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News and announcement

We are pleased to announce that two of the Editorial Board Members of JBISE, Kuo-Chen Chou and Hong-Bin
Shen, have been identified by Science Watch (http://sciencewatch.com/ana/fea/09maraprFea/) as the authors with the
highest numbers of Hot Papers published over the preceding two years (2007 and 2008). Among the 13 authors listed in
the table of “Scientists with Multiple Hot Papers” by Science Watch, Professor Dr. Kuo-Chen Chou of Gordon Life
Science institute and Shanghai Jiaotong University ranks No.1 with 17 hot papers, and Associated Professor Hong-Bin
Shen of Shanghai Jiaotong University ranks No.4 with 13 hot papers.

Meanwhile, the review article by Kuo-Chen Chou and Hong-Bin Shen, entitled “Recent Progresses in Protein
Subcellular Location Prediction” published in Analytical Biochemistry, has been identified by Science Watch as the New
Hot Paper in the field of Biology & Biochemistry (http://sciencewatch.com/dr/nhp/2009/09marnhp/09marnhpChou/).

For more information about the hot research and hot papers, go to visit the web-sites at
http://www.sciencenet.cn/htmInews/2009/3/216833.html; http://sciencewatch.com/ana/fea/pdf/09maraprFea.pdf; and
http://sciencewatch.com/dr/nhp/2009/pdf/09marnhpChou.pdf.

Please join us to send our sincere and warm congratulations to our fellow board members, Kuo-Chen Chou and
Hong-Bin Shen, for their prominent contributions in science. Meanwhile, we hope this announcement can attract more
researchers to submit their best papers to JBIiSE, the journal that publishes the highest quality of research and review
articles in all important aspects of biology, medicine, engineering, and their intersection.

We would also like to take this opportunity to announce that, owing to the large number of manuscripts that we are
receiving, JBISE will increase publication frequency from quarterly to bi-monthly in 2009.

JBISE Editorial Office
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Systems Biology: The take, input, vision, concerns
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ABSTRACT

Systems Biology is a relatively new branch of
biology that brings together an interdisciplinary
team of scientist, computer engineers and
mathematicians. Biomedicine can gain much
from the input of Systems Biology. The object
and aims of this article centre on clarification
and direction for Systems Biology, notably in
regard to human health and disease.

The take: Many consider today’s Systems Biology as an
incarnation that was instigated by the biotechnological

revolution of high throughput data acquiring instruments.

Data gathering and processing, emerged with two
streams: refinement during the gathering stage or, re-
finement at the point of analysis. However, the rapid
development of this high throughput hardware was
missing the resources to decipher the vast amounts of
data produced. Handling of such data required the adap-
tation of computational platforms and users. The user(s)
emerged as an interdisciplinary cross breed of research-
ers: mathematicians, computer specialist and to a lesser
extent the biologist, because of skill displacement. An
immediate challenge for this new breed of researcher
was defining Systems Biology. Initial workers reflected
upon their activity for inspiration: informatics
/computational biology demonstrates the ‘relativity’ of
biological composite by use of ‘networking’ illustrations
supported by software programs and mathematics. Con-
sideration with regard to this form of data representation
closely resembled their engineering heritage; in particu-
lar Control Systems. Thus, the word *System’ had rele-
vance. Because the theme related to Biology the phrase
Systems Biology was coined.

However, a decade on there is still controversy sur-
rounding the definition of Systems Biology and what it
means to a broad spectrum of researchers in their daily
activities. Rightly or wrongly the biologist and philoso-
pher is at risk of being displaced from the driving seat of
biological research. Computology could function as a
new word to describe the computer and mathematical
specialist engaged in biology. Aside from those resisting
change, many traditional biologist have reacted to this
branch of biology as a branch lacking turgidity. Others

Published Online April 2009 in SciRes. http://www.scirp.org/journal/jbise

argue that their wet medium for research is now waters
muddied by Systems Biology. Advocates of Systems
Biology from all camps continue to seek clarification
and as such new definitions are regularly floated as ves-
sels to carry Systems Biologists on their voyage of dis-
covery.

Input: In a diffuse setting Systems Biology in one sen-
tence could be described as follows: ‘Systems Biology is
a branch of biology that is an interjection of fields and
disciplines, with applications collectively integrating
broadly acquired data from all research levels for the
purpose of indicating or modelling phenotype. ’

A definition of Systems Biology in one word could
possibly be, ‘Relativity’. Nature complies with the law
of physics and physical things are superimposed on
mathematical principles. This can include stimuli such as
the fight or flight response or, sexual arousal.

Of particular interest and relevance, is the notion that
the Systems Biologist will consider and address their
challenge beyond the immediate viewpoint of the bio-
logical composites of interest.

The term “Model’ is frequently used in context of Sys-
tems Biology. A model is a representation of a fea-
ture/function; a condition that is simulated or, a compos-
ite that is mimicked. That representation need not nec-
essarily be a biological attribute. For example an intrin-
sic or extrinsic stressor (infection or sun stroke) can lead
directly to a physical affect (fever or hyperthermia).. In
an indirect setting such as arachnophobia, consideration
is given to memory, psychological predisposition and
reflex. An example of a traditional model for a biologist
is an organism such as yeast or, the mouse. A model for
the computer engineer is a software program; a model
for a mathematician is an equation. Thus, computation
serves to ‘simulate,” mathematics serves to ‘mimic’ and
biology serves to ‘feature.” Together, they serve Systems
Biology. From a retrospective perspective the phrase is
perceived as an encompassing mode or stage. From an-
other perspective, Systems Biology is a language, a
script and an instrument. In many respects it is the mir-
rored reflection of Biological Systems in the literal
sense.

Vision: In the not too distant future it is suspected that

JBISE
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Systems Biology will be a prerequisite of project plan-
ning for wet based laboratory research, much in the same
way that consideration of ethics is a necessity for re-
search endorsement and support.

Concerns: Wet laboratory research has had the in vitro
model for many years. For the researcher it has proved
unambiguous in distinguishing the significance and rela-
tivity of outcomes to that of the in vivo setting. However,
with the emergence of the in silico model the risk of
ambiguity is clearly present. Of particular concern is that
wet lab “‘fact’ is fiction-ated (in silico) and that the sub-
sequent fiction outcomes, after model manipulation /
extrapolation, are inferred as fact in the bigger picture of
true fact. In that setting the audience of communicated in
silico science is at risk of having their own works mis-
guided, notably the wet laboratory researcher. Therefore
is the informatics camp muddying the waters of wet lab
science?

In addition, is in silico science operating with aseptic
techniques when fact-ors are introduced in the extrapola-
tion process? Is there a risk of fashioning fact to the

SciRes Copyright © 2009

point of becoming arte-fact?
Equally, is there a risk of fashioning wet laboratory
experiments to fit the predicted in silico assumptions?

Hopes: Systems Biology needs some standardisation
policies and techniques to ensure that the concerns out-
lined above are not encountered.

The incorporation of Systems Biology principles in
project planning will hopefully have the benefit of mini-
mising and reducing calculated aspects such as cost and
risk. However, in the spirit of far reaching science (true
philosophy), which is usually accompanied by risk, it is
hoped that this reach is not compromised; if anything, it
is hoped that Systems Biology will gather the pace and
direction of research.

Turnaround benefits shall hopefully be seen in
medicine (facilitation of modes for the prevention,
diagnosis, treatment and cure of disease), agriculture
(increased crop yield, crop resistance and crop toler-
ance) and in the development of sustainable energy
through bio-fuels.

Beyond Systems Biology is Systems Life.
Can it factor in consciousness and meaning?

JBISE
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ABSTRACT

Accurate and computationally efficient means
of electrocardiography (ECG) arrhythmia detec-
tion has been the subject of considerable re-
search efforts in recent years. Intelligent com-
puting tools such as artificial neural network
(ANN) and fuzzy logic approaches are demon-
strated to be competent when applied individu-
ally to a variety of problems. Recently, there has
been a growing interest in combining both of
these approaches, and as a result, adaptive

neural fuzzy filters (ANFF) [1] have been evolved.

This study presents a comparative study of the
classification accuracy of ECG signals using
(MLP) with back propagation training algorithm,
and a new adaptive neural fuzzy filter architec-
ture (ANFF) for early diagnosis of ECG ar-
rhythmia. ANFF is inherently a feed forward
multilayered connectionist network which can
learn by itself according to numerical training
data or expert knowledge represented by fuzzy
if-then rules [1]. In this paper we used an adap-
tive neural fuzzy filter as an ECG beat classifier.
We combined 3 famous wavelet transforms and
used them mid 4 the order AR model coefficient
as features. Our results suggest that a new
proposed classifier (ANFF) with these features
can generalize better than ordinary MLP archi-
tecture and also learn better and faster. The
results of proposed method show high accu-
racy in ECG beat classification (97.6%) with
100% specificity and high sensitivity.

Keywords: Adaptive Neural Fuzzy Filter, ECG
Arrhythmia Classification, Pattern Recognition,
Multilayer Perceptron.

1. INTRODUCTION

Electrocardiography deals with the electrical activity of
the heart. Bio-signals being non-stationary signals, the
reflection may occur at random in the time-scale. There-
fore, for effective diagnostic, ECG pattern and heart rate

Published Online April 2009 in SciRes. http://www.scirp.org/journal/jbise

variability may have to be observed over several hours.
Thus the volume of the data being enormous, the study
is tedious and time consuming. Therefore, com-
puter-based analysis and classification of cardiac dis-
eases can be very helpful in diagnostic [1]. Several algo-
rithms have been developed in the literature for detection
and classification of ECG beats. One of ECG beat rec-
ognition is neural network classification method [2-9].
Multilayer perceptron (MLP), has been shown to be able
to recognize and classify ECG signals more accurately.
However conventional Neural Networks with Back
Propagation algorithm (BPNN) suffers from slow con-
vergence to local and global minima and from random
settings of initial of weights, which may make the neural
networks have very poor mappings from inputs to output.
More over in conventional neural networks, users have
to determine the structure of network such as the num-
bers of hidden layer before training and it is too hard to
select proper structure. Another ECG classification
method is Fuzzy Hybrid Neural Network [10]. In this
structure a FCM algorithm is used to clustering the fea-
tures and the center of clusters will be used as the input
of MLP neural network. This structure made the results
conventional MLP better but because of using MLP as
final classifier, the shortcomings of MLP are still exist.
To overcome the shortcomings encountered in neural
networks, while still keeping their advantages, an adap-
tive neural fuzzy filter, (ANFF) has been developed in
[1]. The ANFF is a feed forward multilayer network that
integrates the basic elements and functions of a tradi-
tional fuzzy system into a connectionist structure. An
important feature of this adaptive filter is that it can dy-
namically partition the input space and output space us-
ing irregular fuzzy hyper box [11]. For the adaptation of
membership functions in the ANFF, the back propaga-
tion algorithm is used to find the optimal parameters
under the mean square error (MSE) criterion. Hence, in
the ANFF, the Fuzzy ART is used for structure learning
and the back propagation algorithm for parameter learn-
ing. The ANFF can thus on-line partition the in-
put-output spaces, tune membership functions, and find
proper fuzzy logic rules dynamically on the fly. Users
need not give the initial fuzzy partitions, membership
functions, or fuzzy logic rules except for the case that
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expert knowledge is available and is used as the initial
fuzzy rules. Hence, there are no hidden nodes in the be-
ginning of learning; they are created and begin to grow
as the training signal arrives. Since the structure of the
ANFF is constructed from fuzzy if-then rules, once the
input-output relationship is constructed, it will not be
destroyed and, thus, no knowledge forgetting may hap-
pen while in conventional neural network we might had
this event. These properties can make the ANFF more
suitable for on-line classification than neural networks.
Therefore in this paper we decided to use this filter as a
classifier instead of a filter. More over, in this paper we
used the fuzzy combination of 3 wavelets which were:
Daubechies, Symlet, Biorthogonal mid 4™ order AR
model coefficients as features. These features beside
ANFF had more efficient results than MLP. This algo-
rithm was faster and more reliable than MLP and it has
high mean accuracy 97.6% and also high sensitivity and
specificity.

This paper organized as follows. Section 1 describes
the basic structure and functions of ANFF in brief. The
on-line structure/parameter learning algorithm of the
ANFF, which combines fuzzy ART and back propaga-
tion learning algorithm under the MSE criterion is pre-
sented in Section 3. In Section 4 we describe the feature
extraction method. In Section 6 we will show the results
of this method and compare this method with conven-
tional neural network (MLP). Finally conclusions are
summarized in the last section.

2. THE STRUCTURE OF ADAPTIVE
NEURAL FUZZY FILTER

2.1. Adaptive Neural Fuzzy Filters

In this section, we will describe the structure and func-
tions of ANFF briefly. The ANFF (see Figure 1) has five
layers with node and link numbering defined by the
brackets on the left-hand side of the figure.

Layer-1 nodes are input nodes representing input
variables. Layer-5 nodes are output nodes representing
output variables. Layer-2 and layer-4 nodes are term
nodes that act as membership functions representing the
terms of respective input and output variables. Each
layer-3 node is a rule node representing one fuzzy logic
rule. Thus, together all the layer-3 nodes will be as a
fuzzy rule base. The links between layers 3 and 4 func-
tion as a connectionist inference engine. Layer-3 links
define the preconditions of rule nodes, and layer-4 links
define the consequents of the rule nodes. Therefore, each
rule node has at most one link to some term node of a
linguistic node, and may have no such links. This is true
both for precondition links (link in layer 3) and conse-
quent links (links in layer 4). The links in layers 2 and 5
are fully connected between linguistic nodes and their
corresponding term nodes. The arrows indicate the nor-
mal signal flow directions when the network is in opera-
tion (after it has been built and trained). When we are in
structure learning step, ANFF operates in Up-Down
mode and when we want to obtain estimated output,

SciRes Copyright © 2009

ANFF operates in Down-Up mode.

The ANFF uses the technique of complement coding
from fuzzy ART [12] to normalize the input-output
training vectors. Complement coding is a normalization
process that rescales an n-dimensional vector, x=(x1,
X2... Xn), to its 2n-dimensional complement coding such
that

' v v vy v v gcC
X (Xl,Xl,Xz,Xz,"',Xn,Xn)

1
= (X, 1-%,%, L%, -, X, 1-X,) @
T T Ty T X o
where X=(X1’X2""X”)_X_M and X is the

complement of Xi, i.e., xic =1-X;. As mentioned in
[11], complement coding helps avoid the problem of
category proliferation when using fuzzy ART cluster-
ing. It also preserves training vector amplitude infor-
mation. In applying the complement coding technique
to the ANFF, all training vectors (either input state
vectors or desired output vectors) are transformed to
their complement coded form in the preprocessing
process, and the transformed vectors are then used for
training.

A typical network consists of nodes with some finite
number of fan-in connectionist from other nodes repre-
sented by weight values, and fan-out connectionists to
other nodes. Associated with the fan-in of a node is an
integration function f which combines information, acti-
vation, or evidence from other nodes, and provides the
net input, i.e.,

net —input =f (20,2, .z 0w O w®, .w®) )

where Z*(i),...p is the ith input to a node in layer K,

and w(i) is the weight of the associated link. The super-
script in the above equation indicates the layer number.
This notation will be also used in the following equa-
tions. Each node also outputs an activation value as a
function of its net-input.

output =a(f ) 3

The description of the functions of nodes in each of five
layers of the ANFF can be obtained from Reference [1].

2.2. The Structure-Learning Step

The structure learning step consists of three learning
processes: input fuzzy clustering process, output fuzzy
clustering process, and mapping process. The first two
processes are performed simultaneously on both sides of
network, and are described below.

2.2.1. Input Fuzzy Clustering Process

For input fuzzy clustering, ANFF uses the fuzzy ART
fast learning algorithm [11,12] to find the input mem-
bership function parameters Vij(Z)vuiEZ) . For this purpose

first, the values of choice functions, Tj, for each com-
plement coded vector are computed by
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Figure 1. Structure of Adaptive Neural Fuzzy Filter (ANFF).

|X’/\a)j|

a+|o|

T, (x)= j=1..N 4)
where “A” is the minimum operator performed for the
pairwise elements of two vectors, o > 0 is a constant, N
is the current number of rule nodes, and wj is the com-
plement weight vector for each rule node.

Note that the choice function value indicates the simi-
larity between the input vector x’ and the complement
weight vector wj. We then need to find the complement
weight vector closest to x’. The chosen category is in-
dexed by J, where

|X’/\a)j|

x|

2 p ®)

SciRes Copyright © 2009

where p is between 0 and 1 is a vigilance parameter. If the
vigilance criterion is not met, we say mismatch reset occurs.
In this case, the choice function value TJ is set to zero for
the duration of the input presentation to prevent persistent
selection of the same category during search (we call this
action “disabling J”). A new index J is then chosen using
(20). The search process continues until the chosen J satis-
fies (21). If no such J is found, then a new input hype box
is created by adding a set of n new input term nodes, one
for each input linguistic variable, and setting up links be-
tween the newly added input term nodes and the input lin-
guistic nodes. The complement weight vectors on these
new layer-2 links are simply given as the current input
vector, X'. These newly added input term nodes and links
define a new hyper box, and thus a new category, in the
input space. We denote this newly added hyper box as J.

JBISE
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2.2.2. Output Fuzzy Clustering Process

The output fuzzy clustering process is exactly the same
as the input fuzzy clustering process except that it is
performed between layers 4 & 5 which are working in
the up-down transmission mode.

2.2.3. Mapping Process

After the two hyper boxes in the input and output spaces
are chosen in the input and output fuzzy clustering proc-
esses, the next step is to perform the mapping process
which decides the connections between layer-3 and
layer-z4 nodes. This mapping process is described by the
following algorithm, wherein connecting rule node J
output hyper box K we means connecting the rule node J
to the output term nodes that constitutes the hyper box K
in the output space.

