify the localized time-lagg- 
ed gene clusters from real data. 

3. DEFINATIONS AND CONCEPTS 

Definition 1. (Time-lagged Continuous Column Linear 
Bicluster): Let G be the set of genes and T the set of 
conditions (time spots). Let X(G,T) be the DNA expres-
sional matrix using real numbers. Let B(I, S, q) be the 
subset of the expression data which denotes the ith gene’s 
q continuous expression data from the time Si, where I is 
the subset of G, S is a set of the ith gene’s expression 
time, and q is the expression length. Then, B (I, S, q) is 
defined as Time-lagged Continuous Column Linear Bi-
cluster only if each element is identical in difference ve- 
ctors between rows (or columns) in the matrix B(I, S, q). 

According to the definition mentioned above, there is 
linear relationship between difference vectors in Time- 
lagged Continuous Column Linear Bicluster B(I,S,q), 
which are defined as the bicluster’s eigenvector. 

Definition 2. (The Largest Time-lagged Continuous 
Column Linear Bicluster): Let X(G,T) be the expression 
matrix and B(I, S, q) the time-lagged continuous column 
linear bicluster. If there isn’t any time-lagged continuous 
column linear bicluster B’(I’, S’, q) which satisfies I I’ 
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and q’≥q, B(I, S, q) is defined as the largest time-lagged 
continuous column linear bicluster. 

To detect the relationship between genes, those bi-
clusters will be scored by Mean Squared Reside as ref-
erence [9] mentioned. According to reference [9], a 
bicluster will be regard as perfect when MSR(I,J)=0. 
Due to the noise, as Cheng & Church [9] did, we pro-
pose Time-lagged Continuous Column δ-bicluster as 
follows: 

Definition 3. (Time-lagged Continuous Column δ-bi-
cluster): Given a threshold δ(δ>0),the bicluster B(I, S, q) 
is defined as the time-lagged Continuous Column δ- 
bicluster if MSR(I,J) ≤δ where MSR(I,J) is the mean 
squared reside of B(I, S, q). 

Definition 4. (The Largest Time-lagged Continuous 
Column δ-bicluster): Given a threshold δ(δ>0) and δ- 
bicluster B(I, S, q), B(I, S, q) is the Largest Time-lagged 
Continuous Column δ-bicluster if there does not exist 
any time-lagged continuous column linear bicluster B’(I’, 
S’, q) which makes MSR’(I,J) ≤δ, I I’ and q’≥q, then 
bicluster B(I, S, q) is defined a largest bicluster. 



4. ALGORITHMS 

4.1. Enumeration-Fast Graded Greedy      
Algorithm 

As all the definitions shown above, a bicluster is a per-
fect cluster when MSR (I,J)=0. However, the number q is 
always unknown, so the largest bicluster can not be eas-
ily found as reference [9] does. In this paper, we propose 
a method to enumerate q and then analysis the matrix as 
follows. 

4.1.1. Step 1: Matrix Transformation 
To simplify the problem, a new matrix is generated from 
the original one at different time spots for a given q. For 
example, given the genes expression matrix X(G,T) with 
n genes and m conditions as Table 1, and a new matrix 
M(R,C) of n×m rows and q columns is generated from 
the original matrix X(G,T) with n rows and m columns as 
Table 2 shows.  

After the transformation, the question can be trans-
ferred to find the δ-cluster with largest row subset I 
which make the MSR(I,J) ≤δ. 

4.1.2. Step2: Generation of δ-cluster 
To find the δ-cluster, a greedy algorithm is designed by 
deleting one or some rows in order to cut down MSR 
(I,J). However, research shows that the algorithm can’t 
be applied directly into the matrix M(R, C). As an alter-
native method, the δ-cluster can be agglomerated from 
the primary clusters M(R, C) as the following steps. 
4.1.2.1. Finding the Primary Clusters 
As other agglomerated clustering methods, each row can 
be regarded as a cluster and then clusters with the short-
est distance can be combined together. Given the matrix 

Table 1. Original matrix X(G,T). 

Gene/Time T1 T2 T3 T4 T5 

G2163 -0.44 -0.44 0.08 0.35 0.26

G1223 -1.51 -1.57 -1.35 0.04 1.3

Table 2. Transformed matrix M(R,C). 