Step 1: IF rule node J is a newly added node THEN
connect rule node J to output hyper box K.

Step 2: ELSE IF rule node J not connected to output
hyper box K originally THEN disable J and perform In-
put Fuzzy Clustering Process to find the next qualified J.

Step 3: ELSE no structure change is necessary. In the
mapping process, hyper boxes J and K are resized ac-
cording to the fast learning rule [40] by updating weights,
WJ and WK, as

WJ(new) — X’ /\WJ(old) ,Wk(new) — X’ /\Wk(OId) (6)

2.3. The Parameter-Learning Step

After the network structure has been adjusted according
to the current training pattern in the structure-learning
step, it is then necessary to fine tune the network pa-
rameters using the same training pattern. Basically, the
back propagation algorithm is used to find node output
errors, which are then analyzed to guide parameter ad-
justment. As mentioned above, the goal of training the
ANFF is to minimize the error function

e =1{s0)-5()) o

where s(k) is the desired signal, and s"(k) is the filtered
signal. Based upon this MSE criterion and in analogy to the
back propagation algorithm, we can derive the following

W(K +1) =W (K) + AW (K) :W(K)+77(—%Ej

(8)

OE _ O0E OF _ OE oo of

W OF W oa of ow

where W is the adjustable parameter in the filter.
The adapting equations of the parameters of each layer
can be obtained from [1] in more details.

3. DATA ACQUISITION AND FEATURE
EXTRACTION METHOD

We had 4 kinds of ECG beats. There were: Atrial Fibril-
lation beats (AF), Ventricular Tachycardia beats (VT),

SciRes Copyright © 2009

Super Ventricular Tachycardia Arrhythmia beats (SVA)
and Normal beats. We selected 18 signals from each kind
of beat from MIT-BIH Arrhythmia database. So we had
72 signals totally. The arrhythmia database of MIT-BIH,
have been preprocessed in such away that they are clean
from any corrupting noise. Therefore we did not need to
do any additional preprocessing on our ECG signals. The
sampling frequency of MIT-BIH Arrhythmia database is
250Hz. We used a 1000 point moving window with 200
point overlap between each two windows for each ECG
signal. So each ECG signal converted to 24 segments
which each segment had 1000 point. Therefore we had
1728 segment totally. We used 80% of these segments
for training ANFF and 20% of that to test the perform-
ance of ANFF.

We used a fuzzy combination of 3 wavelet transform
which were: Daubechies (db4), Symlets (sym8) and
Biorthoginal (bior4.4). A 4 level decomposition was done
with each wavelet transform. And then we selected the
maximum value between these 3 wavelets in each level.
Therefore, 4 wavelet coefficients were obtained for each
segment with this fuzzy combination if wavelet trans-
forms. We also used the 4th order AR model coefficients
as another feature extraction method so 4 features were
obtained for each segment by this method. Therefore
finally we had an 8 dimensional feature vector for each
segment. Then we used these features as input for ANFF.
We also defined the target for each segment and used
them as output variable for ANFF.

4. RESULTS

We considered following values for the constants in
ANFF: learning parameter (n)=0.1, fuzziness parameter
(y)=0.6, choice function parameter (o;)=0.7.

In the first step of process we used only the Daube-
chies wavelet coefficients as ECG features. In the second
step of process we used Daubechies wavelet mid 4th
order AR model coefficient as ECG features. In third step
of process we used only the fuzzy combination of three
wavelets as ECG features. And finally we used fuzzy
combination of wavelets mid 4th order AR model coeffi-
cient as ECG features. Table 1 shows the results of using
these features with ANFF separately. Then also did these
steps with an MLP with 40 hidden nodes. Table 2 shows
the results of using these features with MLP. In both
methods (ANFF and MLP) we calculated specificity and
sensitivity and accuracy for each kind of features. We
selected 1382 segments for training and 346 segments
for test randomly.

As we can see from Table 1 and Table 2, among 4
kinds of features extracted, the fuzzy combination of 3
pre nominate wavelet transforms mid 4th order AR
model coefficients provided best results for both ANFF
and MLP structures. Also we can see that in compare
with MLP, ANFF had much better results. ANFF had
high accuracy about 97.6% and also it had higher speci-
ficity and sensitivity than MLP. Furthermore unlike the
MLP, ANFF did not need to have pre determined struc-
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Table 1. Results of ANFF in ECG beat recognition.

Classifier Total test segments SE(%) SP(%) Accuracy(%)
ANFF with wavelet features 346 92.7% 98.1% 90.33%
ANFI_: _Wlth wavelet and AR model 346 95.7% 98.4% 94.2%
coefficients features
ANFF with fuzzy combination of 346 96.6% 98.6% 92.1%
wavelets
ANFF with fuzzy combination of
wavelets and AR model coefficient 346 97.6% 100% 97.6%
and features

Table 2. Results multi layer perceptron meural network (MLP) in ECG beat recognition.

Classifier Total test segments SE(%) SP(%) Accuracy(%)
MLP with wavelet features 346 91.4% 96.7% 86.7%
MLP with wavelet and AR model 0 0 0
coefficients features 346 93.49% 96.93% 91.3%
MLP with fuzzy combination of 346 95.3% 97.47% 88.7%
wavelets
MLP with fuzzy combination of
wavelets and AR model coefficient 346 94.76% 99.6% 94.2%

features

ture and it will find the best structure during training by
itself.

5. CONCLUSION

In this paper an ANFF has been developed to classify
ECG signals by using 4 different features set. Results
show that among these features set, a fuzzy combination
of Daubeches, Symlets and Biorthogonal wavelet trans-
forms mid 4" order AR model coefficients, had best re-
sults.

As we know, several algorithms have been developed
for ECG beat recognition in literatures. Most of these
algorithms have used Neural Networks as their final
classifier. There are several kinds of Neural Networks.
One of the most useful neural networks in ECG classifi-
cation is Multi Layer Perceptron (MLP) neural network.
It is easy to use and it has been shown reliable results in
ECG beat classification. Therefore we decided to compare
the performance of our purposed method with MLPNeu-
ral Networks, such as MLP, are capable in classification.
They have strong learning and generalization ability but
they have some disadvantages. For example: (1) we need
iterative training cycles to encode the relation between
inputs and outputs into the neural networks,so neural
networks have long training time. (2) users have to pre-
determine the size and structure of neural networks (such
as the numbers of nodes of hidden layers) initially and it
is hard for users. (3) we can not use linguistic rules in
neural networks directly.

Adaptive Neural Fuzzy Filters (ANFF) overcomes
these shortcomings. In ANFF, users do not need to pre-
determine the numbers of nodes in hidden layer and
these nodes are generated automatically during the train-
ing process. Since the structure of ANFF is optimum, it
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takes much shorter to train in compare with neural net-
works. More over, we can use linguistic rules, which are
obtained from expert knowledge, in ANFF directly.
ANFF was introduced by Chin-Teng Lin and Chia-Feng
Juang in 1997 [1]. They introduced the structure of
ANFF in details and they used ANFF as an adaptive fil-
ter for noise cancellation. We decided to use this useful
filter as a classifier. Therefore in this paper we used
ANFF as an ECG beat classifier and we compared its
performance with most commonly used classifier (MLP).

On the other hand, wavelet transforms (WT) are must
commonly feature extraction method in ECG beat recog-
nition algorithms. An over view on previous works in
this context shows that AR model beside wavelet trans-
form has showed better results in ECG beat classification.
More over, there are several mother wavelets which are
used for ECG feature extraction. Therefore we decided to
combine three mother wavelets which are most common
used for ECG feature extraction and we used AR model
coefficients beside this combination as our final feature
extraction method.

A comparative assessment of performance of ANFF
with MLP neural networks show that more reliable re-
sults are obtained with the ANFF for the classification of
ECG signals.

MLP neural networks are still able to generalize with
good recognition accuracy. However, they take longer
to train and users have to predetermine the size and
structure of network such as the number of hidden lay-
ers and it is truly difficult. The aim in developing ANFF
was to achieve more optimum results with relatively
few signal features. It has been demonstrated that the
training time of ANFF was much shorter than time re-
quired by MLP and the accuracy (97.6%), specificity
(100%) and sensitivity (97.6%) of ANFF were much
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better than those of MLP. Furthermore the ANFF can be
trained by numerical data and linguistic information
expressed by fuzzy if-then rules. Another key feature of
ANFF is that, without any given initial structure, the
ANFF can construct itself automatically from numerical
training data.

The proposed method, which incorporates the tech-
niques of Adaptive Neural Fuzzy Filter and back propa-
gation learning and combines their advantages, can be
said to be more capable of recognizing other biological
signals than conventional Neural Networks with Back
Propagation algorithm (BPNN) such as Multi Layer Per-
ceptron (MLP).
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ABSTRACT

Objective: Epidemiological studies have found
that lead exposure increases the risk for Park-
inson’s disease and patients with Parkinson’s
disease have lower odds of developing non-
smoking-related cancer (1). It would be inter-
esting therefore to find the molecular links be-
tween Parkinson’s disease and cancer. To do
this, we studied mRNA expression of alpha-
synuclein gene, a promising genetic marker for
Parkinson’s disease, and expression of the tu-
mor suppressor gene p53 after oxidative stress
induced by lead. Methods: We used ATDCS5 cell
line as a model of tumor and treated by lead
nitrate for 0, 2, 4, 16, 24 and 48 hours. The
MRNAs of alpha-synuclein and p53 were quan-
tified by reverse transcriptase polymerase
chain reaction and expressed as mean (£SD)
for 3 samples at each time point. Results: Ex-
pression of both of alpha-synuclein and p53
MRNA increased with increasing exposure of
lead treatment. The levels of alpha-synuclein
and p53 mRNA were correlated with each other
(r=0.9830; P<0.001). Conclusion: We propose
that lead’s neurotoxicity in PD is caused by al-
pha-synuclein expression and aggregation,
which releases the inhibitory influence of al-
pha-synuclein on p53 expression, thereby al-
lowing p53 to act as the cell’s guardian of the
genome and reduce tumorigenic potential.
Treatments that reduce alpha-synuclein aggre-
gation may need to account for a concomitant
reduction in p53’s protective effect.

Keywords: Alpha-synuclein, p53, Real-time
PCR, ATDCS5, Aging, Cancer

1. INTRODUCTION

Parkinson’s disease (PD) typically affects people aged
50 years and older, and the risk of disease increases with
age. A promising diagnostic marker for PD is alpha-
synuclein (2), which is the primary structural compo-
nent of inclusion bodies (Lewy bodies) that are found in

the neurons of patients with PD. Interestingly, epidemi-
ological evidence shows that individuals with PD have
reduced odds for many common types of non-smoking-
related cancers (1). However, it is not known if this
finding indicates a direct association between the two
diseases, such as a reduced risk of non-smoking-related
cancer among patients who develop PD, or a reduced
risk of developing PD or other age-related neurodegen-
erative diseases among individuals with non-smoking-
related cancer. It would therefore be interesting to study
the possible biological and molecular links between age-
related neurodegenerative diseases such as PD and can-
cer, especially because cancer is often also regarded as a
disease of aging. The findings would provide important
information on the mechanisms underlying normal and
abnormal developmental and ageing processes. The p53
tumor suppressor protein may be one such link because
hyperactivation of p53 in mice has been shown to in-
crease resistance to spontaneous tumorigenesis while
apparently accelerating aging (3). Cancer and neurode-
generative diseases might also be interrelated at the etio-
logic or environmental level: occupational exposure to
lead is a risk factor for PD (4), while lead can be car-
cinogenic in rodents and genotoxic in fish (5), and it can
also induce cell apoptosis via p53 (6).

To investigate the possible link between lead expo-
sure and expression of alpha-synuclein and p53, we
used a lead-sensitive cell culture model. We selected the
ATDCS cell line because it is an established mouse em-
bryonic carcinoma-derived cell line that has both car-
cinogenic and chondrogenic properties (7). Not only
does this cell line have chondroprogenitor potential and
produce chondrocyte-specific extracellular matrix when
stimulated by insulin, but it can also proliferate rapidly
in the presence of fetal bovine serum (8). Expression
levels of alpha-synuclein and p53 were thus measured at
the mRNA level after treatment of cells with lead nitrate.

2. EXPERIMENTAL PROCEDURES

Cell Culture -The ATDCS cells were cultured in a 1:1
mixture of Dulbecco’s modified Eagle’s medium and
Ham’s F-12 medium (Flow Laboratories, Irvine, UK)
containing 5% fetal bovine serum (GIBCO BRL,
Gaithersburg, MD), 100 U/mL penicillin, and 100 pg/
mL streptomycin (Biofluids Inc., Rockville, MD, USA)
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and then incubated at 37°C in a humidified atmosphere
containing 5% carbon dioxide. An inoculum of cells
(10* per mL in 30 mL) was transferred to each of 7 Petri
dishes. Lead nitrate was added to the cells. The final
concentration of the lead nitrate per dish was 200
pmol/L. For increasing the solubility of lead nitrate,
glutamic acid was added to medium in equimolar
amounts of the lead nitrate. The cells were harvested at
times of 0, 2, 4, 16, 24 and 48 hours.

Reverse Transcriptase Polymerase Chain Reaction
Analysis- Total RNA was isolated from cells by using
an RNeasy Mini Kit (Qiagen Sciences, Germantown,
MD) according to the manufacturer’s instructions. Re-
verse transcription of the mRNA was performed with
oligo-(dT) primers and MulV reverse transcriptase (Ap-
plied Biosystems, Foster City, CA). Polymerase chain
reaction (PCR) was then done in a StepOne Real-Time
PCR System (Applied Biosystems); each 20-uL sample
contained Power SYBR Green PCR Master Mix (Ap-
plied Biosystems), 40 ng of complementary DNA, and
the pairs of primers listed in Table 1. The cycling pro-
files were as follows: 95°C for 10 minutes, 95°C for 15
seconds and 60°C for 1 minute (for 40 cycles). Samples
were run concurrently with standard curves derived
from PCR products, and serial dilutions were performed
to obtain appropriate template concentrations.

Mouse B-actin was used as an example of a lead-
insensitive house-keeping protein and thus its primer
acted as a negative control to correct for RNA recovery
and reverse transcription efficiency. The mRNA con-
centrations were determined by by optical density at
1260/280 and were standardized at each time point to
mouse B-actin mMRNA concentrations.

Statistical Analysis- Data were expressed as mean +
SD for 3 or more replicates per sample, in arbitrary units
relative to the mRNA level of B-actin. The student t test
was used to evaluate differences between groups. Differ-
ences were considered significant at a level of p < 0.05.

3. RESULTS

Alpha-synuclein mRNA- Lead exposure induced a 50%
increase in alpha-synuclein mRNA expression in
ATDCS cells at 2 hours ( ). The mRNA level
further increased by about 20% between 2 hours and 16
hours, remained the same between 16 and 24 hours and
then increased rapidly to 3 times the 24-hour level at 48
hours. The results thus show that the expression of al-
pha-synuclein was significantly increased by the expo-

List of primers

Primer Sequence (sense/antisense)
Alpha-synuclein 5'- AGT GGA GGG AGC TGG GAA TA
TAG-3'
5-TCCTCACCCTTG CCCATCT-3
p53 5'-AGC GCT GCT CCG ATG GT-3'

5-TTC CTT CCA CCC GGA TAA GA-3'
Mouse p-actin  5-GGC CAA CCG TGA AAA GAT GA-3'
5'-CAG CCT GGA TGG CTA CGT ACA-3'
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sure time.

p53 mRNA- Expression of p53 mRNA in ATDCS cells
was also significantly increased by the exposure time. By
2 hours, lead exposure had rapidly increased the p53
mRNA level to more than 3.4 times the basal amount.
( ) There was a moderate further increase in
mMRNA expression between 2 and 24 hours, by about
25%, and then expression decreased very slightly at 48
hours, but the decrease was not statistically significant.
The rising trend in p53 MRNA level with an increase in
exposure time was similar to that of alpha-synuclein
mRNA. The levels of alpha-synuclein and p53 mRNA
were correlated with each other (r=0.9830; P<0.001).

4. DISCUSSION

We have demonstrated that expression of alpha-
synuclein and p53 mRNA increased with increasing
duration of lead exposure in ATDCS5 cells and that there
was a correlation between alpha-synuclein and p53
MRNA expression after lead treatment. Although we did
not examine the expression or localization of the corre-
sponding proteins, our findings suggest that alpha-
synuclein and p53 expression are stimulated by lead
treatment in a coordinated way, which may reflect a
shared cellular response to biological effects of lead
exposure such as neurotoxicity, genotoxicity and oxida-
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tive stress. In this study, alpha-synuclein was assumed
to be a marker of increased likelihood of PD develop-
ment and p53 was a marker of decreased cancer poten-
tial. Our results thus suggest a molecular mechanism for
the inverse epidemiological association observed be-
tween PD and cancer (1).

Alpha-synuclein aggregation appears to play a major
role in Lewy body formation and PD (9) (10), and occu-
pational exposure to lead is a risk factor for PD (4). In
addition, lead can form inclusion bodies in renal cells of
poisoned humans or animals (11) and lead is a known
potent neurotoxicant. Evidence indicates that lead expo-
sure early in life may later on cause neurodegenerative
disease such as Alzheimer’s disease (12). Indeed, Alz-
heimer’s disease is similar to PD, in that both are caused
by a progression of amyloidogenesis in the brain. The
link between alpha-synuclein and p53 expression on
lead exposure demonstrated in this study suggests that
alpha-synuclein protein expression and aggregation in
cells can be stimulated by lead and contribute to inclu-
sion body formation seen in cells of PD patients, while
p53 protein accumulates to prevent cellular and genetic
damage due to increased oxidative stress.