-0.44 -0.44 0.08 0.35 

-0.44 0.08 0.35 0.26 

0.08 0.35 0.26 -0.44 

0.35 0.26 -0.44 -0.44 

0.26 -0.44 -0.44 0.08 

-1.51 -1.57 -1.35 0.04 

-1.57 -1.35 0.04 1.3 

-1.35 0.04 1.3 -1.51 

0.04 1.3 -1.51 -1.57 

1.3 -1.51 -1.57 -1.35 

 
X(G,T) with n rows and m columns and denoted the 
transformed matrix M(R, C) with n*m rows and q col-
umns, thus the computing complexity is O((nm)2) to 
enumerate all of the primary clusters. In general, the 
magnitude of n is 104~105, and m is 101~102 the same as 
q, which shows the difficulty of computing. To solve this 
problem, we may try to find sub-clusters of the largest 
bicluster as primary clusters. 

Firstly, each row should be regarded as a bicluster’s 
eigenvector. So bicluster A and bicluster B can be re-
garded as coessential clusters if there exists the linear 
relationship between A’s eigenvector a and B’s eigen-
vector b. According to the definition of bicluster, a larger 
bicluster can be formed by combining A and B, and the 
eigenvector of new bicluster should be (a + b)/2. Thus, 
the largest biclusters can be found by the combination of 
all the coessential clusters by the steps. Through this 
method, the perfect linear clusters can be found. 

However, the noise signal can’t be avoided in real 
number. So, in this paper, Mean Squared Reside is in-
troduced to measure the quality of bicluster as follows: 

Algorithm 1: Finding certain primary clusters 

Input: M(R,C), a transformed genes expression matrix of size 
s×q. 
Output: k primary clusters 
Iteration: 
  Step1：Initialize each row as a primary cluster and regard it 
as an eigenvector.  
  Step2：Compare the eigenvector of each cluster and com-
bine the biclusters with equivalent eigenvector. 
  Step3：Return k primary clusters. 

 
4.1.2.2. Greedy Expanding 
In this phase, we calculate the largest biclusters whose 
MSR (I,J) ≤δ. A bicluster B(I,J) is the largest continuous 
column bicluster only if there is not any other continu-
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ous column bicluster B'(I',J'), which allows I I' and 
J J', or I I' and J J'. According to Cheng 
&Church’s greedy algorithm [9], for any given bicluster 
B(I,J), the MSR of new bicluster B’(I∪R,J) will not ex-
pand, where R stands for a row set as follows: 

  

}),()(
||

1
;{ 2




Jj

IJIjiJij JIMSRaaaa
J

IiR
 

So this greedy method can be adopted in adding some 
rows into the bicluster as Algorithm 2 shows: 

Algorithm 2: Greedy Expanding 

Input: M(R,C), a transformed genes expression matrix of size s
×q, and there are k primary clusters 
Output: k primary clusters 
Iteration: 
  Step1:  Initialize each cluster Ci（1≤i≤k） 
  Step2:  Compute the set of columns Q={q1,q2,…,qm} which 
not belongs to any of the primary cluster. 
  Step2.1:  Compute the MSR score if row j (j∈Q) is added to 
cluster Ci. 
  Step 2.2:  Add the row with the least MSR into cluster Ci, 
and delete it from set Q 
  Step 2.3:  Compute the MSR of Ci and go to step 2 if it is less 
than δ. 
  Step 3:  Go to Step1 to calculate the next cluster until all the 
primary clusters are calculated. 
  Step7:  output the k primary clusters 

 

4.1.2.3. Rapid Expansion of Classification 
However, the algorithm above repeats Step2~Step5 too 
frequently. Thus, we improve the algorithm based on the 
Greedy Principle. 

Firstly, scoring the primary cluster B(I,J) with α, and 
the largest cluster B'(I',J') with δ. If the count of the steps 
is no more than k, the increment of each step will be 
(δ–α)/k. Thus, the increment to the cluster of adding 
each row should be no more than (δ–α)/k. And then, an 
improved algorithm will be introduced: 

Algorithm 3: Rapid expansion of classification 

Input: M(R,C), a transformed genes expression matrix of size s
×q, and there are k primary clusters 
Output: k clusters 
Iteration: 
  Step1:  Initialize each cluster Ci（1≤i≤k） 
  Step2:  Compute the set of columns Q={q1, q2,…,qm} which 
not belongs to any of the primary cluster. 
  Step3:  For each row j in Q and each cluster Ci. 
  Step 3.1 Calculate MSR score if row j is added to cluster Ci. 
  Step 3.2: Add the rows into each cluster Ci if their MSR score 
is less than (δ-α)/r. 
  Step 3.3  Delete the rows from set Q 
  Step 3.4:  Recompute the MSR of Ci , and go to Step 3 if 
their score is less than δ and Q is not null. 
  Step 4:  Delete several rows to make each bicluster’s score 
less thanδby the algorithm proposed by Cheng & Church.  
  Step5:  Print out the k clusters 

 

4.1.3. Phase 3: Generation of the Sequential δ-cluster 
In this phase, the time-lagged bicluster the is extracted 
from δ-clusters. 