Because the p53 transcription factor regulates the cell
cycle and apoptosis, it has been described as “the guard-
ian of the genome,” referring to its tumor suppressor
role in conserving genomic stability by preventing the
accumulation of mutations (13). An increase in p53 ex-
pression during lead exposure would result in an in-
creased likelihood of cell cycle arrest to allow for ge-
nomic repair, or apoptosis if the genome is irreparable,
and a similar mechanism might explain the possible
lowered risk of tumorigenesis among PD patients. In-
deed, lead can induce cell apoptosis via p53 in culture
cells (6), and doing so would decrease the genotoxic
potential of lead and hence the likelihood of cancer
transformation. Another known role of p53 is to induce
differentiation, which is another potential mechanism
for preventing tumorigenesis. Interestingly, lead ion
(Pb®)-induced neurotoxicity may also be partially me-
diated through p53-independent apoptosis that is en-
hanced by glutamate (14), thereby again lowering tu-
morigenic potential.

A link between alpha-synuclein and p53 function has
been previously demonstrated. In neuronal cell cultures,
alpha-synuclein reduced the ability of cells to apoptose
with and without the apoptotic trigger of staurosporine,
and also reduced p53 expression and transcriptional
activity (15). Both of the p53 expression and transcrip-
tional activity was tested 48 hours after transfection.
However, the dopamine-derived drug 6-hydroxy-
dopamine reversed these effects and increased alpha-
synuclein aggregation. The present data indicated p53
transcriptional activity was increased in 48 hours as well
as alpha-synuclein transcriptional activity after lead
treatment. Although we did not test for apoptotic status
and immunoreactivity in our study, it is conceivable that
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alpha-synuclein has an effect on p53 expression and
function and that lead treatment promotes alpha-
synuclein aggregation, thereby resulting in p53 expres-
sion and related downstream cellular events. This series
of events may explain lead’s neurotoxicity and parallels
the proposed role of the natural toxin 6-
hydroxydopamine in alpha-synuclein aggregation in the
etiology of PD (15).

The biological mechanism connecting alpha-
synuclein, p53, lead exposure, PD and cancer does not
appear to be simple. Epidemiological studies have
shown that the odds of only non-smoking-related, but
not smoking-related, cancer were lowered among pa-
tients with PD (1). The paradox is that smoking in-
creases a human’s intake of lead. Yet, there is a weak
association between stomach and lung cancer frequency
and an individual’s exposure to lead (16), and a small
but statistically significant increase in mortality has
been found among employees at lead battery plants and
lead smelters (17). In contrast, these employees’ mortal-
ity from kidney cancer, bladder cancer, cancer of the
central nervous system, lymphatic cancer and hemato-
poietic cancer was not increased (17). Finally, although
both PD and cancer can be viewed as diseases of aging,
laboratory studies have reported that p53 can uncouple
cancer and aging by regulating both in a mutually exclu-
sive way-namely, p53 hyperactivation in mice reduced
the risk of spontaneous cancer but accelerated organis-
mal aging (3). Organismal aging may be related by
p53’s ability to induce apoptosis and, on prolongued
activation, to induce cellular terminal cell cycle block or
“senescence,” and may be controlled by subcellular lo-
calization (18). We will use of a neuronal cell line to do
assays for protein expression, phenotypes such as apop-
tosis, differentiation, cell division, cell cycle, etc give
better information.

Our findings provide some insight into the association
between PD and cancer, and the behavior of cells in
response to lead exposure. We propose that lead’s neu-
rotoxicity in PD is caused by alpha-synuclein expression
and aggregation, which releases the inhibitory influence
of alpha-synuclein on p53 expression and allows p53 to
act as the cell’s guardian of the genome, thereby reduc-
ing tumorigenic potential. It is possible that in the ab-
sence of lead, other triggers of alpha-synuclein expres-
sion and aggregation are involved in promoting p53
expression in the etiology of PD and other age-related
neurodegenerative diseases. The results also suggest that
treatments for PD based on preventing alpha-synuclein
aggregation need to take into account the possible side
effect of reducing p53 expression and function, and in-
creasing tumorigenic potential. Treatments for cancer
based on p53 expression also need to take into account
the side effect of aging if p53 is allowed to be hyperac-
tivated.
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ABSTRACT

This paper proposes two efficient approaches
for automatic detection and boundary estima-
tion of optic disk in ocular fundus images. The
proposed approach for optic disk detection
uses the vessel branch with the most vessels to
localize the optic disk. The boundary detection
algorithm involves two steps; first, the color
morphology in Lab space is used to have ho-
mogeneous optic disk region, then the bound-
ary of the optic disk is estimated by using
geometric active contour with new variational
formulation. The success rates of disk localiza-
tion and disk boundary detection are 99.7% and
96.95% respectively.

Keywords: Fundus, Geometric Active Contour,
Optic disk, Retina.

1. INTRODUCTION

Optic disk (OD) is characterized as bright yellowish disk,
from which, blood vessels and optic nerves emerge. The
location of the optic disk is an important issue in retinal
image analysis as it is a significant landmark feature and
its diameter is usually used as a reference length for
measuring distances and sizes. Precise localization of
optic disc boundary is very useful in proliferative dia-
betic retinopathy, where fragile vessels develop in the
retina, largely in the OD region, in response to circula-
tion problems created during earlier stages of the disease.
If the optic disc is identified, the position of areas of
clinical importance such as the fovea may be deter-
mined.

Many schemes have been proposed to detect OD.
Early detection schemes [1] and [2] aim simply to find
the largest clusters of pixels with the highest intensities,
while meets their difficulty when large hard exudates
coexist in retinal image. Differentiating the two became
a challenge. The area with the highest intensity variation

of adjacent pixels was identified as optic disk in [3].
These methods could obtain satisfactory result in normal
retinal images where optic disk is obvious and brightest.
Only in [4], images with small lesions were considered.
These methods will lead to the wrong disk localization
when there are large areas of bright lesions similar to
optic disk in an image. Principal component analysis [5]
can locate optic disk even for retinal images having
bright lesions. But this method is very slow. The algo-
rithm in [6] uses a cost function, which is based on a
combination of both global and local cues, to find the
location of optic disc. A hybrid approach which uses
properties of both appearance and model-based ap-
proaches is proposed to locate optic disk in [7] and in [8]
local fractal analysis is used to find optic disk.

The contour of optic disk was estimated as a circle or
an ellipse in [1, 2] and [4], because the shape of optic
disk is round or vertically slightly oval. In one approach,
Hough transform was employed to obtain the estimated
circle of optic disk based on the result of edge detection
[1, 2]. In another approach, optic disk contours were
estimated by the Hausdorff based matching between the
detected edges and the template of circle with different
sizes [4]. Estimating the shape of optic disk as a circle or
an ellipse cannot provide enough information to the oph-
thalmologists. As the shape of optic disk is important to
diagnose eye diseases, the exact boundary detection of
optic disk has been investigated. “Snakes” was applied
to detect the exact contour of optic disk in [9, 10, 11].
The major advantage of these algorithms is their ability
to bridge discontinuities in the image feature being lo-
cated. However, the algorithms were sensitive to the
preprocessing and the methods proposed in the above
papers were not fully automatic due to the requirement
of manual initialization. The main difficulty to apply
these methods to disk boundary detection is how to re-
move the influence of blood vessels. A modified active
shape model is proposed in [5] to detect the shape of
optic disk. The algorithms in [12,13] uses gradient vec-
tor flows to detect the boundary of optic disk.

In this paper, we propose a new algorithm to effi-
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ciently localize the optic disk in ocular fundus images.
The proposed algorithm is based on finding the vessel
branch having more number of blood vessels. Our
method achieves more accurate results compared to [1],
[2] and [3] with an accuracy of 99.7%. The proposed
optic disk boundary detection algorithm involves two
steps. First, colour mathematical morphology in Lab
space is used to have homogenous optic disk region for
the snake to lock onto. Then geometric active contours
are used to detect the boundary of optic disk. The pro-
posed method achieves more accurate results compared
to [6] and [13] with an accuracy of 96.95%.

The paper is organized as follows. In Section 2.1, lo-
calization of optic disk based on the vessel branch with
most vessels is described. Section 2.2 presents the pro-
posed geometric active contour with variational formu-
lation to detect the boundary of the optic disk. In Section
3, the experimental results of the proposed algorithms
are presented and compared to existing methods. Dis-
cussion and conclusions are in Section 4.

2. METHODOLOGY

2.1. Localization of Optic Disk Based on the
Branch with the Most Vessels

Optic disk is the entrance region of blood vessels and
optic nerves to the retina. It is a significant anatomic
landmark for the detection of other features and its di-
mensions are often studied for a clue of some diseases as
well. The method of optic disk localization by finding
the largest cluster of brightest pixels is simple, fast and
works well in the normal retinal images, but it can not
locate optic disk correctly in the images where the area
of bright lesions is large or optic disk is obscured by
blood vessels. The method based on finding the branch
with the most vessels is proposed to localize optic disk
in this paper.

The vasculature in the retinal image consists of many
vessels of various lengths and various thicknesses. The
proposed method turns the vessel probability map into a
network of vessels and branches. In this method network
information is stored about the connections between
vessels and branches. By means of this network, the
branch with most vessels connected to it can be selected.
The selected branch is used to determine the optic disc.

(@) (b)

We obtained the binary blood vessel skeleton map
from [14]. For each skeleton pixel the amount of
neighbor skeleton pixels is determined. If the amount of
neighbors is smaller than three, then the pixel is added to
the vessel-image. Otherwise the pixel is added to the
branch-image. A vessel is a collection of points, starting
at a point with only one neighbor and ending at a point
with only one neighbor. The vessels are detected as fol-
lows: If a begin point of a vessel is detected within the
vessel-image, then the vessel is traced towards its end-
point. The begin point and the endpoint are marked to
avoid tracing a vessel twice. The branches are detected
by applying eight-connected component analysis on the
branch-image.

The constructed vessel-branch network can be used to
find the optic disc in many ways. A very simple algo-
rithm is the selection of the branch with most vessels.
For each branch of the network the amount of vessels
connected to it is stored. The optic disc contains the op-
tic nerve from which a few main vessels split up into
many smaller vessels which spread around the retina.
Vessel segments in this area of the retina are often small
and are therefore often combined into one large branch
of the network with many vessel objects connected to it.
An increasing amount of vessel connections of a branch
also increases the probability of the branch being located
in the optic disc area. The algorithm is performed as
follows:

1. Select the branch with the most vessel connections.
If there are several branches with the highest number of
vessel connections, then the branch with the most branch
pixels is selected.

2. Take the bounding box of the branch with the most
vessel connections.

3. Select the center of the bounding box as the
OD-center.

For example, given a color retinal image in Figure
1(a), the binary vasculature and the skeleton of the
vasculature overlaid on the retina image are shown in
Figure 1(b) and Figure 1(c). The detected center of the
optic disk is as shown in Figure 1(e) where the vessel
branch with the most vessels is used to localize the op-
tic disk.

2.2. Boundary Detection of Optic Disk by
Geometric Active Contour Model

(© (d) )

Figure 1. Localization of optic disk (a) original Color retina image (b) The binary vessel map (c) Overlay of the vessel branch network and
the original image (d) The bounding box of the best branch and the determination of the optic disk center and (e) Detected optic disk

center.
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Figure 2. Boundary detection of optic disk (a) Color retina image (b) located optic disk (c) Result after applying color morphology in Lab
space (d) Initial snake (e) Detected optic disk boundary and (f) Overlay of the ground-truth and the result of proposed method.

Change in the shape, color or depth of optic disk is an
indicator of various ophthalmic pathologies especially
for glaucoma. The accurate detection of the optic disk
boundary can be used to assess the progress of eye dis-
ease and the treatment results. Some parts of the disk
boundary are not well defined and some parts are partly
obscured by the blood vessels in retinal images, which
make the detection of disk shape complicated. A geo-
metric active contour model is proposed to detect the
disk boundary in retinal images.

Firstly, the original color retinal image is preprocessed
using color mathematical morphology in Lab space. This
helps to remove blood vessels more cleanly and provides
a more homogeneous optic disc region for the geometric
active contour to lock onto. We performed dilation first
to remove the blood vessels in optic disk region and then
an erosion to restore the boundaries to their former posi-
tion. The morphology in Lab space is performed using
the method described in [15].

For each arbitrary point x in the color space, the defi-
nitions for dilation (lg) and erosion (l¢) by structuring
element K is defined as:

o) ={1(y):1(y)=maxl(z)} Z <K, }
1.(x)={1(y):1(y)=min[I(2)} Z K, } (1)

We always used a symmetrical disc structuring ele-
ment of size 13, since the blood vessels were determined
to be not wider than 11 pixels. For the color retinal im-
age shown in Figure 2(a), the Lab morphology output is
as shown in Figure 2(c) where the blood vessels are
removed cleanly to have homogenous optic disk region.

The optic disk boundary is determined by fitting a
geometric active contour model with variational formu-
lation. The initial contour for a snake must be close to
the desired boundary otherwise it can converge to the
wrong resting place. We used the method described for

SciRes Copyright © 2009

localizing the optic disc to automatically position an
initial snake. The initial contour for the image shown in
Figure 2(a) is as given in Figure 2(d). In general, a
snake is a set of points initially placed near the contour
of interest, which are gradually brought closer to the
exact shape of the desired region in the image. This is
carried out through iterative minimization of an energy
function comprising an internal and an external term:

&) =uP(g)+ £, 1, (#) )

where p(g)= | %(|v¢|—1)2 dxdy & metric to characterize
Q

how close a function @ is to a signed distance function
inacx?, >0 is a parameter controlling the effect of
penalizing the deviation of ® from assigned distance
function. &, ,,(¢) is the external energy for a function
@(x,y) and it is defined in [18] as

gg,l,v (¢):)'Lg (¢)+VAg (¢) (3)
where A > 0 and v are constants, g is an edge indicator
function defined for an image | as
_t (4)
1+| VG, *1 |
whereg_is the Gaussian kernel with standard deviation
o. The terms Ly(¢) and Aq(¢) are defined as

Ly(#) = [,95(¢)| V4] dxdy

g:

()
and
Ad) = [ gH(-¢)I V4| dxdy, 6)

respectively, where & is the univariate Dirac function,
and H is the Heaviside function. The external energy

€4,y drives the zero level set toward the object
boundaries, while the internal energy .P(s) penalizes

the deviation of ¢ from a signed distance function during
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its evolution. By calculus of variations, the Gateaux de-
rivative (first variation) of the functional £ in (2) can be
written as

Oe _ _ _div| Y2 _ 7
0g~ MV dw(wm) -y {s7es -t
where V is the Laplacian operator. Therefore, the func-

tion ¢ that minimizes this functional satisfies the Euler —

Lagrange equationg—‘;';:O. The steepest descent process

for minimization of the functional ¢ s the following gra-
dient flow:

% - y{v¢—div{|zj;|ﬂ+i5(¢)div(g | z; |j+vg§(¢) 8)

This gradient flow is the evolution equation of the
level set function in the proposed method. The second
and the third term in the right hand side of (8) corre-
spond to the gradient flows of the energy functional
ALg(d) and vAq(¢), respectively, and are responsible of
driving the zero level curve towards the object bounda-
ries. The detected optic disk boundary by the proposed
method for the image in Figure 2(a) is as shown in Fig-
ure 2(e) and Figure 2(f) shows the superimposition of
the result of proposed method on the hand labeled
ground-truth image.

3. EXPERIMENTAL RESULTS

The proposed algorithms are tested and evaluated on
four publicly available databases of color retinal images:
STARE [17], DRIVE [18], DIARETDBO [19], and
DIARETDB1 [20] databases. The DIARETDBO data-
base consists of 130 color retinal images of size 1500 x
1152. The DIARETDBL database consists of 89 color
retinal images of size 1500 x 1152. The DRIVE database
contains 40 color images divided into 20 training and 20
test images. The downloaded images were of size
565%x584. The STARE database consists of 81 slides
which were digitized to 700 x 605 pixels, 8 bits per
color channel.

3.1. Localization of Optic Disk

Figure 3. Comparison of optic disk localization with maximum
local variation method [3].
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Table 1. Performance comparison of maximum local variation
method [3] and the proposed method.

Success rate in %

Database o’FI lljnr?;g&gs oo v, Proposed
tion method Method
STARE 81 79 99
DRIVE 40 100 100
DIARETDBO 130 89 98
DIARETDB1 89 84 100

Compared with the localization of optic disk by the cen-
troid of the largest cluster of the brightest pixels [1], [2]
the proposed algorithm achieves more accurate results.
An example is shown in Figure 3, where “+” indicates
the localization by the proposed algorithm of finding the
branch with most vessels, “A” represents the localization
by the centroid of the largest cluster of the brightest pix-
els [3]. The method in [3] gives the wrong localization
when processing the retinal images with large areas of
lesions, while the proposed method can obtain the cor-
rect localization. The proposed algorithm works pretty
well even though the input retinal image is in a
low-contrast condition. The success rate of optic disk
locating process is 99.7% based on the images tested.

3.2. Boundary Detection of Optic Disk

In order to evaluate the performance of our algorithm for
detecting optic disk boundary, we compare results of the
proposed algorithm with the state-of-the-art results ob-
tained from GVF snake method [13], 2D Circular Hough
Transform method and hand-labeled ground-truth seg-
mentations. In GVVF-snake, the images are preprocessed
by morphological operation; and the parameters in the
energy functions were carefully set to make a balance
between the smoothness and the accuracy on the resulted
boundary. In 2D Circular Hough Transform method, the
dimensions of the normal circular Hough Transform
histogram are reduced from 3 to 2 dimensions by as-
suming that the approximate OD radius is known. Only
the first few circles are evaluated by using the maximum
point from Hough space. The disk boundary manually
marked by the experienced ophthalmologist is set to be
the ground-truth. Then we use a simple and effective
overlap measure to evaluate the accuracy of the detected
boundary.

\ _NRAT)
~n(RUT) ©)

where R and T correspond to the ground-truth and the
detected optic disk region respectively and n(.) is the
number of pixels in a region.

Specifically, we classify retinal images into three
categories, normal retinal images, abnormal retinal im-
ages with ill-defined optic disk, and retinal images with
fuzzy elliptic optic disk. From column by column, the
first column of Figure 4 presents the results obtained
from normal retinal images. Results of abnormal retinal
images with ill-defined optic disk are shown on the sec-
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ond column. The last column presents results from reti-
nal images with fuzzy elliptic optic disk. From row by
row, the first row shows original retinal images. The
second row shows the results of GVF snake. The third
row presents simulation results of Hough transform [6].
The last row presents our simulation results.

An example of normal retinal image having elliptic
optic disk is illustrated in first column of Figure 4,
where both the proposed method and GVF snake give
the successful results; Hough transform gives the failed
result. The measured accuracies for the GVF snake,
Hough transform and the proposed method are 99.3%,
78% and 99.5% respectively. The example given in the
second column is an optic disk with ill-defined boundary
and noises from the surrounding tissue. The proposed

method correctly located the disk boundary, while the
GVF snake and Hough transform methods failed. The
accuracies for the GVF snake and Hough transform are
72% and 74% respectively. For the same image the pro-
posed method has an accuracy of 99.1%. One more ex-
ample of fuzzy elliptic optic disk is illustrated in the
third column. The accuracies for the GVF snake and
Hough transform are 81% and 82% respectively. For the
same image the proposed method has an accuracy of
98.2%. Table 2 compares our approach with the GVF
nake and Hough transform methods in terms of accu
racy for STARE, DRIVE, DIARETDBO, DIARETDB1
databases. It can be obviously seen that the proposed
method provides better result.

Figure 4. First row: Example images with closer view of optic disk; Second row: Results from GVF Snake; Third row: Results from

Hough Transform; Last row: Results from our method.
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Table 2. Comparison of Average Accuracy for detecting the boundary of optic disk.

Average Accuracy in%

Database Number of Images Hough Transform GVF Snake Proposed Method
STARE 81 83.8 89.8 94.2
DRIVE 40 93.5 98.6 99.3

DIARETDBO 130 85.4 95.1 96.8
DIARETDB1 89 89.2 95.4 97.5

4. CONCLUSION

In this paper, two algorithms are presented for localizing
the optic disk and detecting the boundary of optic disk. The
proposed algorithms are implemented using MATLAB 7.0
on a core 2 Duo 1.8 GHz PC with 1GB memory and the
time taken for detection and boundary extraction is ap-
proximately 25 sec/image. The algorithm for optic disk
localization is based on finding the vessel branch with
most vessels. When compared to other methods [1] [2] [5]
[3] the proposed algorithm is fast and can locate the optic
disk accurately even though the retina image contains large
areas of bright lesions. In our experiments, the PCA based
method [3] failed to locate optic disk in retinal images that
contains large area of lesions around the optic disk as there
is no such case in the training set. The proposed boundary
detection algorithm uses color morphology and geometric
active contour with new variational formulation to estimate
the contour of optic disk. The color mathematical mor-
phology in Lab space is used to have homogenous optic
disk region. Then the boundary of the optic disk is located
by using geometric active contour with new variational
formulation. The results were compared with the results
from Hough transform method, GVF snake method and
validated against experienced ophthalmologist’s hand
drawn ground truth. The average accuracy result of the
proposed method for STARE, DRIVE, DIARETDBO and
DIARETDBL databases is quite successful with accuracy
of 96.95% compared to the accuracy results of Hough
transform method and GVF snake method which are
87.97% and 94.72% respectively . One visible advantage
of this method is that the ODs are detected even though the
boundary of the OD is not continuous or blurred.
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ABSTRACT

Diffusion tensor imaging (DTI) is mainly applied
to white matter fiber tracking in human brain,
but there is still a debate on how many diffusion
gradient directions should be used to get the
best results. In this paper, the performance of 7
protocols corresponding to 6, 9, 12, 15, 20, 25,
and 30 noncollinear number of diffusion gradi-
ent directions (NDGD) were discussed by com-
paring signal-noise ratio (SNR) of tensor- de-
rived measurement maps and fractional ani-
sotropy (FA) values.

All DTI data (eight healthy volunteers) were
downloaded from the website of Johns Hopkins
Medical Institute Laboratory of Brain Anatomi-
cal MRI with permission. FA, apparent diffusion
constant mean (ADC-mean), the largest eigen-
value (LEV), and eigenvector orientation (EVO)
maps associated with LEV of all subjects were
calculated derived from tensor in the 7 proto-
cols via DTI Studio. A method to estimate the
variance was presented to calculate SNR of
these tensor-derived maps. Mean + standard
deviation of the SNR and FA values within re-
gion of interest (ROI) selected in the white mat-
ter were compared among the 7 protocols.

The SNR were improved significantly with
NDGD increasing from 6 to 20 (P<0.05). From 20
to 30, SNR were improved significantly for LEV
and EVO maps (P<0.05), but no significant dif-
ferences for FA and ADC-mean maps (P>0.05).
There were no significant variances in FA val-
ues within ROI between any two protocols (P>
0.05).

The SNR could be improved with NDGD in-
creasing, but an optimum protocol is needed
because of clinical limitations.

Keywords: Diffusion Tensor Imaging, Diffusion
Gradient, Signal Noise Ratio, Estimating Vari-
ance

1. INTRODUCTION

Diffusion tensor imaging (DTI) has emerged as a nonin-
vasive magnetic resonance imaging (MRI) modality ca-
pable of providing in vivo fundamental information of
the white matter structure, which is required for viewing
structural connectivity in the human brain [1,2]. It is
commonly used to demonstrate subtle abnormalities in a
variety of diseases (including stroke, multiple sclerosis,
dyslexia, and schizophrenia) and is currently becoming
part of many routine clinical protocols [3]. The principle
of DTI is based on diffusion anisotropy of water mo-
lecular. By acquiring diffusion weighted (DW) images
with diffusion gradients oriented in at least six noncol-
linear directions (The tensor has 6 independent parame-
ters, that is why the minimal number of diffusion gradi-
ent directions (NDGD) for DTI measurement is 6), it is
possible to measure the diffusion tensor modeled by a 3
dimension (3D) ellipsoid in each voxel [4,5]. The ten-
sor-derived matrices, like diffusion anisotropy maps and
color-coded orientation maps, which could characterize
specific features of the diffusion process, can be calcu-
lated from tensor via DTI Studio [6]. DTI always oper-
ates under the assumption of a single ellipsoid. For esti-
mation of more complex geometries, high angular reso-
lution diffusion imaging (HARDI) or Q-Ball Imaging
needs to be used [7].

NDGD is one of the most important factors for DW
images acquisition. As NDGD increasing, more DW
images are used to calculate the diffusion tensor, result-
ing in more accurate tensor estimation but much longer
imaging time. Considering signal-noise ratio (SNR), if
the same amount of time is used to acquire DW images,
one 6-diffusion gradients is used, and the other
12-diffusion gradients, in the former, more images are
acquired in each direction, which results in more aver-
ages, but in the latter, less averages. So which is better
for single 3D ellipsoid estimation is still open to debate.

Some researchers [8,9] claimed that more than 6 dif-
fusion gradients can provide better measurements of the
tensor than the conventional 6-diffusion gradients. A
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recent study with Monte Carlo simulations[10] con-
cluded that at least 20 NDGD were necessary for a ro-
bust estimation of diffusion anisotropy, whereas at least
30 NDGD were required for arobust estimation of tensor
orientation and mean diffusivity. Ni et al [11] found that
NDGD = 6 and number of excitations (NEX) = 10 were
sufficient for estimation of FA values from region of
interest (ROI) calculations. All these researchers men-
tioned above did their studies with the constraint of con-
stant imaging time. Previous work by Poonawalla
concluded that when the acquisition time was held con-
stant, the sum of the diffusion tensor variances decreased
as NDGD increased, and signal averaging may not be as
effective as increasing NDGD, especially when NDGD
is small (e.g., NDGD < 13).

In this paper, the SNR of fractional anisotropy (FA)
maps, apparent diffusion constant mean (ADC-mean)
maps, the largest eigenvalue A, (LEV) maps, and eigen-
vector orientation (EVO) maps associated with 1, de-
rived from diffusion tensor and the FA values calculated
from ROI were compared in 7 protocols corresponding
to different NDGD ( 6, 9, 12, 15, 20, 25, and 30 noncol-
linear). Unlike in previous work where the NEX varied
to keep imaging time constant, the number of images
averaged (NEX = 3) is fixed in this work so as to all the
7 protocols have the same original SNR. So the imaging
time for the 7 protocols was not held constant and the
higher NDGD protocols would be expected to perform
better given that the imaging time was greater.

The purpose of this work is to independently deter-
mine the effect of NDGD on SNR of these ten-
sor-derived measurement maps mentioned above with
the fixed NEX.

2. MATERIALS AND METHODS

All DTI data used in this paper were downloaded from
the website of Johns Hopkins Medical Institute Labora-
tory of Brain Anatomical MRI with permission.

2.1. Subjects

All images were acquired in eight healthy volunteers
(three females, five males; range, 21-29 years). The sub-
jects did not have any history of neurological diseases.
Institutional review board approval was obtained for the
study, and informed consent was obtained from all sub-
jects.

2.2. Data Acquisition

A 15T MR scanner (Gyroscan NT; Philips Medical
Systems, Best, the Netherlands) was used. DTI data
were acquired by using a single-shot echo-planar imag-
ing sequence with 7 protocols corresponding to different
NDGD (6, 9, 12, 15, 20, 25, and 30 noncollinear), and
the b value was 700 smm™. The image matrix was 256 x
256 pixels, with a field of view of 246 x 220 mm
(nominal resolution, 2.2 mm). Transverse sections of 2.2
mm thickness were acquired parallel to the anterior
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commissure—posterior commissure line. A total of 55
sections covered the entire hemisphere and brainstem
without gaps. The acquisition time per dataset was ap-
proximately 6 minutes. All DW imaging were repeated 3
times, so they have the same original SNR. Five addi-
tional images for each slice with minimal DW (b_0=33
smm?) were also acquired, and all 7 DTI acquisitions
have the same b_0 images.

2.3. Definitions of DTI Measurements

The ADC, which is used to characterize the water diffusion,
can be calculated from the following Equation (1) [6].

K;K>6) (1)
where, the constant b is the diffusion-weighting factor,
Sy is the signal obtained without diffusion gradient, and
Sk is the signals corresponding to the different gradient
directions (k=1, 2...K; K> 6). ADC-mean can be calcu-
lated by averaging the set of ADCy.

From the diffusion tensor, three eigenvalues, 1>A>2s,
which define the diffusion magnitude, can be determined
by diagonalizing the tensor for each voxel. Three eigen-
vectors (associated with three eigenvalues), which de-
scribe the diffusivity in the three directions, can be calcu-
lated. Based on these three diffusivities, the FA commonly
used for anisotropy definitions is calculated to yield val-
ues between 0 and 1 by the foIIowing Equation (2) [6].

r- (F1T *) (D)
/11 + 4, +l

pohthtd
3

@

where,

2.4. SNR Calculation

SNR measures the roughness or granularity of diffusion
tensor-derived measurement maps, it should be equal to
the ratio of power spectrum of signal to that of noise.
But in general, spectrum analyze is not recommended to
estimate the SNR of magnetic resonance (MR) images
because it is actually re-created from frequency-signal or
k-space. In addition, spectrum analyze is good for ran-
dom signal (include random noise) analyze, this is not
the case for the measurements derived from tensor cal-
culation because the only resource of the random error
during this tensor calculation comes from the finite bit
length of the computers.

The method presented by Mouyan Zou [13] can be
used to estimate approximately SNR of an image, which
is the variance of signal divided by that of noise. Ac-
cording to the theory, local variance of all pixels of an
image should be calculated, the maximum of the local
variance which stands for the signal variance is divided
by the minimum which stands for the noise variance, and
the result (see Equation (3)) as the approximate SNR
should be amended by empirical formula.
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2

SNR=Tmax_ 3)
Gmin
where, 6° is an estimated value of the local variance.
Since “local variance” affects the SNR measurement,
the local neighborhood included 10X 10 pixels as an
kernel was used to calculate the local variance in this
study. The kernel of larger or smaller than 10X 10 pixels
was not suggested because the former resulted in lower
SNR and the latter resulted in higher SNR.
The SNR calculated for the base images, which were
averaged thrice, is the same for all 7 protocols (SNR=
67.85) by using this method.

3. DATA PROCESSING

The DW images were transferred to a workstation and
processed by employing DTI Studio [6] developed for
diffusion tensor images calculating and fiber tracking.
For each DTI dataset, the six independent elements of
the 3X 3 diffusion tensor were calculated for each voxel.
After diagonalization, three eigenvalues, A;>,>%3, and
three eigenvectors were calculated for each voxel, and in
turn, LEV maps and EVO maps associated with A; were
obtained. Then FA maps and ADC-mean maps were also

obtained by using Equations (2) and (1). EVO maps as-
sociated with A; were used as an indicator of fiber orien-
tation. On the EVO maps, red, green, and blue colors
were assigned to right-left, anterior-posterior, and supe-
rior- inferior orientations, respectively [14].

Based on MatLab platform, estimating variance as an
approach was used to provide a global estimate of SNR
for these tensor-derived measurement maps that charac-
terizes the uncertainty of the DTI measurements men-
tioned above in the 7 protocols corresponding to 6, 9, 12,
15, 20, 25 and 30 noncollinear NDGD with a 700
mm?/sec b value. To illustrate the effect of NDGD on FA
values, we also calculated FA values within ROI (about
30 pixels) selected in the white matter from FA maps in

Figure 1. An FA map corresponding to 30 noncollinear diffusion
gradient directions, with an ROI (about 30 pixels) in the white
matter marked with a circle.

Figure 2. Tensor-derived measurement maps. The first, second, third, and forth rows are FA maps, ADC-mean maps, LEV maps,
and color-coded maps for the eigenvectors associated with A1, respectively, which corresponding to 6, 9, 12, 15, 20, 25, and 30

noncollinear NDGD arranged from left to right.

SciRes Copyright © 2009
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all 7 protocols. An FA map corresponding to 30 noncol-
linear NDGD with an ROI was shown in Figure 1.

An unpaired T-test for the SNR of these ten-
sor-derived measurement maps and the FA values within
ROl in the 7 protocols was performed by using
SPSS11.5 software, a P value less than 0.05 for a meas-
urement was considered as statistically significant.

4. RESULTS

The tensor-derived measurement maps of one subject
acquired from tensor calculation in the 7 protocols were
shown in Figure 2. The improvement of the SNR with
the NDGD increasing could be observed visually. The
mean = standard deviation for the SNR of tensor-derived
measurement maps and the FA values within ROI in the
7 protocols were listed in Table 1. The SNR of these
tensor-derived measurement maps varied with the
NDGD increasing were shown in Figure 3. The correla-
tions between FA values within ROl and NDGD were
fitted by linear lines and shown in Figure 4.

In order to predigest the results, the P values for the
SNR of tensor-derived measurement maps and FA values
within ROI in the 4 protocols corresponding to different
NDGD (6, 12, 20, and 30 noncollinear) instead of all the
7 protocols were listed in Table 2.

From the curves in Figure 3, which demonstrate the
SNR as a function of the NDGD for tensor-derived
measurement maps, we note that the SNR of the ten-
sor-derived measurement maps could be improved with
more NDGD. Also it is obvious that the more NDGD
were used, the higher SNR could be obtained from Fig-

ure 2. This is perfectly accordant with the findings of
D.K. Jones et al (i.e., when the NDGD is more than 6,
which happens frequently in practice in order to improve
the SNR and reduce the bias of tensor estimation) [15].

Both Figure 4 and all P values (>0.05) of FA values
within ROI listed in Table 2 demonstrate that there are
no significant variances in the FA values within ROI
between any 2 protocols with the NDGD increasing,
which are accordant with the conclusion of the previous
original research by Ni et al [11].

5. DISCUSSION

Ni et al [11] found that NDGD = 6 and NEX = 10 were
sufficient for estimation of FA from ROI calculations.
But in this paper, the FA maps shown in the first column
in Fig 2 look bad, it is considered that the NDGD is too
low (NDGD=6), which results in low SNR for these
tensor-derived measurement maps. Because our results
were based on the same original SNR, i.e. all the DW
images used in this study were averaged thrice, so the
SNR of these tensor-derived measurement maps varied
in the 7 protocols only is dependent on the NDGD.

The functional dependence of the SNR of each ten-
sor-derived measurement on the NDGD is the most in-
teresting result for this paper. The curves in Figure 3 and
Figure 4 indicated that the SNR of FA maps, ADC-mean
maps, LEV maps, and EVO maps associated with 2, were
improved with the NDGD increasing, but there were no
significant variances in the FA values within ROl among
these 7 protocols (refer to the last column in Table 1).

Table 1. Mean * standard deviation for the SNR of tensor-derived measurement maps and the FA values within ROl in the 7 protocols.

*NDGD represents number of diffusion gradient directions.