Firstly, assuming I＝{r1,r2,…,rp} as a set of the rows 
of δ-cluster B(I,J). There ri  represents the ith row in 
M(R,C). Secondly, assume that G={g1,g2,…,gn} is the 
gene set of original expression matrix  X(G,T). Set 
T={ct1,ct2,…,ctm}, and q is the number of sequential 
points of M(R,C). There /ir m  

modir

 represents the gene at 

row i of δ-cluster, and m    is the start time. 

Then the target bicluster B (I’, S, q) will be got. 

4.1.4. The Overall Algorithm: 
Generally, q is a positive integer within 100, and we 
enumerate all possible q. The overall algorithm is: 

Algorithm 4: the overall algorithm 

Input: Gene expression matrix X(G,C) with m rows and n 
columns, threshold α、δ and q. 
Output: the best time-lagged bicluster. 
Iteration: 
Step1： For each different q 

Step1.1： Transform the matrix to M(R,C) 
Step1.2：Find the k-best primary cluster using Algorithm 1. 
Step1.3：Expand the clusters using Algorithm 3. 
Step1.4：Print out the k best clusters and transform them into 
sequential δ-clusters 
Step1.5:  Go to step 1 until all the q is considered. 

 

5. EXPERIMENTS AND RESULTS 

Firstly, we randomly generate a 200×20 matrix X(G,T) 
of positive continuous within 100. Secondly, randomly 
generate a k*s bicluster B(I,J). At last, replace several 
rows in X(G,T) by lines of B(I,J) at random points. 

If set α=0.2、δ=1、k=4、4≤q≤20, and the size of B(I,J) 
is between 5×5～200×20. The algorithm can efficiently 
find the implanted bicluster. 

Additionally, we also add some noise into the matrix. 
Selecting ε|I||J| data from B(I,J) and adding a value be-
tween –a to a to this matrix. Let k be the quantity of the 
output of bicluster and each of them is denoted by 
Bk(Ik’,Jk’). Accuracy r can be calculated as the over-
lapped part of Bi(Ii’,Ji’) and B(I,J) as follows: 

| ' | * |

| ' | * |

I ' |i i

i i ' |

I J J
r

I I J J

 


 
 

If set α=2、δ＝20, the ratio r with different a, ε is 
following: 

Figure 1 has shown that the more noise, the worse the 
result will be. And the stronger noise, the worse the re-
sult will be. Under the condition with a few noises, the 
result is acceptable. 

Figure 2 The parameter δ should be increased to im-
prove the algorithm if the noise signal is too strong. 
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Figure 1. the ratio r for different a. 
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Figure 2. the ratio r for different ε. 

 
Table 3. Consequences of the biclusters of G-O. 

GO ID 
Selected 

gene 
All of the 

gene 
p-Value 

5830 89 151 3.1944E-24 

44445 90 172 1.32E-19 

3740 99 205 3.024E-18 

5842 51 78 4.6627E-17 

5840 112 257 2.594E-16 

43037 125 310 6.432E-15 

15934 62 119 9.927E-14 

5829 119 312 3.04E-12 

16283 36 58 2.03E-11 

5843 36 58 2.03E-11 

6416 158 468 7.033E-11 

9059 171 531 7.558E-10 

5198 116 325 7.7626E-10 

16282 37 68 2.138E-9 

30529 141 423 2.356E-8 

 
Additionally, we filter those data which own the 

characteristic of Gaussian Distribution under different 
conditions. In order to choose a suitable δ, we randomly 
generate 200 model matrixes of the same size with 
processed genes expression matrix. The elements of the 

matrixes are continuously selected from 0 to 500. There 
the average MSR is 18569.8. At the first time when α 
was combined, it is 1% of MSR, but δ, which got from 
Algorithm 4, is 5％ of MSR. We test q from 8 to 20 and 
return 10 largest biclusters of each different q. Gene 
Ontology also has been used to evaluate the biclusters 
and calculate different p-Value. There is the output in 
Table 3. 