NDGD* SNR of Tensor-derived Measurement FA values
FA Maps ADC-mean LEV Maps EVO Maps
6 35.78£1.39 49.08 + 3.39 34.39+£1.20 40.30 £ 0.53 0.79 £ 0.06
9 51.65 + 1.43 60.96 + 1.87 39.96 + 1.54 51.08 + 0.54 0.73+0.08
12 61.62 £2.24 66.55 + 1.64 44.09 £ 1.73 58.22 £ 0.23 0.75+£0.08
15 63.98 £ 1.67 68.67 £ 1.44 4595+ 1.38 59.65 + 0.46 0.76 £ 0.08
20 69.39 £ 1.66 72.63+£1.29 48.22 + 1.57 61.27 £ 0.43 0.74 £0.09
25 71.15+2.46 73.28 £ 1.47 53.16 £1.26 64.28 £ 0.41 0.74 £0.08
30 7245 +7.52 73.68 +1.77 57.44 + 1.65 69.40 £ 0.49 0.74 +£0.08

Table 2. P values for the SNR of tensor-derived measurement maps and the FA values within ROI in the 4 protocols corresponding to
different NDGD (6, 12, 20, and 30 noncollinear). *NDGD represents number of diffusion gradient directions.

NDGD* P values for the SNR of tensor-derived measurement maps and the FA values within ROI
FA values ADC-mean Maps LEV Maps EVO Maps FA values
6vs12 <<0.005 <<0.005 0.001 <<0.005 0.287
6vs 20 <<0.005 <<0.005 <<0.005 <<0.005 0.177
6 vs 30 <<0.005 <<0.005 <<0.005 <<0.005 0.150
12 vs 20 0.010 0.011 0.046 0.050 0.725
12 vs 30 0.011 0.009 0.001 <<0.005 0.693
20vs 30 0.089 0.376 0.006 0.011 0.977
SciRes Copyright © 2009 JBISE
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Figure 3. SNR of tensor-derived measurement maps vs NDGD.

Figure 4. FA values within ROl vs NDGD.

In the previous studies, with the constant imaging
time, some researchers investigated various protocols
(different NDGD) in terms of the variance of FA meas-
urements and demonstrated that a protocol employing 24
or 30 NDGD outperformed a protocol with only 6
NDGD [8, 9]. Papadakis NG et al considering three dif-
fusion anisotropy maps concluded that the minimum
NDGD required for robust anisotropy estimation was
between 18 and 21[16].

In our study, we mainly focused on the effect of dif-
ferent NDGD on the SNR of tensor-derived measure-
ment maps (FA maps, ADC-mean maps, LEV maps, and
EVO maps associated with ;) in the 7 protocols with
fixed NEX=3. The curves in Figure 3 (a) and (b) show
that, for FA maps and ADC maps, there is a remarkable
and linear improvement in the SNR when the NDGD
increases from 6 to 12. Further improvement in the SNR
(albeit less remarkable) is observed when the NDGD is
further increased. Especially, there is no considerable
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difference occurred in the SNR when the NDGD in-
creases from 20 to 30, which means that it has little con-
tribution to SNR of FA and ADC-mean maps when
NDGD is more than 20. P values (20 vs 30) = 0.089 for
FA maps and 0.376 for ADC maps in the Table 2 are
much more than 0.05, which also demonstrates that there
is no significant improvement in SNR by increasing the
NDGD from 20 to 30. This is consistent with the con-
clusion suggesting that 20-diffusion gradients be proba-
bly sufficient for in vivo human study of diffusion ani-
sotropy [10].

For LEV maps and EVO maps associated with Ay,
seen from the curve in Figure 3 (c) and (d), there is a
significant improvement in SNR by increasing the
NDGD from 6 to 12 and from 20 to 30. The curve in-
creases almost linearly when NDGD increases from 6 to
30 for SNR of LEV maps. P values (20 vs 30) = 0.006
for LEV maps and 0.011 for EVO maps associated with
A in the Table 2, which are less than 0.05, also demon-
strate that the SNR of LEV maps and EVO maps associ-
ated with 2, are significant different between 20 and 30
diffusion gradients. This suggests that the NDGD less
than 30 be not enough for tensor-orientation estimation,
which also is consistent with the results from Monte
Carlo study [10].

Therefore, the more NDGD are used, the higher SNR
would be obtained. But in clinical applications of DTI,
the total scanning time could not be too long because of
the artifacts caused by patients” motion. So an optimum
NDGD for DTI data acquisition is needed due to both
the requirements and limitations mentioned above. There
would be a trade-off between the NDGD and clinical
limitations.
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6. CONCLUSION

7 different types of results derived from 6, 9, 12, 15, 20,
25, and 30 noncollinear NDGD, respectively, have been
compared in terms of SNR of tensor-derived measure-
ment maps and FA values within ROI based on Matlab
platform. The SNR of FA maps and ADC-mean maps
increased linearly as the NDGD increased from 6 to 20.
And the curves were almost level as the NDGD increas-
ing from 20 to 30. For SNR of LEV and EVO maps, the
curves were linearly direct ratio to the NDGD. FA values
within ROI were independent of NDGD. This study pro-
vides insight into the effect of NDGD on SNR and may
be useful in understanding the tradeoffs involved in DTI
acquisition design.
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ABSTRACT

In this paper we investigate frequency aliasing
in spectral method of measuring T wave alter-
nans, which may lead a high false positive rate.
Microvolt T wave alternans(TWA) has been
evaluated as a means of predicting occurrence
of ventricular tachyarrhythmia events and its
association with the genesis of ventricular ar-
rhythmias has been demonstrated. Nowadays,
spectral method is one of the most widely used
procedures for measurement of microvolt TWA.
In our study, based on the sampling theory, the
alternans frequency 0.5 cycles/beat, at which the
power of the spectrum is used to calculated the
Var and K score (these two parameters indicate
the TWA), is equal to the nyquist frequency.
Thus this generates frequency aliasing which
will make the power at the alternans frequency
(Pos) be two times of the real magnitude of the
original spectrum amplitude. With the assump-
tion that the noise spectrum follows the normal
distribution, in spectral method of measuring T
wave alternans, the measuring standard K
score>3 to consider the T wave alternans sig-
nificant is only with a p<0.133. By change the
standard to K score>6 can solve this problem
and make the p value to p<0.0027.

Keywords: TWA, Sampling, Spectral method,
Frequency Aliasing

1. INTRODUCTION

Sudden cardiac death (SCD) is the leading cause of car-
diovascular mortality in the developed countries [1].
There is no an effective diagnostic method to identify
patients at high risk for SCD. Though many non-invasive
tests related to high-risk of SCD such as frequent and
complex ventricular arrhythmias in 24-hour Holter
monitoring, ventricular late potentials in signal-average
ECG, low heart rate variability, and increased dispersion
of repolarization are introduced, the positive predictive

“This work was support by the National Natural Science Foundation
of China (60571034)

Published Online April 2009 in SciRes. http://www.scirp.org/journal/jbise

value of these tests is too low to consider them as suffi-
cient to make a decision about specific treatment, espe-
cial defibrillator implantation. Recently risk stratification
research has been focused on microvolt T wave alternans,
which is considered as a promising clinical marker of
arrhythmic events [2].

Microvolt T wave alternans (TWA), also called repo-
larization alternans, is a phenomenon appearing in the
electrocardiogram (ECG) as a consistent fluctuation in
the repolarization morphology on an every-other-beat
basis [3]. Microvolt TWA has been evaluated prospec-
tively in a variety of patient populations as a means of
predicting occurrence of ventricular tachyarrhythmia
events and its association with the genesis of ventricular
arrhythmias has been demonstrated [4].

In measuring of TWA, spectral method is a widely
used method. This method uses a certain measurements
taken on corresponding points of some consecutive T
wave to compute a spectrum. And then two parameters:
the alternans voltage (V,, ) and alternans ratio ( K score)

are calculated from this spectrum. These two parameters
indicate whether the TWA is significant.

This paper investigates frequency aliasing (also called
aliasing in short) in spectral method of measuring T
wave alternans, which may lead a high false positive rate.
In section Il we take a brief view of the spectral method
of measuring T wave alternans. In section Ill, we intro-
duce the sampling theory and frequency aliasing and in
section IV, we investigate frequency aliasing in the spec-
tral method.

2. SPECTRAL METHOD OF MEASURING
T WAVE ALTERNANS

Until now, two main techniques have been applied for
measurement of microvolt TWA in clinical setting: fast
Fourier Transform (FFT) spectral method and modified
moving average (MMA) analysis method [4]. The FFT
spectral method which was developed at Massachusetts
Institute of Technology by Dr. Richard J. Cohen [5, 6, 7]
is the most widely used procedure. This technique uses
128 measurements taken on corresponding points of 128
consecutive T waves to compute a spectrum. Each T
wave is measured at the same time relative to the QRS
complex [8]. For the spectrum is created by measure-

JBISE



D. H. Chen et al. / J. Biomedical Science and Engineering 2 (2009) 102-105 103

ments taken once per beat, its frequencies are in the units
of cycles/beat. The point on the spectrum corresponding
to exactly 0.5 cycles/beat indicates the level of alterna-
tion of T wave waveform [8].

Two measurements are obtained form the analysis: the
alternans voltage (Va) and alternans ratio ( K score). The
Vair measured in uV, represents the square root of alter-
nans power which is defined as the difference between
the power at the alternans frequency (0.5 cycles/beat)
and the power at the noise frequency (0.44 and 0.49 cy-
cles/beat). And also, it corresponds to the root mean
square difference in the voltage between the overall
mean beat and either the odd-numbered or even- num-
bered beats. The alternans ratio K score is calculated as
the ratio of the alternans power divided by the standard
deviation of the noise in the reference frequency band.
See bellow

Var = Fos —# (1)
[

K score =25 )
(e}

where Py is the power at 0.5 cycles/beat, 4 and o are
the mean and standard deviation. When the alternans
power is >3 SD above the noise level (K score>3), alter-
nans is considered significant in statistic.

3. NYQUIST FREQUENCY AND FRE-
QUENCY ALIASING IN MEASURING T
WAVE ALTERNANS

Consider a continuous-time signal f (t). We define sam-
pling as the generation of an ordered number sequence
by taking values of f(t) at specified instants of time

[9]. In most cases continuous-time signals are sampled at
equal increments of time. The sample increment, called
the sample period, is usually denoted as T,. Therefore,
the sampled signal values available in the computer are
f(nT,), where N isan integer.

Figure 1 shows the ideal impulse sampling operation.
This is seen to be a modulation process, in which the
carrier signal & (t) is defined as the train of impulse
function:

0

5 (t)= D ot -nTs) (3)

n=—o0

5= 6t-nT)

f(®)

Figure 1. Impulse sampling.

The output of the modulator, denoted by f,(t) is
given by
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L= 105 0= T rmlo-nm) @

We begin to investigate the characteristics of the sam-
pling operation in Figure 1 by taking the Fourier trans-
form of f_(t). For Fourier transform, we can easy get

5.(t)= S 6t-nT)F>n, Y s(w—ko,) ()

n=—w k=—o0

where a)szzT—ﬂ is the sampling frequency in radi-
S

ans/second. The sampling frequency in hertz is giver by

f, :Ti; therefore, w.=2f,. For multiplication in the
S

time domain results in convolution in the frequency do-

main. Then from (2) and (3),

L ()]0, Zolo- ko)

Ton

:Ti S F(0)* (0 —ke,)

s k=—

F.()
(6)

where F(w) is the Fourier transform of f(t) and
F.(w) is the Fourier transform of f,(t). Because of the

S

convolution property of the impulse function,
F(a))*d(a)—kws): F(a)—ka)s) @)

Thus the Fourier transform of the impulse-modulated
signal (2) is given by

Fs(w):Tif:F(w—kws) (®)

s k=—0

Frequency domain characteristics of the sampling op-
eration can be derived from this result.

From (6) we see that the effect of sampling f(t) is to
replicate the frequency spectrum of F(a)) about the
frequencies ke, k = +1, £2, £3.... This result is show in
Figure 2(b) for the signal of Figure 2(a).

The frequency @, /2 is called the Nyquist frequency

and the Shannon sampling frequency. One of the re-
quirements for sampling is that the sampling frequency

(@)

A

— Wy Wy @

? @, ¥ 2o, =

o, —wy @, + Wy

(@)

A
=

,,,,,

AVA

L
— 2w, — —wg wg

Figure 2. The frequency spectrum of a sampled signal.
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must be chosen such that o, > 2w,, , where a,, is the

highest frequency in the frequency spectrum of the signal
to be sampled.

From part 2 we know, in spectral analysis of microvolt
T wave alternans, the sampling frequency is 1 cy-
cles/beat and the alternans frequency is 0.5 cycles/beat,
which is exactly 0.5 of the sampling frequency. This is
also the Nyquist frequency. In sampling theory, in-
put-signal frequencies that exceed the Nyquist frequency
are aliased. That is, they are folded back or replicated at
other positions in the spectrum above and below the
Nyquist frequency. (See Figure 3)

So in spectral method of measuring T wave alternans,
power at the alternans frequency (Pys) which is used to
indicate the level of alternation of T wave waveform is
two times of the real magnitude of the original spectrum
at 0.5 cycles/beat.

4. DISCUSSION

In spectral method of measuring T wave alternans, as
mentioned in part 2, the T wave alternans is considered
significant when the K score is higher than 3, while the
K score represents the ratio of the alternans power and
the standard noise power deviation. In order to explain
why this rule works, let’s take a look at the normal dis-
tribution.

Figure 3. (a) Input signal frequencies exceed the Nyquist frequency
are aliased.(b) With the frequency aliasing, P0.5 is two times of
the real magnitude.

Figure 4. Probability density function of the normal distribution.
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A normal distribution in a variate X with mean u

and variance o is a statistic distribution with probabil-
ity function

P(x) = — e s ee?) ©)

o2

on the domain x € (~ oo, ). The importance of the nor-
mal distribution as a model of quantitative phenomena in
the natural and behavioral sciences is due in part to the
central limit theorem. Many measurements, ranging from
psychological to physical phenomena can be approxi-
mated, to varying degrees, by the normal distribution. In
the spectral method of measuring T wave alternans, the
noise of the power spectrum can be assumed to be nor-
mal. In normal distribution, if (x —u)/o > 3, then the x is

statistically significant with the probability ( p < 0.0027)

due to chance. This can be easily calculated via (9) and
this probability is also called the false positive rate.

When there is frequency aliasing, let X, be the real

alternans power, and assume that the distribution of the
noise spectrum is normal no matter whether there is T
wave alternans, then Py, =2x,,+x and (2) can be

written as

alt

K — 2Xalt +u— U — 2Xa\lt

score

>3 (10)
O o
This is also x,, /o >1.5, from the table of the stan-

dard normal distribution we can get that in this condition
the p value is only less than 0.133 ( p < 0.133), which
means a high false positive rate.

In order to solve this problem, we can change the
standard from K., >3 to K., >6. From (10) we

can get p < 0.0027 if consider T wave alteransn signifi-
cantwhen K . >6.

score

score

5. CONCLUSION

In this paper study, based on the sampling theory, in
spectral method of measuring T wave alternans, the al-
ternans frequency is equal to the nyquist frequency, and
this makes frequency aliasing in the power spectrum,
which will lead the increase of the false positive rate,
from p <0.0027 to p < 0.133. By changing the standard

from K,.>3 to K, >6 can effectively solve this

problem.
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ABSTRACT

High throughput gene expression analysis is
swiftly becoming the focal point for deciphering
molecular mechanisms underlying various dif-
ferent biological questions. Testament to this is
the fact that vast volumes of expression profiles
are being generated rapidly by scientists
worldwide and subsequently stored in publicly
available data repositories such as ArrayEx-
press and the Gene Expression Omnibus (GEO).
Such wealth of biological data has motivated
biologists to compare expression profiles gen-
erated from biologically-related microarray ex-
periments in order to unravel biological mecha-
nisms underlying various states of diseases.
However, without the availability of appropriate
software and tools, they are compelled to use
manual or labour-intensive methods of com-
parisons. A scrutiny of current literature makes
it apparent that there is a soaring need for such
bioinformatics tools that cater for the multiple
analyses of expression profiles.

In order to contribute towards this need, we
have developed an efficient software pipeline for
the analysis of multiple gene expression data-
sets, called Micropath, which implements three
principal functions; 1) it searches for common
genes amongst n number of datasets using a
number crunching method of comparison as
well as applying the principle of permutations
and combinations in the form of a search strat-
egy, 2) it extracts gene expression patterns both
graphically and statistically, and 3) it streams
co-expressed genes to all molecular pathways
belonging to KEGG in a live fashion. We sub-
jected MicroPath to several expression datasets
generated from our tolerance-related in-house
microarray experiments as well as published
data and identified a set of 31 candidate genes
that were found to be co-expressed across all
interesting datasets. Pathway analysis revealed

their putative roles in regulating immune toler-
ance. MicroPath is freely available to download
from: www.1066technologies.co.uk/micropath.

Keywords: Co-Expression Analysis, Microarray,
Permutations and Combinations, Multiple Gene
Expression Analysis

1. INTRODUCTION

There is a general consensus amongst scientists and re-
searchers that the fundamental asset of microarray tech-
nology lies in its inherent ability to produce a global
snapshot of the cellular state in the milieu of any given
biological question. It is therefore not surprising that
microarrays have revolutionised the field of molecular
biology by offering an efficient and cost effective me-
dium for biologists to quantify mRNA transcript levels
of several thousands of genes concurrently in order to
observe specific states of the transcriptome (in response
to a particular treatment or specific time point). Owing to
this innate faculty to decipher the transcriptome, gene
expression profiles pertaining to a wide variety of bio-
logical questions are being rapidly generated by scien-
tists worldwide and are deposited and subsequently made
accessible through public repositories such as ArrayEx-
press [1] and the Gene Expression Omnibus [2]. With so
much wealth of high throughput biological data made
available, biologists have become motivated to utilise
these sets of data in an attempt to investigate common
regulatory signatures, which may be implicating the
transcriptome state across multiple gene expression pro-
files sharing a similar biological theme. One of the most
widely accepted methodologies of comparing expression
profiles is based on the assumption that genes across
different biological conditions sharing similar expression
patterns are likely to be involved in the same biological
processes [2], and therefore, may share common regula-
tory signatures. By using this method of comparison,
which is one of the most successful methods to date,
coupled with the availability of publicly available data
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repositories offering gene expression profiles, biologists
have been granted the opportunity to answer complex
biological questions pertinent to biological phenomena
underlying various different disease states.