6. CONCLUSIONS 

To a continuous matrix, we use the Enumeration-Fast 
Graded Greedy Algorithm to generate biclusters. Firstly, 
we transform the gene expression matrix, analysis the 
matrix by Cheng &Church’s Greedy Algorithm, and then 
generate the time-lagged δ-cluster. This method includes 
three steps: matrix transformation, generation of δ-clus-
ter and generation of the sequential δ-cluster. And then, 
both actual data and analogy data has been used to test 
this algorithm. The conclusion is: when the data is lack 
of noise signal, the result will be totally correct; when 
the noise signals added into the matrix, there will be 
little influence to the result; when testing the actual data, 
we can generate the bicluster which meet the require-
ment. All these data can show the reliability of this 
method. 
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ABSTRACT 

The genetic diversity of the exon2 of BoLA-DRB3 
(BoLA-DRB3.2) in Chinese Holstein cattle of the 
south China was investigated by hemi-nested poly-
merase chain reaction-restriction fragment length 
polymorphism (PCR-RFLP) technique. Six, four and 
eleven RFLP patterns were found after digestion with 
the restriction enzymes Hae III, Bst YI and Rsa I, 
respectively. The DNA sequence showed and twenty- 
five DRB3.2 alleles. GLM model analysis indicated 
that lactation and calving season have positive corre-
lation with SCC (Somatic Cell Count) (p<0.01), 
BoLA-DRB3.2*3, *8, *18 and *26 were associated 
with lower SCC (p<0.01). The present findings con-
cluded that mastitis is a severe hinder of milk pro-
duction and technology. Therefore, future re-searches 
should focus on associations of mastitis with BoLA 
haplotypes rather than single BoLA genes 
 
Keywords: PCR-RFLP; BoLA-DRB3.2; Chinese Hol-
stein; Genetic Polymorphism; SCC 

1. INTRODUCTION 

Major Histocompatibility Complex (MHC), also called 
Bovine Lymphocyte Antigen (BoLA) has received wide 
attention because of their association with host immunity. 
The BoLA gene is located on the short arm of bovine 
chromosome 23 (BTA23) and consists of three class, I, II 
and III [1].The class II gene are distributed in two re-
gions, II a and II b, with an approximate recombination 
frequency of 17% [2]. The DRA, DRB, DQA, and DQB 
genes are located in the II a region, while the DOB, 
DYA, DYB and DIB genes in the IIb region. There are at 
least three DRB-like genes (DRB1, DRB2 and DBR3) in 
the BoLA region, among which only the DRB3 gene is 
expressed considerably and is highly polymorphic [1]. 

A polymerase chain reaction-restriction fragment 

length polymorphism (PCR-RFLP) technique developed 
by Van Eijk et al. [3] determined alleles in the second 
exon of BoLA-DRB3 gene (BoL-DRB3.2). This method 
has advantage of using small amounts of genomic DNA 
and being adaptable to crude DNA preparations. This 
advantage will be magnified in case where the studied 
population is relatively large and the process of extract-
ing DNA with conventional phenol-chloroform methods 
becomes tedious and labor-intensive. Therefore, PCR- 
RFLP is a rapid and useful method for DRB3.2 typing in 
cattle families. But for the outbreed populations se-
quencing and hybridization techniques are required. 

Recently, many researches on BoLA-DRB3 have been 
reported [4,5,6,7].This study describes genetic variabil-
ity in the BoLA-DRB3 and its relationship with SCC 
and production performance in Chinese Holstein cow. 
This is the first study of the DNA polymorphism of the 
BoLA-DRB3 gene in Chinese Holstein cows of the 
south China. 

2. MATERIALS AND METHODS 

2.1. Animals and DNA Extraction 

Chinese Holstein (n=629) from Shanghai Brightlight 
Dairy Company were used in the current study. Ap-
proximately 5mL of blood was collected from each ani-
mal via the caudal rein. The blood was anticoagulated 
with anticoagulant citrate dextrose (ACD) and stored at 
-20C.Genomic DNA was extracted from whole blood by 
the phenol-chloroform extraction method described by 
Sambrook with some modifications. The quality of the 
genomic DNA was checked by submarine Agarose gel 
electrophoresis, purity and concentration were check by 
spectrophotometer DNA samples with good quality, and 
purity and concentration were used for further analysis.  

2.2. PCR Amplification of BoLA-DRB3.2 

Exon 2 of BoLA-DRB3 gene (284bp) was amplified by 
semi-nest PCR, described by Miretti et al. [9], to im-
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prove the specificity of the PCR product. Primers 
HL-030 (5'-ATCCTCTCTCTGCAGCACATTTCC-3'), 
HL-031 (5'-TTTAAATTCGCGCTCACCTCGCCGCT-3') 
and HL-032 (5'-TCGCCGCTGCACAGTGAAACTCTC 
-3'), described by Van Eijk [3], were used in the PCR 
reaction. Briefly, the first stage PCR was performed in a 
final volume of 20μL containing 50ng of template DNA, 
0.5 pm of primer HL-030 and HL-031, 2μL PCR buffer, 
1.75mM MgCl2 , 0.25 mM dNTPs, 1.5U Taq DNA Po-
lymerase (Shanghai Sangon). This reaction system was 
predenatured at 94C for 4min followed by 12 cycles of 
denaturizing (94C for 1min), annealing (60C for 1min) 
and elongation (72C for 1min) and a final extension at 
72C for5 min. 2μL of the first stage PCR product was 
used as template DNA. 

For the second stage PCR in a final volume of 40μL 
containing 0.5pM of primer HL-030 and HL-032, 4μL 
PCR buffer 1.75mM MgCl2, 0.25mM dNTPs, and 2U 
Taq DNA polymerase. The solution was predenatured at 
94C for 4 min followed by 30 cycles of denaturizing 
(94C for 60s), annealing (63C for 45s), and elongation 
(72C for 45s) and a final extension (72C for 5min).5μL 
of the second stage PCR product was electrophoresed on 
1.2% agarose gels to check the quality and specificity of 
DNA fragment amplification. 

2.3. RFLP 

To examine the nucleotide sequence variability at the 
BoLA-DRB3.2 locus, three end nucleotide restriction 
enzymes (Hae III, Bst YI and Rsa I) were chosen based 
on their cut site and ability to cut DNA in this exon. The 
second stage PCR products were digested with the re-
striction enzymes according to the manufacture’s in-
structions. A 15μL of the second stage PCR product 
containing 8μL, 0.5U of restriction enzymes, and 6.8μL 
of 1×Buffer were digested at 37C for 12h followed by 
inacting at 80C (Hae III and Bst YI) or 65C (RsaI) for 
20min. The resulting DNA fragment were separated on 
14% PAGE gels with 1×TBE buffer (0.9M Tris-Base, 
0.09M Boric Acid, 2.5mM EDTA) at 150V for 5h, using 
Msp I digested pBR322/MspI as a molecular marker. 
After ethidium bromide (EB) staining, the gels were 
photographed under UV light and the relative migrations 
of the DNA bonds were estimated. The restriction pat-
terns obtained were compared with previously described 
restriction maps [10]. 

2.4. DNA Sequencing 

BoLA-DRB3.2 DNA sequence was performed base on 
the restriction enzyme sites. The sequence was com- 
pared with the gene Bank sequences.  
http://www.projects.roslin.ac.uk/bola/bolanom.html 

2.5. SCC Analysis 

SCC is leukocytes that inter the milk from the alveoli 

and they are considered an important indicator of mas- 
titis infection. The SCC of the experimental cows was 
detected every month. In order to express the effect of 
calving season on SCC, the data are divided into four 
parts according to calving season. 

2.6. Statistic Analyses 

GLM (General Linear Model) of SCC and production 
performance was performed by SAS6.12 (SAS Institute, 
1996), the models are as follows:  

Yijkm＝µ＋Li＋Sj＋∑blBoLAijkl＋eijkm 

Yijkm: SCC, Milk Yield, Fat Percent Protein percent 
µ: the average value, Li: lactation number, i=1～4, Sj: 
calv-ing season=1～4, bl: regression coefficient of allele 
to SCC, l= 1～22, BoLAijkl: the copy number of BoLA 
al-lele l in individual ijk, the value is 0, 1 and 2, eijkm: 
random error. 

3. RESULTS 

3.1. DRB 3.2 Amplification 

DNA bands of the expected size containing 267 bp of 
exon 2, 3 bp of the 3’ intron and 14bp of the 5’intron, 
were received by semi-nested PCR amplification (Fig-
ure 1). The specificity of the PCR product was very high, 
but some nonspecific bands were observed. Although 
these bands could not be eliminated by modifying PCR 
conditions, this did not affect the resolution of restriction 
patterns.  
 

 

Figure 1. Patterns of the semi-nested PCR. 
 

 

Figure 2. Genotypes of BoLA-DRB3.2 locus digested 
with Hae III. 

http://www.projects.roslin.ac.uk/bola/bolanom.html
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The DNA sequence was 284 bp, containing 267 bp of 
exon 2, 3 bp of the 3’ intron and 14bp of the 5’intron. 

 

3.2. Identification of Restriction Patterns 

The 284 bp fragment of the BoLA-DRB3.2 gene in this 
study were digested with Rsa I, Hae III and Bst YI re- 
spectively. Six restriction patterns were identified with 
Hae III (See Table 1 and Figure 2). Bst YI resulted in 
four RFLP patterns a,b,d and e (See Table 1 and Figure 
3). RsaI restriction patterns were so complex that eleven 
patterns were revealed in this study (See Table 2 and 
Figure 2). 