To this end, we have developed a novel bioinformatics
software pipeline called MicroPath, which specialises in
the cross comparison of multiple gene expression data-
sets and attempts to identify common regulatory signa-
tures from the standpoint of molecular pathway analysis.
When one scrutinises current literature relevant to auto-
mated solutions of gene expression analysis, it becomes
apparent that there is an increasing demand for software
applications that offer an efficient pipeline to the analysis
of multiple gene expression profiles. Although current
meta-analyses studies have been conducted with the
purpose of employing statistical techniques to compare
cDNA and affymetrix gene expression profiles [3,4,5,6],
it cannot be denied that there is a mounting need for this
process to be automated. Nevertheless, various ap-
proaches/algorithms of statistical nature have already
been implemented with the purpose of identifying the
most relevant pathways in a given experiment [7,8,9]
together with methods such as Gene Set Enrichment
Analysis (GSEA), which ranks genes based on the cor-
relations between their expressions and observed pheno-
types in the context of biological pathway discoveries
[10]. There are also tools available that functionally an-
notate gene expression data [11,12]. Albeit, it remains
infeasible for biologists to cross compare several expres-
sion profiles without an automated solution, and hence,
they are faced with the labour-intensive task of employ-
ing manual methods to carry out their comparisons. Mi-
croPath uses the meta-analytic standard and has been
specifically developed to: compare several significantly
expressed sets of genes in order to find the intersection
of common genes using both number crunching methods
as well as the classical permutation and combination
principle, extract putative regulatory signatures using
both statistical and graph-based approaches and finally,
mapping these sub-sets of co-expressed genes to mo-
lecular pathways all in the form of a high throughput
pipeline.

2. IMPLEMENTATION

The front-end of MicroPath was developed in Visual
Basic.Net and Perl, and the database back-end was de-
veloped in MySQL. Upon analysing the users input files
(gene expression profiles), processed data is displayed
intuitively on the graphical user interface, which is
equipped with various interactive objects such as chart-
ing facilities, buttons, drop-down menus and user in-
put/output dialogues. The interface is also equipped with
a function to export processed data into Microsoft excel
for further scrutiny and use.

2.1. System Architecture

MicroPath carries out meta-profiling of multiple gene
expression datasets using two different approaches.
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Firstly, the intersection of common genes is identified
across n number of expression profiles, which is then
plotted graphically using a simple number crunching
exercise. The second approach applies to a situation
where an attempt to identify common genes across n
number of expression profiles using the aforementioned
approach fails due to the absence of common genes
across all datasets (this situation is especially common
when a large number of expression profiles are compared,
which reduces the probability of finding a common gene
amongst them). Consequently, MicroPath applies the
permutations and combinations mathematical principle
to solve this problem (refer to implementation of
meta-analysis strategy below for details). Once the in-
tersection of a set of common genes has been identified
and subsequently displayed on the interface (using either
of the above methods), the next stage in the analysis is to
extract patterns from the intersection in order to identify
common genes that are being expressed in accordance
with the biological question. MicroPath offers a semi-
automated graph-based approach to achieve this as well
as classical statistics to identify the overall correlation of
gene expression. Finally, co-expressed genes (common
genes that are expressed in accordance to the relevant
biological question) are mapped to all molecular path-
ways known to date in order to reveal their molecular
dependencies (refer to Figure 1 for the complete system
architecture).

2.2. Implementation of Meta-analysis Strategy

In theory, an intersection of a sub-set of common genes
across multiple gene expression profiles should be eas-
ily attainable using simple number crunching methods
of comparison. In practice, this is not always the case
since the likelihood of identifying genes sharing com-
mon accession identifiers decreases as the number of
profiles to compare increases. This inverse relationship
makes sense both mathematically and biologically.
From a biological perspective, regulatory signatures
tend to be diluted over entire datasets and as a result,
only a proportion of the total number of profiles to
compare may actually share common genes. In such a
scenario, using a simple method of comparison would
break down at some point and no common genes
would be reported to the user, although common genes
may be present within n-1 expression profiles. To pre-
vent potentially interesting biological findings to be
hampered at this point in the analysis, we have applied
the principle of mathematical combinations to the
comparison of multiple gene expression profiles. All
possible combinations of comparing n number of
datasets with each other are firstly computed using the
combination equation:

nl
Rl(nr)! Where #! Is the factorial of the total number of datasets », and
r! Is the factorial of the selected number of datasets to
compare when comparing » datasets results in zero common
genes, I.

”C::
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This generates the total number of permutations of intended datasets used to search for common genes when
comparing datasets (Cr) for given values of n (total zero common genes are reported across n datasets) (Ta-
number of datasets imported by user) and r (number of ble 1).

Figure 1. Functions of MicroPath. Users are prompted to import up to 10 gene expression profiles, which are then compared using a
direct comparison method. If this method yields zero common genes, MicroPath automatically attempts to identify an intersection of
common genes by reducing the search space to n-1 datasets using permutations and combinations. This process is continued until at
least 1 common gene is reported. Following this, users are provided with a function to search for expression patterns graphically and gene
expression correlations are calculated statistically using the pearson’s correlation coefficient algorithm. Finally, co-expressed genes are
mapped to all molecular pathways of KEGG in a high throughput fashion by automatically accessing its API via SOAP-Lite.
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Table 1. Multiple gene expression profile search strategy generated from applying the principle
of permutations and combinations. The first column represents the total number of expression
datasets, n, that users may import (this is the search space). The second column represents, r,
the number of expression datasets to compare if zero common genes are reported to be
matched across n datasets. The final column represents the total number of mathematical com-
binations possible for each given value of n and r.

Number of intended
expression datasets to
compare when
comparing n datasets
yields no results (r)

Total number of
expression datasets (n)

Total number of
n-r combinations of r (Cr)

NIN[WIN|W[AN|w[A[OIN|whlO|O|N|W[A O[O (NIN|W(A OO (N[N (WA U0 [N|0|©

[N ENTGE GGk (o) o) [o ) BN ENIENIENIEN] (o] [ec] [oc] [oc] [e ] [ee] [{e] [{e] [{e] (o] [{e] [(e] (o]

RIN[RPWIN[R[A|W[N[RIO|AWIN|RO|O|[RW[(N(R|IN[O (O~ |WN RO (N[O U~ W[N] -
a1
[}

These combinations of datasets (Cr) are then used as a
criterion to search for common genes across r number of
gene expression profiles when comparing n number of
datasets fail to yield any common genes. However in this
scenario, n number of datasets are still used as the search
space from which all possible combinations (Cr) of r
datasets are compared to each other in order to increase
the probability of finding a common gene. Once common
genes have been identified using this method, MicroPath
will report the results to the interface.

2.3. Extracting Gene Expression Patterns
Graphically and Statistically

Following the identification of common genes across n
datasets using either of the methods described earlier, the
next stage in the analysis is to generate a graphical repre-
sentation of this expression data from which biologically
meaningful patterns can be extracted. Because signals
pertaining to transcriptome states tend to be diluted over
entire profiles, a specific criterion is required to narrow
down the common genes of interest to include only those
genes that are consistently regulated according to the bio-
logical question. The assumption we have made is that any
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given common gene across n datasets can exhibit one of
three specific behaviours. It can either be consistently
upregulated across all datasets, downregulated across all
datasets and up or downregulated across all datasets.
Based on the nature of the specific biological question,
users can select the appropriate pattern from the options,
which will result in a graphical display of those genes
which satisfy the search criteria. Together with this faculty
to graphically extract patterns for individual gene expres-
sion data points, MicroPath also implements the pearsons
correlation coefficient statistical test in order to extract a
global gene expression pattern existing between common
genes pertaining to two individual expression profiles. The
correlations are calculated in a pair-wise manner until
each expression data has been statistically compared to all
other datasets within n, according to the pearsons correla-
tion coefficient equation:

5y (EXIEY)
wx- B e BT

r=
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Each pair-wise score is then finally averaged in order
to provide a global measure of correlation existing be-
tween n expression profiles. Scores are reported from-1
(perfect negative correlation) to+1 (perfect positive cor-
relation).

2.4. High Throughput Molecular Pathway
Analysis

To decipher molecular mechanisms fundamental to the
researcher’s biological question, it is necessary to map
common gene expression profiles of co-expressed genes
to molecular pathways. This is because biological path-
ways reveal molecular dependencies that exist between
genes by illustrating how they collaborate with one an-
other when they participate in specific biological func-
tions. Furthermore, pathways reveal various signalling
cascades that play imperative roles in dictating these
gene associations. In light of this, we have implemented
Micropath to access the Application Programming Inter-
face (API) of the molecular pathway database belonging
to KEGG [13] using SOAP-Lite in order to dynamically
interact with the static pathway maps. Perl scripts were

written for MicroPath to specifically 1) search for user’s
co-expressed genes in all biological pathways, 2) high-
light genes on to pathways, and 3) return the results of
the search to Micropath’s interface (i.e. URL’s of colour
coded pathway maps) (Figure 2). Once MicroPath has
searched for all of the user’s co-expressed genes in all of
the molecular pathways, the URL of each pathway is
displayed on the sub-interface. In order to avoid redun-
dancy issues, the URL for each pathway will highlight
all co-expressed genes that participate in a given path-
way. To help users identify biologically meaningful
pathways relevant to their specific biological question,
MicroPath will calculate the number of genes identified
in a given pathway and 1) express this as a percentage in
relation to the total number of common genes from the
intersection and 2) express this as a percentage in rela-
tion to the total number of genes belonging to that path-
way.

Clicking on these links will generate the specific
KEGG pathway in HTML on which users co-expressed
genes will be highlighted.

Figure 2. Flow diagram of how MicroPath carries out high throughput molecular pathway analysis by connecting to the API of KEGG.

SciRes Copyright © 2009

JBISE



M. Khan et al. / J. Biomedical Science and Engineering 2 (2009) 106-116 111

2.5. Generating and Processing Gene Ex-
pression Datasets

Gene expression datasets used for the purpose of this
article were generated from our in-house microarray ex-
periments as well as published datasets, where the fold
change approach was used to select a set of differentially
expressed genes from pre-processed data. Matchminer
[14] and the Synergizer [15] tools were used to convert
gene Hugo identifiers and long names into Genbank ac-
cession Id’s in order to ensure that the gene identifiers
were of the same type across all datasets prior to com-
parison. Raw expression data was generated, filtered and
normalised using GenePix pro 4.1 [16] and Acuity 4.0
[17] software. Although we used cDNA microarray data
for the purpose of demonstrating MicroPath’s capabilities,
other data types generated from different platforms such
as affymetrix can also be analysed provided Genbank ac-
-cession identifiers are used to represent the genes.

3. RESULTS AND DISCUSSION

Regardless of the biological question, a typical microar-
ray experiment almost always results in the generation of
a set of differentially expressed genes, which represents
genes of most importance to the biologist. Therefore, by
carrying out several biologically related microarray ex-
periments, several sets of differentially expressed genes
would be generated, which would need to be compared
and mined efficiently in order to help answer the bio-
logical questions asked by the investigators from differ-
ent research laboratories around the world. Employing
manual methods of comparison in this situation would be
very inefficient and infeasible. In light of this, to demon-
strate the benefits that can be derived from analysing
multiple gene expression profiles using MicroPath, we
employed datasets generated from our in-house microar-
ray experiments as well as published data. The biological
question related to these studies focussed on unravelling
the underlying molecular mechanisms dictating immune
tolerance by analysing the role of Egr-2 in implicating
T-cell tolerance. Although the Early Growth Response
gene (Egr-2) has been recently characterised as a candi-
date tolerance-inducing transcription factor, which inter-
acts with specific genes in order to induce the state of
T-cell tolerance [18,19], the possibility of further puta-
tive unknown target genes exists that may be vital to the
mechanism of tolerance. Hence, the biological purpose
of our experiments was to attempt to identify such po-
tentially important genes via the comparison of biologi-
cally related expression datasets using MicroPath.

Data consisting of a set of differentially expressed
genes generated from the comparison of tolerance Vs
activated mice CD4+ T cells was obtained from the Ar-
rayExpress website (accession number: e-mexp-283).
The first in-house experiment aimed to generate differ-
entially expressed genes from the comparison of an
un-stimulated T cell line from which the Egr-2 gene had
been knocked out and a wild type un-stimulated cell line.
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The second in-house experiment focussed on the com-
parison between an Egr-2 knock-out T cell line activated
with CD3/CD28 for 6 hours and a wild type cell line also
activated with CD3/CD28 for 6 hours. Results generated
from these experiments were then compared with the
aforementioned published tolerance data using MiNer in
order to understand the molecular mechanisms control-
ling immune tolerance.

3.1. Comparison of Gene Expression Pro-
files Pertaining to Immune Tolerance

The first step in the analysis was to subject the above-
mentioned expression profiles to MicroPath in order to
identify genes amongst them that had the same accession
identifiers. Having done this, MicroPath identified 31
differentially expressed genes that were common to all
three expression datasets and generated a graph to de-
lineate their expression values (Table 2, Figure 3). A
simple number crunching exercise was used to perform
this task since its use generated a reasonable number of
common genes, which did not warrant the use of permu-
tations and combinations to perform the search. The next
step was to use these 31 differentially expressed genes as
a search space to determine those genes that have the
potential to be co-expressed. In order to do this, we em-
ployed MicroPath’s graphical utility to extract gene ex-
pression patterns, which led to the identification of 6/31
genes that were found to be upregulated in tolerance Vs
activated CD4+T-cells and downregulated in both
p-KOAO Vs WTAO and p-KOA6 Vs WTAG datasets
(Table 2). The remaining 25 common differentially ex-
pressed genes were found to be highly and lowly ex-
pressed in tolerance and knock-out datasets respectively.
Statistical analysis revealed an overall pearson’s correla-
tion score of 0.109 from the pair-wise comparison of
tolerance data with p-KOAO Vs WTAO and a score of
-0.123 from the comparison of tolerance with p-KOAG6
Vs WTAG6. Furthermore, Reverse Transcriptase PCR
experiments confirmed that 15 genes from our tolerance
Vs activated data were found to be highly expressed in
immune tolerance and from these 15 genes, 8 were found
to be common amongst all three expression profiles (Ta-
ble 2).

Because Egr-2 has been previously characterised and
found to be highly upregulated in immune tolerance,
these results generated from MicroPath are biologically
significant because as expected, those genes that were
highly expressed in our tolerance Vs activated datasets
were found to be insignificantly expressed in our
p-KOA6 Vs WTAG and p-KOAO Vs WTAO datasets
(from which the Egr-2 gene was knocked out of the cell
lines). Amongst these genes, Aplsl, Shd, Surf6, Vil2,
Lilrb4, Tbx21 and Pdcdllg2 (Table 2) have been con-
firmed to be upregulated in the process of immune toler-
ance [20], all of which were found to exhibit low expres-
sion values in our knock-out expression datasets. This
consistent gene expression pattern can be seen graphi-
cally in Figure 3. However, from the 31 interesting
common genes, 16 were not confirmed to be involved in
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Table 2. Tabulated overview of gene accession ids, Hugo ids and fold change values belonging to 31 common
genes identified from the comparison of tolerant Vs activated CD4+T cells, p-KOAO Vs WTAO and p-KOA6 Vs
WTAG expression datasets. Entries highlighted in bold represent genes that were found to be up-regulated in tol-
erance Vs activated CD4+ T cells and down-regulated in both p-KOAO Vs WTAO and p-KOA6 Vs WTA6 datasets.
Entries with * represent genes that have been confirmed to be highly expressed in tolerance by RT-PCR.

Gene ID HUGO ID Fold Change (p- Fold Change (p- Fold Change
KOAO Vs WTAOQ) KOAG6 Vs WTA6) (Tolerance Vs
activated)

NM_007381 Acadl 0.371336 0.624525 6.373
NM_007457 Aplsl * 0.542474 0.31525 4.965
NM_007664 Cdh2 0.243646 -0.7999 1.658
NM_008205 H2-M9 -0.08048 0.116434 2.857
NM_008972 Ptma -1.31334 -0.46688 5.42
NM_009128 Scd2 -0.18816 -0.39366 4.552
NM_009168 shd * -0.17495 -0.53582 2.838
NM_009298 Surfé * 0.272072 0.126301 4.365
NM_009465 Ax| 0.149539 1.475806 3.836
NM_009510 vilz * -0.49824 0.319645 3.151
NM_010102 Edg6 0.313489 0.132689 1.573
NM_010413 Hdac6é -0.90335 -0.8226 4.745
NM_010548 1110 * 3.083863 1.660739 3.521
NM_010638 Btebl 0.024803 -0.42533 1.613
NM_011125 Pltp -0.5354 -0.71558 4.363
NM_011620 Tnnt3 -0.61646 0.035844 1.665
NM_011696 Vdac3 -0.98084 0.191964 4.701
NM_011705 Vrkl 0.466922 -0.34601 2.032
NM_013488 Cd4 0.584494 0.420277 4.905
NM_013490 Chka -2.13728 -0.69458 5.677
NM_013532 Lilrba * 0.792335 1.110898 2.111
NM_013615 Odf2 2.776384 3.004449 4.809
NM_013814 Galntl -0.47752 0.500297 2.246
NM_013866 Zfp385 0.118995 0.428591 1.664
NM_016772 Echl -0.0666 0.053081 4.284
NM_019507 Thx21 * 0.124767 -0.32731 1.595
NM_019561 Ensa 0.778767 -0.44703 1.718
NM_019777 Ikbke 0.291602 -0.00772 1.609
NM_020027 Bat2 0.291219 -0.23966 5.091
NM_021396 Pdcdllg2 * 1.140087 0.079182 3.921
NM_021538 Cope 0.154049 0.264541 2.035

tolerance by RT-PCR yet some of them also exhibited a
coherent pattern of gene expression. For example, Ptma,
Scd2, Hdac6, Pltp and Chka were all highly expressed in
tolerance and conversely downregulated in both knock
out datasets. There is a possibility that these genes may
also be insignificantly expressed due to the absence of
Egr-2. However, conducting RT-PCR for these specific
genes would be required in order to confirm that their
over-expression results in T-cell tolerance.