Figure 3. Genotypes of BoLA-DRB3.2 locus digested with 
Bst YI. 
 

3.3. DNA Sequencing and Standard Naming 

 

Combining restriction patterns with Rsa I, Bst YI and 
Hae III in the whole sample, 22 DRB3.2 alleles found in 
the study were sequenced (See Table 2 and Table 3). 
Many mutants were indicated in the cut sites of restric-
tion enzymes by DNA sequencing. The frequency of 
BoLA-DRB3.2 ranged from 0.003 (2*34) to 0.220 
(2*22). 

Figure 4. Genotypes of BoLA-DRB3.2 locus digested with 
Rsa I. 
 
Table 1. Fragment Size and Frequencies of Restriction Patterns Digested with Enzymes. 

Enzyme 
Restriction 

Patterns 
Fragment 
Size(bp) 

Frequency Enzyme 
Restriction 

Patterns 
Fragment 
Size(bp) 

Frequency 

Hae III 

a 
b 
d 
e 
f 
h 

167/65/52 
219/65 
190/65/29 
167/117 
167/65/48/4 
167/65/46/6 

0.598 
0.238 
0.049 
0.037 
0.061 
0.017 

Bst YI 

a 
b 
d 
e 

199/85 
284 
197/87 
112/87/85 

0.095 
0.823 
0.012 
0.070 

Rsa I 

b 
d 
f 
g 
h 
i 
j 
l 
m 
n 
o 

111/54/50/39/30 
143/111/30 
141/54/50/39 
141/104/39 
111/69/54/50 
180/54/50 
93/78/63/50 
234/50 
111/104/69 
180/104 
284 

0.061 
0.024 
0.085 
0.082 
0.082 
0.006 
0.052 
0.113 
0.241 
0.195 
0.058 

 
Table 2. Allele Frequencies of BoLA-DRB3.2 identified by PCR-RFLP analysis. 

DRB3.2 Patterns DRB3.2 Patterns 

Allelle Rsa I Bst YI Hae III 
Alleles Num Frequency

Allelle Rsa I Bst YI Hae III 
Alleles Num Frequency

*3 b b b 41 0.0652 *18 l b f 26 0.0413 

*6 d a a 17 0.0270 *21 l b e 23 0.0366 

*8 f a a 5 0.0079 *22 m b a 148 0.2353 

*9 f d a 8 0.0127 *23 n b a 64 0.1017 

*10 f b a 35 0.0556 *24 n b b 58 0.0922 

*11 g e a 55 0.0874 *26 o a b 5 0.0079 

*12 h a a 13 0.0207 *28 o b b 29 0.0461 

*13 h b a 28 0.0445 *32 m a a 13 0.0207 

*14 h b b 14 0.0223 *33 n b f 19 0.0302 

*15 i b a 5 0.0079 *36 l b a 9 0.0143 

*16 j b d 3 0.0048 *42 f a h 11 0.0175 

JBiSE 
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Table 3. The sequences of BoLA-DRB3.2 alleles indicated in the paper. 

1                                                                                         95 
*3  

ATCCTCTCTCTGCAGCACATTTCCTGGAGTATTCTAAGAGCGAGTGTCATTTCTTCAACGGGACCGAGCGGGTGCGGTTCCTGGACAGATACTTC 
*6 --------------------------C-----CA----G-----------------------------------G---------C----- 
*8 --------------------------------A-C----AA-----CT----------------------------------------C- 
*9 ---------------------------------G----------------------------------------------G----C---- 
*10 -------------------------------A-C----AA------------------------------------------------- 
*11 -------------------------------------------------------------------------------G----C---- 
*12 --------------------------------GC-C-----------------------------------------C----------- 
*13 -----------------------------------C----------------------------------------------------- 
*14 ----------------------------------------------------------------------------------------- 
*15 --------------------------------G------A---------------------------------G--------------- 
*16 -----------------------------------C------------------------------------A---------------- 
*18 -------------------------------G---C-----------------------------------------C----------- 
*21 -------------------------------G---C----------------------------------------------------- 
*22 -------------------------C-----CA----G-----------------------------------G---------C----- 
*23 --------------------------------A------A-----------------------------A--------------G--A- 
*24 ---------------------------------------------------------------------------------------A- 
*26 --------------------------------G------A---------------------------------G----------G---- 
*28 --------------------------------G------A--------------------------------------------G---- 
*32 --------------------------------G------A------------------------------------------------- 
*33 --------------------------------A------A--------------------------------------------G---- 
*36 --------------------------------G------A---------------------------------G--------------- 
*42 -------------------------------A-C----AA-------------------------------------A----------- 
96                                                                                        190 

*3  
CATAATGGAGAAGAGTACGTGCGCTTCGACAGCGACTGGGGCGAGTACCGGGCGGTGACCGAGCTGGGGCAGCGGGTCGCCGAGTACTGCAACAG 
*6 T-----------------------------------------------------------------G--C-TC-------C----G----- 
*8 ----------------T------------T-------------------------------A----G--C--A----A-------G----- 
*9 T---------------T--------------------------------------------A----G--C--A----A-------G----- 
*10---------------T------------T--------------------------------A----G--C--A----A-------G----- 
*11 --------------A---------------------------------------------A----G--C--A------------G----- 
*12 ---------------------------------------------T-------------------------A------------G----- 
*13 ---------------------------------------------T--A----------------G--C--A----A-------G----- 
*14 ---------------------------------------------T-------------------G--A--A----A-------G----- 
*15 --------------CG-----------------------------T-------------------G--C--A------------G----- 

*16 --------------------------------------------------------A----G-------------C-G-TG---G- 
*18 ---------------T---------------------T-----------------------G--C--C-------C-G--G----- 
*21 --------------CT---------------------T-----------------------G--C-TC-----T-C---TG----- 
*22 ------------------------------A------T-----------------------G--C-TC------------G----- 
*23 C-------------AC---------------------T------------------A----G--C--A------------G----- 
*24 C-------------AC---------------------T-----------------------G--A--A------------G----- 
*26 ---------------T---------------------T-----------------------G-------------C---TG----- 
*28 ---------------T---------------------T------------------A----G-------------C-G--G----- 
*32 -------------------------------------T------------------A----G--C--A------------G----- 
*33 ---------------T---------------------T------------------A----G--C--C------------G----- 
*36 --------------CG---------------------T-----------------------G--C-TC-------C-G--G----- 
*42 ---------------T----------------------------------------A----G--C--A------------G----- 
191                                                                                     284 
*3  
CCAGAAGGACTTCCTGGAGCGGGCGCGGGCCGCGGTGGACACGTACTGCAGACACAACTACGGGGTCGGTGAGAGTTTCACTGTGCAGCGGCGA 
*6  ---------GA-----------AG--------A--------G-GTG --------------------------------------- 
*8  ------------------GA-AA--------------------------------------------------------------- 
*9  -----------G-------A-AA-------AAT----------------------------------------------------- 
*10 -------------------GA-AA-------------------------------------------------------------- 
*11 ---------GA--------GA-AG--------A--------G-GTG---------------------------------------- 
*12 ---------GA------------A-------TAT---------------------------------------------------- 
*13 ----------A------------A------------------------------------TG------------------------ 
*14 ----------A------------A--------A---------------------------TG------------------------ 
*15 --------------------A-AG-------------------------------------------------------------- 
*16 ----------AC-----------A-------TAT--------------------------TT------------------------ 
*18 ----------AC-----------A-------TAT--------------------------TG------------------------ 
*21 -------------------GAC-A------TT----------------------------TT------------------------ 
*22 ----------------------AG--------A----------GTG--------------TG------------------------ 
*23 -------------------GA-AG--------A--------G-GTG---------------------------------------- 
*24 -------------------GA-AA--------A--------G-GTG-------------TATG----------------------- 
*26 ---------GA-----------AA--------A----------GTG-------------T-------------------------- 
*28 -------------------GA-AG--------A--------G-GTG--------------TG------------------------ 
*32 ---------GA--------GA-AG--------A--------G-GTG---------------------------------------- 
*33 -------------------GA-AG--------A--------G-GTG---------------------------------------- 
*36 ----------A---------A-AG--------A--------G-------------------------------------------- 
*42 ---------GA------------GC-----------------------------------TG------------------------ 

 
Table 4. The correlation between BoLA-DRB3.2 alleles, lactation, seasons of calving and SCC and performance traits in Chinese 
Holstein. 