3.2. Deciphering Gene Regulatory Networks
of Co-Xpressed Genes Via High Throug
-Hput Molecular Pathway Analysis

The final stage of the analysis entails using MicroPath’s
function to connect to the Application Programming In-
terface (API) of KEGG via SOAP-Lite in order to carry
out high throughput molecular pathway analysis. There-
fore, for this stage in the analysis, we used MicroPath to
map 31 of our co-expressed interesting genes to KEGG
pathways and from these 31 genes, 14/31 were identified
in a total of 31 molecular pathways (Table 3). Interest-
ingly, several of these pathways were related to the study
of immunology and illustrated biological networks such
as MapKinase, Jak-Stat, T-cell receptor signalling and

SciRes Copyright © 2009

Cytokine-cytokine interactions. More specifically, the
Pdcdllg2 gene (accession id: NM_021396) was identi-
fied in the Cell Adhesion Molecules (CAM) pathway
(Table 3) and studies have confirmed that the over-ex-
pression of Pdcdllg2 has resulted in consistently low
levels of Interleukin-2 (IL-2) in naive CD4(+) T-cells
[21]. Further studies have correlated the over-expression
of this gene to the negative regulation of T-cell activation.
In one particular study, PDL2 (Pdcd1lg2) deficient mice
were created in order to characterise the function of this
gene in T-cell activation and tolerance, and results gen-
erated from this study suggested that Antigen-presenting
cells from PDL2-deficient mice were found to be more
potent in activating T-cells in vitro when compared to the
wild-type counterparts [22]. These findings are conclu-
sive and correlate well with the results generated from
our in-house microarray experiments because using Mi-
croPath to compare all three of our datasets followed by
extracting gene expression patterns from them resulted in
an important finding that Pdcd1lg2 was not only found to
be over-expressed in tolerance (fold change of 3.921),
but it was also under-expressed in our KOAO Vs WTAQ
and KOA6 Vs WTAG6 knock-out datasets (with a fold
change of 1.140 and 0.079 respectively) (Table 2). This
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particular finding is in agreement with the aforemen-
tioned studies, concluding that Pdcdllg2 has a negative
inhibitory role towards the process of T-cell activation.
In addition, molecular pathway analysis of the Inter-
leukin-10 (IL-10) gene using MicroPath, identified its
role in the Cytokine-cytokine interaction, Jak-STAT and
T-cell receptor signalling pathways; all three of which
are important immunological pathways. IL-10 is a well
known cytokine, which has previously been shown to
successfully induce immune tolerance in Dendritic Cells
[23]. Results generated from MicroPath revealed that
IL-10 was highly expressed in our tolerance data with a
fold change of 3.521, which was found to be expressed
lower in our KOAO Vs WTAO profile (fold change:
3.084). Interestingly, following activated with

CD3/CD28 for 6 hours, its expression dropped signifi-
cantly to 1.66, perhaps attributable to the absence of
Egr-2. Likewise, other genes from the 31 co-expressed
interesting genes show similar patterns of expression and
perhaps may be candidate genes for Egr-2 mediated
T-cell tolerance. However, this is yet to be confirmed by
publications. Finally, the pathway analysis function of
MicroPath was used to calculate the percentage of genes
identified in each pathway in relation to 1) the intersec-
tion of common genes and 2) the total number of genes
comprising each pathway. From the results, the Cell Ad-
hesion Molecules (CAM) pathway was particularly sig-
nificant since 12.91% of the overall pathway was af-
fected by 6.84% of genes common to all 3 expression
profiles (Table 4).

Figure 3. A preliminary graphical overview of common interesting genes generated from the comparison of tolerant
Vs activated CD4+ T cells (green), p-KOAO Vs WTAO (red) and p-KOA6 Vs WTAB (blue) expression datasets. It can
be seen that genes that are highly expressed in tolerance appear to be expressed poorly in the knock-out datasets.
This pattern is consistent throughout the 31 gene expression data points.

Table 3. Tabulated data generated from high throughput molecular pathway analysis of co-regulated genes. 14/31
common interesting genes were identified in a total of 31 molecular pathway maps of KEGG.

GenBank Total No of GenBank HUGO Total No of
Accession ID HUGOID  Pathway ID pathways | Accession ID ID Pathway ID pathways
mmu00071
mmu00280
NM_007381 Acadl MMU00410 5 NM_009510  Vilz  MmucAgro 2
mmu00640 mmu
mmu03320
mmu04514
NM_007664 Cdh2 mmu04514 1 NM_008205 H2-M9  mmu04612 3
mmu04940
mmu04514
mmu04612 mmu00512
NM_013488 Cd4 MMu04640 4 NM_013814 Galntl mmu01030 2
mmu04660
mmu04010
NM_011696 Vdac3 mmu04020 1 NM_019777 Ikbke MMU04620 2
NM_011125 Pltp mmu03320 1 NM_010102 Edg6 mmu04080 1
mmu00350
NM_016772 Echl mmu00362 3 NM_021396 Pdcdllg2 mmu04514 1
mmu00628
mmu04060
NM_010548 1110 mMU04630 3 NM_013652  Ccl4  MmucA0s0 2
mmu04660

SciRes Copyright © 2009
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The fundamental strength of MicroPath stems from
the implementation of a novel search strategy for the
comparison of multiple gene expression profiles. Al-
though there are a few software that cater for multiple
gene expression comparison, there is currently no
software that searches for common genes beyond sim-
ple number crunching methods of comparison (Table
5). Just because a direct comparison of a given num-
ber of datasets may not yield any common genes, it

does not mean that the analysis should end here since
there is a potential to identify common genes across
n-1 profiles. MicroPath ensures that such genes are
identified, which current software would overlook.
When coupled with other important functions such as
pattern extraction and pathway analysis, it becomes
apparent that MicroPath would offer valuable assis-
tance to biologists wanting to decipher their high
throughput data.

Table 4. Results generated from pathway analysis showing the extent to which each pathway is affected by common genes from the
intersection. The percentages reflect the proportion of common genes that contribute towards controlling the proportion of each pathway.

GenBank .

Pathway ID Pathway Name Accession 1D Result from Analysis
mmu00071 Fatty Acid Metabolism NM_007381 3.26% of genes contribute 8.45% role in pathway
mmu00280 Valine, leucine and isoleucine degradation NM_007381 3.26% of genes contribute 2.73% role in pathway
mmu00410 Beta Alanine Metabolism NM_007381 3.26% of genes contribute 7.14% role in pathway
mmu00640 Propanoate Metabolism NM_007381 3.26% of genes contribute 5.88% role in pathway
mmu03320 PPAR Signalling Pathway NM_007381 3.26% of genes contribute 1.92% role in pathway

NM_007664
. NM_008205 . .
- 0, 0,
mmu04514 Cell Adhesion Molecules NM_013488 12.91% of genes contribute 6.84 % role in pathway
NM_021396
mmu04612 Antigen Processing & Presentation NM_013488 3.26% of genes contribute 2.44% role in pathway
mmu04640 Hematopoietic Cell Lineage NM_013488 3.26% of genes contribute 0.76 % role in pathway
NM_013488
mmu04660 T Cell Receptor Signalling Pathway - 6.45 % of genes contribute 3.33 % role in pathway
NM_010548
mmu04020 Calcium Signalling Pathway NM_011696 3.26% of genes contribute 2.33 % role in pathway
mmu00350 Tyrosine Metabolism NM_016772 3.26% of genes contribute 2.17 % role in pathway
: . . . NM_010548 . -
mmu04060 Cytokine-cytokine receptor interaction N M_o 13652 6.45 % of genes contribute 0.73 % role in pathway
mmu04630 JAK-STAT Signalling Pathway NM_010548 3.26% of genes contribute 3.85 % role in pathway
mmu04670 Leukocyte Transendothelial Migration NM_009510 3.26% of genes contribute 1.25 % role in pathway
mmu04810 Regulation of Actin Cytoskeleton NM_009510 3.26% of genes contribute 1.47 % role in pathway
mmu04940 Type | Diabetes Mellitus NM_008205 3.26% of genes contribute 4.35 % role in pathway
mmu00512 O-Glycan Biosynthesis NM_013814 3.26% of genes contribute 10 % role in pathway
mmu04010 MAPK Signalling Pathway NM_019777 3.26% of genes contribute 0.83 % role in pathway
. . . NM_019777 . .
mmu04620 Toll-Like Receptor Signalling Pathway NM_013652 6.45% of genes contribute 1.32 % role in pathway
mmu04080 Neuroactive Ligand-Receptor Interaction NM_010102 3.26% of genes contribute 1.15 % role in pathway

Table 5. Functional comparison of MicroPath to similar software packages and applications.

. . EXPANDER INCLUSIVE Pathway BioCarta  MaXlab

Function MicroPath [24] [25] Studio [26] KEGG [13] 127] 28]
Suitable fpr high throughput YES YES YES VES NO NO YES
data analysis
Suitable for comparing multiple YES YES NO YES NO NO YES
gene expression profiles
Implementation  of efficient
algorithm to search for common YES NO NO NO NO NO NO
genes from n-1 datasets
Graphical representation of gene
expression values from multiple YES NO NO NO NO NO YES
datasets
Z::;ern extraction from Graph YES NO NO NO NO NO NO
Construction of pathway maps YES NO NO YES YES YES NO
Mapping gene expression data YES NO NO YES NO NO NO
to pathway maps
User interactive software (S) or
Database (D) S S S S b D S

SciRes Copyright © 2009 JBISE
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4. Conclusion

In this article, we have illustrated the potential benefits
that can be derived from using MicroPath for the analy-
sis of multiple gene expression profiles. Each function of
the software has been developed to streamline the overall
analysis pipeline, providing users with a walkthrough of
how their data is biologically deciphered. Here, we have
applied to our software, microarray datasets generated
from different laboratories pertaining to the molecular
mechanisms underlying immune tolerance. However,
MicroPath is capable of analysing data for any given
biological question, whether the datasets are taken from
public repositories such as ArrayExpress or generated
from in-house microarray experiments. We believe that
its faculty to use both number crunching and permuta-
tions and combinations as the search strategy to identify
the intersection of common genes, coupled with its func-
tion to extract gene expression patterns graphically and
statistically makes this an attractive software for biolo-
gists to use. Finally, its ability to carry out live streaming
of mapping genes to biological pathways makes it a use-
ful tool for the automation of multiple gene expression
analysis.

Availability and requirements

Project name: MicroPath

Project home page: www.1066technologies.co.uk/mi-
cropath

Operating system(s): MicroPath has been tested on
Windows 2000, XP and Vista

Programming language: Visual Basic.Net, Perl

Other requirements: None

License: N/A

Any restrictions to use by non-academics: No
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ABSTRACT

This study was trying to predict the mutations
in H1 hemagglutinins of influenza A virus from
North America including the predictions of mu-
tation position, the predictions of would-be-
mutated amino acids and the predictions of
time of occurrence of mutations. The results
paved a possible way for accurate, precise and
reliable prediction of mutation in proteins from
influenza A virus.

Keywords: Hemagglutinin, Influenza, Mutation,
Neural Network, Prediction

1. INTRODUCTION

Mathematical modelling provides a promising hope to
predict the mutation in proteins from influenza A virus,
not only because the history shows that accurate, precise
and reliable predictions are mainly based on mathemati-
cal modelling, but also the prediction of mutations at
protein can be classified as prediction of mutation posi-
tion, prediction of mutated amino acid and timing of mu-
tation [1]. All these require the use of more sophisticated
mathematical tools.

Perhaps, the best way to predict the mutation is to find
its cause, thus a mutation could occur if the same cause
appears again. However, the causes, which led to his-
torical mutations, might not leave any sign to trace, and
the evolved proteins from influenza A virus may no
longer be sensitive to the causes, which led to mutations
in the past. All these mean that the mutation causes
would be poor predictors for prediction of mutations,
while the preparedness for possible pandemic/epidemic
of influenza would lag behind the appearance of influ-
enza without prediction. On the other hand, no matter
what mutation cause is, any cause would leave signs in a
protein, otherwise, no mutation would be recorded.
These signs can be arguably used for prediction. This is
the basic consideration for prediction of mutations using
modelling.

Published Online April 2009 in SciRes. http://www.scirp.org/journal/jbise

Generally, the amino acids in a protein is represented
as alphabet, thus a number of models use amino-acid
symbols as operating units, for example, sequence align-
ment, phylogenetics, and multi-sequence comparison, by
which the history of proteins of interests can be traced
[2,3]. Unfortunately, these symbol-based approaches
cannot accurately and precisely answer the predictions
proposed, because they cannot operate in sophisticated
mathematical models, whose operating units are values.

In this view, the protein science actually is at the his-
torical phase of searching for the ways to represent a
protein sequence as a numeric sequence, and it is hoped
that the numeric sequence is sensitive to mutations, posi-
tions of amino acids in protein sequence, composition of
protein sequence, length of protein sequence, neighbour-
ing amino acids.

In fact, currently there are several ways to transfer a
protein sequence into a numeric sequence, and the most
profound one would be the use of the physicochemical
property to represent a protein sequence [4] as well as
related approaches [5-10].

On the other hand, other approaches are also devel-
oped, for example, the approaches based on random
mechanism to quantify each amino acid in a protein as
well as a protein in whole [1].

This study was designed to predict the mutation posi-
tions, the mutated amino acids and the time of occur-
rence of mutations in the hemagglutinins from North
America H1 influenza A viruses using neural network,
because the hemagglutinin is the major surface antigen
of influenza viruses, against which neutralizing antibod-
ies are elicited during virus infection and vaccination [11-
15]. Among various types, the H1 influenza virus is the
cause for several historical disasters, such as 1918 Spanish
flu, 1977 Russian flu, 1950 and 1988 epidemics [16-18].

2. MATERIALS AND METHODS

The amino acid sequences and corresponding RNA se-
quences of 494 hemagglutinins from North America in-
fluenza A/H1 viruses isolated from 1918 to 2008 were
obtained from the influenza virus resources [19]. Forty-
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six identical hemagglutinins were excluded, thus the re-
maining 448 hemagglutinins were used in this study.

2.1 Amino-Acid Pair Predictability

According to the permutation [1, 20, 21], for example,
there are 47 asparagines “N” and 37 valines “V” in the
hemagglutinin, strain A/swine/Ontario/53518/03(H1N1),
accession number DQ280219, the frequency of amino-
acid pair NV is 3 (47/566x37/565x565=3.072), that is,
NV would appear three times in this hemagglutinin. Ac-
tually 3 NVs can be found in this hemagglutinin, so NV
is predictable and the difference between its predicted
and actual frequency is 0. Again, there are 48 leucines
“L” in DQ280219 hemagglutinin, and the frequency of
random presence of LL is 4 (48/566x47/565x
565=3.986), i.e. there would be four LLs in the hemag-
glutinin. But LL appears nine times in reality, so the dif-
ference between its predicted and actual frequency is -5.
After such calculations [22], each amino-acid pair had
its difference between predicted and actual frequency.
As a point mutation is relevant to a single amino acid,
which connects with two neighbouring amino acids
except for the terminal one and constructs two amino-
acid pairs, so each amino acid has the sum of differ-
ence between predicted and actual frequency in two
neighbouring amino-acid pairs, which is the first
quantification for each amino acid in a hemagglutinin.
Nevertheless, any hemagglutinin must have a certain
amount of predictable amino-acid pairs, by which the
percentage of how many amino-acid pairs predictable
can be found. This predictable portion is the quantifi-
cation for a whole hemagglutinin.

2.2 Amino-Acid Distribution Probability

According to the occupancy of subpopulations and parti-
tions, the positions of any type of amino acids in hemag-
glutinin can be viewed as a certain distribution [10, 23-
! N r! -
Q.. xq,! R, xr!
[32], where r is the number of amino acids, n is the num-
ber of partitions, r, is the number of amino acids in the n-
th partition, gy is the number of partitions with the same
number of amino acids, and ! is the factorial function.
For instance, there are 36 lysines “K” in DQ280219

31], whose probability is

Table 1. Inputs and target of DQ280219 hemagglutinin sequence.

hemagglutinin. Their predicted and actual distribution
probabilities are 0.0419 and 0.0020 [33], so the ratio of
predicted versus actual distribution probabilities is 20.95,
whose natural logarithm is 3.0421, which is the second
quantification for each amino acid in a hemagglutinin.