Factor SCC Factor SCC 
µ +580.61 µ +580.61 
BoLA-DRB3.2*3 -336.95** BoLA-DRB3.2*21 -503.95* 
BoLA-DRB3.2*6 NS BoLA-DRB3.2*22 -413.38* 
BoLA-DRB3.2*8 -623.01** BoLA-DRB3.2*23 -345.89 
BoLA-DRB3.2*9 NS BoLA-DRB3.2*24 NS 
BoLA-DRB3.2*10 NS BoLA-DRB3.2*26 -878.14** 
BoLA-DRB3.2*11 -341.62 BoLA-DRB3.2*28 -386.66 
BoLA-DRB3.2*12 NS BoLA-DRB3.2*32 NS 
BoLA-DRB3.2*13 NS BoLA-DRB3.2*33 NS 
BoLA-DRB3.2*14 NS BoLA-DRB3.2*36 -395.54 
BoLA-DRB3.2*15 NS BoLA-DRB3.2*42 NS 
BoLA-DRB3.2*16 -353.07 Lactation +195.19** 
BoLA-DRB3.2*18 -511.33** Calving Season +49.91** 

Note:*means significant difference, P<0.05; **means significant difference, P<0.01; NS means no significant difference. The values means regression 
coefficient, +means positive correlation, -means negative correlation. 
 
3.4. Effect of BoLA-DRB3.2, Lactation and 

Caving Season on SCC 

The effect of BoLA-DRB3.2, lactation and caving sea-
son on SCC and production performance are displayed 
in Table 4 Lactation and calving season have positive 
correlation with SCC (p<0.01), most alleles of BoLA- 
DRB3.2 have negative correlation with SCC, among 
them, BoLA-DRB3.2*3, *8, *18 and *26 are the most 
associated with SCC (p<0.01). 

4. DISCUSSION 

Taking an important role in the immune system of ani-
mals and having a close relationship with resistance to 
diseases, MHC has become a candidate gene and a hot 

point of recent researches. It is widely said that the high 
polymorphism of MHC-DRB3 genes was decided by its 
important function made by class II antigen of MHC in 
the immune system. In order to adapt to various geo-
graphic and climatic conditions, the immune system is 
highly polymorphic. So the polymorphism of BoLA- 
DRB3 gene, encoding the main functional area of MHC 
antigen, is very high. 

Miretti et al. [9] identified the polymorphism of 
BoLA-DRB3 gene in Argentinean Holstain using PCR- 
RFLP. Four patterns a, b, d and e were found with Hae 
III, three (a, b and d) and eleven patterns (b, c, d, f, g, h, 
I, j, l, m, n and o) were found with Bst YI and RsaI, re-
spectively. In this research, Hae III f, h and BstYI d were 
detected. 
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The most frequent (frequency＞0.05) BoLA-DRB3.2 
alleles of 835 Holstein dairy cattle re-ported by Sharif et 
al. [11] were BoLA-DRB3.2*3(0.0652), *8(0.0079), 
*11(0.0874), *16(0.0048), *22(0.2353), *23(0.1017), 
*24(0.0922). In the present study, the most frequent al-
leles were BoLA-DRB3.2*3(0.0652), **11(0.0874), 
*16(0.0048), *22(0.2353), *23(0.1017), *24(0.0922). 
Sharif et al reported that BoLA-DRB3.2 *8 was the most 
common allele type in Holstein, However, in this study, 
the BoLA-DRB3.2 *16 was at low frequency (0.0048), 
while the BoLA-DRB3 *22 was the most common al- 
lele (0.2353). Therefore, BoLA polymorphism infor- 
mation from the research herd seemed representative of 
the regional Holstein population. These differences may 
be largely due to the long-term adaptation to different 
geographical and climatic conditions. Therefore, BoLA 
polymorphism information from the research herd 
seemed representative of the regional Holstein popula-
tion. These differences may be largely due to the long- 
term conditions. 

Many mutants, changing the restriction site and the 
restriction maps, were identified in the cut sites by DNA 
sequencing. RFLP, as a method to identify the polymor-
phism of BoLA-DRB3, can only define the position of 
mutants. Other methods must be used to find the detail 
mutants. Result of our study demonstrated that the 
BoLA-DRB3.2 locus is highly polymorphic in Chinese 
Holstein. PCR-RFLP may therefore be a rapid and useful 
method for DRB3 typing and studying the evolutionary 
changes in dairy cattle. 

Sharif reported calving season had no significant ef-
fect on SCC, but this research indicated that calving 
season significantly affect SCC; there was a trend that 
cows calving in spring and summer have high SCC. Re-
lated to BoLA-DRB3.2 and SCC, the result in this re-
search is different from Sharif et al. [11], among the 
most frequently detected alleles, BoLA-DRB3.2*3 has 
significant correlation to low SCC, BoLA-DRB3.2*8, 18 
and 26 maybe have same function, but their frequencies 
are very low. 

Contradictory results from different studies invest- 
tigating associations between BoLA-DRB3.2 alleles and 
mastitis indicate that future studies should focus on as-
sociations of mastitis with BoLA heliotypes rather than 
with single BoLA genes. 
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