2.3 Future Composition of Amino Acids

The relationship between 64 RNA codons and translated
amino acids is governed by translation probability [1,
34-36], based on which the amino acid mutating prob-
ability can be determined. For example, alanine “A” has
the 12/36 chance of mutating to “A”, but cysteine “C”
has no chance of mutating to “A”, then both aspartic
acid “D” and glutamic acid “E” have the 2/18 chance of
mutating to “A”, and so on. In total, the future composi-
tion of amino acid “A” is 6.1271% in DQ280219 he-
magglutinin, whereas its current composition is only
5.1146% (29/567), and the ratio is 1.1980 (6.1271%
/5.1146%), thus the future composition of amino acids is
got [1], and assigned the ratio of predicted versus actual
compositions to each amino acid [37], which is the third
quantification for each amino acid in hemagglutinin [1].

Although there are countless mutation causes impact-
ing a parent protein, these causes should leave their
traces in the protein, which should be measured out us-
ing these three quantifications, which in fact represent
the countless mutation causes.

2.4 Prediction of Mutation Position

Any mutation cause can lead to occurrence or non-
occurrence of mutation, which can be classified as unity
and zero after comparing a parent protein with its daugh-
ter protein. In this way, the occurrence or non-
occurrence of mutation in a parent protein becomes a
binary sequence. Thus, two datasets can be got, the mu-
tation cause dataset, which are three quantifications, and
the mutation consequence dataset, which is a binary se-
quence. Moreover, these two datasets have the position-to-
position relationship (Table 1), which is the cause-
mutation relationship. Mathematically this relationship is
the problem of classification, which can be solved either
using the logistic regression in statistics or neural net-
work. The feed forward backpropagation neural network

. . . Quantified hemagglutinin sequence Mutation se-
Position Amino acid | T m quence
1 M -2 0.0000 1.2569 0
276 R -2 1.2809 1.9392 0
277 G -1 2.3790 0.7887 0
278 H 0 0.0000 1.2396 1
279 G 0 2.3790 0.7887 1
280 S 1 4.,0008 1.1081 0
566 | -2 1.1285 0. 9590 0
SciRes Copyright © 2009 JBISE
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would be applied to this relationship to predict the muta-
tion position.

2.5 Prediction of would-be-mutated Amino
Acid

The prediction was made using the amino-acid mutating
probability, which was based on the relationship be-
tween RNA codons and translated amino acids [1].

2.6 Timing of Mutation

As each hemagglutinin is different one from another due
to mutation, each hemagglutinin would be quantified
differently one from another. Along the time axis, all
hemagglutinins would construct their evolutionary proc-
ess, and the timing of the mutation would be possible by
detailed analysis of this evolutionary process.

2.7 Software and Statistics

The MatLab software [38] was used for prediction. The
prediction sensitivity, specificity and total correct rate
were calculated according to the published method [39].

3. RESULTS AND DISCUSSION

The performance of modelling was measured using the pre-
diction sensitivity (42.9%+31.4%), specificity (99.5%
+0.4%) and total correct rate (99.0%:0.4%), because the
predicted mutation positions can be classified as the posi-
tives, false positives, negatives and false negatives when
comparing the predicted with the actual mutation positions.
As seen, the prediction sensitivity was still low although
the prediction specificity and total correct rate were quite
high.

After the prediction of possible mutation positions us-
ing the neural network, the would-be-mutated amino ac-

ids at predicted positions can be predicted using the
amino-acid mutating probability [1]. Figure 1 illustrates
the prediction of possible mutation positions and mu-
tated amino acids at the predicted positions, where the
solid line in the lower panel is the predicted mutation
probability by the neural network with respect to each
amino acid in ABX58602 hemagglutinin and the dotted
line is the cut-off mutation probability of 0.5, that is, the
amino acid whose mutation probability is larger than 0.5
risks mutation. For this hemagglutinin, there were two
positions (98 and 507) whose mutation probability was
larger than 0.5, so the amino acid E at these positions
would have a larger chance of mutation. Meanwhile, the
would-be-mutated amino acid can be determined using
the amino-acid mutating probability (upper panel),
where the amino acid “D” has the largest chance to ap-
pear. So the lower panel indicates the possible mutation
positions with probability, and the upper panel displays
the would-be-mutated amino acids with probability.
Figure 2 displays the evolution of North America H1
hemagglutinins. This predictable portion fluctuated over
time, which represented the mutation process. With fast
Fourier transform, which is suitable to find the periodic-
ity in chaotic dataset, the mutation periodicity can be
found from Figure 2, where (i) the evolutionary process
of influenza A virus hemagglutinins from 1978 to 2008
contained many periodicities; (ii) each periodicity sug-
gested different number of mutations along the time
course; (iii) the periodicity with the biggest number of
mutations was about 5.6 years, thus the time when muta-
tions would occur in future can be estimated; and (iv)
the hemagglutinin periodicity provides the chance to
trace the possible mutation cause in nature, because each
periodicity may correspond to a natural phenomenon.

Would-be-mutated amino acids with probability

o

2

A

Mutation probability

0 50 100 150 200 250

300 350 400 450 500 550

Position of ABX58602 hemagglutinin

Figure 1. Prediction of mutation positions and would-be-mutated amino acids. On the lower panel: the x-axis represents the position of
ABX58602 hemagglutinin from 1 to 565, because ABX58602 hemagglutinin is composed of 565 amino acids; the y-axis represents the
mutation probability predicted using neural network model, where there are two probabilities larger than 0.5 at positions 98 and 507. On
the upper panel, the centre of pie is labelled as “E” glutamic acid, which is the amino acid at positions 98 and 507 of ABX58602 hemag-
glutinin. The other letters represent the would-be-mutated amino acids, and the area occupied by letter represents the probability to mu-
tate to this amino acid based on the amino-acid mutating probability, for example, “E” has the largest chance to mutate to “D".

Published Online April 2009 in SciRes. http://www.scirp.org/journal/jbise

JBISE



120 S. M. Yan et al. / J. Biomedical Science and

45

Engineering 2 (2009) 117-122

Hemagglutinin
Pandemic
Epidemic
Pandemic scares

od4>e

w w I
o © )
L L L

Predictable portion of amino-acid pairs (%)

30

45

1918 1927 1936 1945 1954 1963

Year

1973

30

1982 1991 2000 2009

Figure 2. Evolution of 448 hemagglutinins of North America H1 influenza viruses. The data
are presented as mean+SD. The dotted lines are regressed lines 95% confidence intervals.

40
From 1976

------- From 1981
el —emeee From 1987
= N === [From 1992 ,
S —e—cemeeme From 1999 .
O -&- -\ ...
T3/ Y ommm———— \ " From 2005 _,y/ Coremfla
o ‘.o N P M-
o [N \- e ‘... -
Q@ S\ . o
T 34 - N TSI
2 =T s
=]
L /
o 32 )

We are here in 2008.
30 ‘ : ‘ ‘ ‘
0 1 2 3 4 5 6
Year

Figure 3. Stratification of hemagglutinin evolution after finding the periodicity using fast Fourier transform.

Furthermore, an attempt was made to time the muta-
tion by stratifying the hemagglutinin evolution in Fig-
ure. 2 according to its periodicity, and Figure 3 shows
such an example, where the hemagglutinin evolution in
Figure 2 is stratified according to 6-year periodicity be-
cause it was the periodicity with biggest number of mu-
tations. Figure 3 shows that there would be a 2-year stable
period before possible more mutations would occur in 2010.

At this stage of development, it is yet to verify the
predictions made in this study. However, this is not un-
common phenomenon in science, because the first step
is to find a way to transfer the measurements into the
domain, where a mathematical model can be applied, the

SciRes Copyright © 2009

second step is build a model, and the third step is to
make the predictions. These three steps are more related
to theoretical work. Thereafter the last step would be the
verification experimentally, which is certainly beyond
the scope of this paper. On the other hand, the science
advances so much, it is impossible to verity each hy-
pothesis and prediction, for example, the humans cannot
create another earth without global warming to compare
the effects on subjects of interests. With respect to the
predictions in this study, the verifications can be done by
using the same method in man-made mutations in indus-
trial enzymes, where each mutation can be recorded and
compared with prediction.
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The frequency of mutations is not identical along a
hemagglutinin sequence, namely, the different position
has different chance of mutations. In fact, the prediction
made in this study is consistent with this observation as
seen in Figure 1, where the predicted mutation probabil-
ity is not identical along the ABX58602 hemagglutinin.

To the best of knowledge, there are several models
conducted at different levels for the prediction of possi-
ble pandemic/epidemic of influenza. At epidemiological
level, the predictions were made using early indicators
[40], time series analysis [41,42], etc. At clinical level,
the prediction was made using medical visit [43], out-
break signatures [44], etc. At social level, the prediction
was made using sales of computer printers, elections,
and the Federal Reserve's decisions about interest rates
[45]. At seroarcheological level, the prediction was
made using accumulation of mutations or true recombi-
national events [46]. At protein level, the prediction was
made with epitope [47-49], conformation [50]. However,
no similar prediction was made with respect to the ap-
proached used in this study. The difference includes: (1)
the quantification of protein sequences in this study was
based on the random principle, (2) the occurrence and
non-occurrence of mutation was quantified as yes-no
event, (3) the cause-mutation relationship was defined
using neural network, (4) the would-be-mutated amino
acid was determined using the amino-acid mutating
probability, and (5) the time of mutation was determined
using the fast Fourier transform to stratify the time inter-
val between outbreak of influenza.

This study paved a possible way for accurate, precise
and reliable prediction of mutation in proteins from in-
fluenza A virus, because the model in prediction was the
cause-mutation model, which was helpful for under-
standing of underlined mutation mechanism.
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ABSTRACT

The major envelope glycoprotein E of dengue
(DEN) virus plays a central role in the biology of
flaviviruses. It is capable of inducing a protective
immune response in vivo and responsible for the
viral binding to the cellular receptor. The crystal
structures of glycoprotein E ectodomains have
already been determined. However, it is still un-
clear where the well-defined B-cell epitopes for
glycoprotein E which induce the neutralizing an-
tibodies locates. Thus, in order to characterize the
role of glycoprotein E in the pathogenesis of
dengue virus infection, we first used network
servers (http://bio.dfci. harvard.edu/Tools/ &
http://ivww. imtech. res. in) to predict and analyze
the well defined B-cell and T-cell epitopes of the
glycoprotein of the DEN-1 HAWAII strain. Then
based on the highly conserved envelop glyco-
protein amino acids, the hydrophilicity, antigenic-
ity, accessibility and flexibility of envelop glyco-
protein E were further predicted by using Biotic
softwares (DNASTAR) and network servers
(http://bio. dfci.harvard.edu/Tools/), the secondary
structure was putatively obtained. In our study,
the sequence at 281-295 amino acid (aa) for den-
gue virus type 1 HAWAII strain and the sequence
at 345-359, 383-397 for dengue virus type 2 NGC
strain were predicted as the more prevalent epi-
topes by using multiple parameters and different
analysis softwares, respectively. Two epitopes of
DEN-2 and one of DEN-1 locate on the domain LU
and domainIl of the protein E, respectively. Sub-
sequently, further studies will be carried out to
examine the antigenicity and protection of the
synthetic peptides with higher scores in the av-
erage antigen index (Al) and better hydrophilic
properties determined by our data.

Keywords: Dengue Virus, Glycoprotein E, Epi-
tope, Bioinformatics

1. INTRODUCTION

Dengue virus, a flavivirus belonging to the flaviviridae

Published Online April 2009 in SciRes. http://www.scirp.org/journal/jbise

family, is a mosquito-borne human pathogen that causes
dengue and dengue hemorrhagic fever which is currently
one of the serious public health threats throughout the
tropical and subtropical regions of the world [1]. Four
serotypes of DEN virus have been identified (DEN-1, 2,
3 and 4), and each of these serotypes can infect humans
and cause disease. This virus shares many characteristics
with other flaviviruses, having a single-stranded RNA
genome surrounded by an icosahedral scaffold and cov-
ered by a lipid envelope. The complete virion is 50 nm
in diameter and contains an 11-kb plus-sensed RNA
genome that is composed of seven nonstructural (NS)
protein genes and three structural protein genes, core (C,
100 amino acids), membrane (M, 75 amino acids), and
envelope (E, 495 amino acids) [2,3]. The order of pro-
teins encoded is 5’-CprM(M)-E-NS1-NS2A-NS2B-
NS3-NS4A-NS4B-NS5-3’[4]. The 495-amino-acid (aa)
envelop (E) glycoprotein, one of the three structural
proteins, is the principal component of the external sur-
face of the virion [5], and it is responsible for a wide
range of biological activities, including binding to host
cell receptors, fusion to and entry into host cells, there-
fore, this protein directly affects host range, cellular tro-
pism, and, in part, the virulence of the virus [2,5]. Fur-
thermore, the E protein also stimulates host immunity by
inducing protective and neutralizing antibodies [6]. It is
a main target and important antigen for vaccine devel-
opment, and many attempts have been made to elucidate
the structure-function relationships of the dengue virus
glycoprotein E. The crystal structures of protein E ecto-
domains have already been determined. However, the
location of well-defined B-cell and T-cell epitopes for
glycoprotein E is largely unknown. Mapping of the
B-cell and T-cell epitopes should be important for im-
munoinfectomic studies of dengue virus infection. Ran-
dom peptide display has been applied in antigenic epi-
tope determination. However, a combination of compu-
tational methods (e.g., bioinformatics) and experimental
approaches of conventional biology should be a holistic
way to determine the rigorous B-cell and T-cell epitopes.
Thus, in order to characterize the role of glycoprotein E
in the pathogenesis of dengue virus infection, we used
bioinformatics and molecular approaches to predict and
analyze its B-cell and T-cell antigen epitopes. Parameters
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such as hydrophilicity, flexibility, accessibility, turns,
exposed surface, polarity and antegenic propensity of
polypeptide chains have been correlated with the loca-
tion of continuous epitopes in a few well-characterized
proteins. Net servers and the software DNA star are ap-
plied in our study.

2. MATERIALS AND METHODS
2.1. Antigenic Peptide Prediction

The online web server (http://bio.dfci. harvard. edu/
Tools/) give us a pathway to predict sequences of pep-
tides within a protein that are likely to be antigenic by
eliciting an antibody response. Antigenic peptides are
determined using the method of Kolaskar and Tongaon-
kar [7]. Predictions are based on a table that reflects the
occurrence of amino acid residues in experimentally
known segmental epitopes. We enter the amino acids of
dengue virus type 1 HAWAII strain as well as dengue
virus type 2 NGC (New Guinea C) strain, both of whom
are standard strains, then operate the applet.

2.2. Hydrophilicity Estimation

The website locating at (http://us.expasy.org/tools/
protscale.html) can give us a hydrophilicity prediction of
the envelop glycoprotein E, it is based on the method of
Hopp & woods.

2.3. Secondary Structure Presumption

Logging in the same web server mentioned in the third
step, the B-turn and and coil of the E protein can be ob-
tained, using the algorithm [8,9] of Levvit as well as
Deleage & Roux [10,11].

2.4. Surface Accessibility and Average
Flexibility Assumption

The Protean procedure of The DNASTAR software can
supply us with the E protein’s Surface accessibility and
flexibility using methods of Emini [12] and Karplus-
Schulz [13].

2.5. Tertiary Structure Prediction

After the process of secondary structure prediction, we
can use the method of JPRED to link in the PDB ID,
since the sequence of the protein E has 39 hits to the
PDB database with E values of less than 0.0001. Thus,
we make an entry in the PDB in the ID “IP58” to have a
look at the structure by using the viewer Software named
RASWIN32b2a.

3. RESULTS

3.1. Antigenic Peptide Prediction of the
Glycoprotein E

The prediction results for antigenic peptides of the
glycoprotein E for DEN-1 and DEN-2 are shown in
Figure 1.

SciRes Copyright © 2009

(a) DEN-1 HAWAI I strain

(b) DEN-2 NGC strain

Figure 1. Peptides predicted as antigenic epitope sites of the
protein E.

Table 1. Peptides predicted as B-cell epitope sites of the protein E.

St.aT‘ Sequence E_nq
position position
1 17 GATWVDVVLEHGSCVT 32
2 39 PTLDIELLKT 48
3 51 TNPAVLRKLCIE 62
4 87 DANFVCRR 94
5 109  GKGSLITCAKFKCVTK 124
6 126  EGKIVQYENLKYSVIVTVHT 145
7 169  PTSEIQLTDYGALTLDCSP 187
8 193  FNEMVLL 199
9 204  KSWLVHKQWFLDLPLPW 220
10 234  EDLLVTFKT 242
11 246 KKQEVAVLG 254
12 278  IFAGHLKCRL 287
13 296 GMSYVMCTG 304
14 316 QHGTVLVQVK 325
15 329  TDAPCKIPF 337
16 352 ITANPIVT 359
17 373  FGESYIVVGA 382
18 424 SIGGVFTSVGKLVHQIFGTAYGVLFSG 450
19 458  GIGILLTW 465
20 472 SASLSMTCIAVGMVTLYLGV 491
JBISE
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The B-cell (Table 1) and T-cell epitopes (Table 2) of
the glycoprotein of DEN-1 HAWAIII standard strain were
predicted by the means of the position of amino acids
with the online server respectively.

3.2. Hydrophilicity Prediction of the Glyco-
protein E

The prediction results for hydrophilicity of the protein E
of DEN-1 and DEN-2 are diagramed in Figure 2.

Table 2. Peptides predicted as T-cell epitope sites of the protein E.

HLA Sites Peptides Position

HLA-A2 206-215 117-126 483-492
HLA-A11 299-308 238-247 50-59
HLA-A24 298-307 439-446 325-334
HLA-B51 216-225 420-446 206-215
HLA-B60 48-57 313-322 256-265
HLA-B62 414-423 291-300 124-133

3.3. Secondary Structure Prediction

The prediction of protein E’s secondary structure is
shown in Figure 3.

3.4. Surface Probability of the Glycoprotein E

The surface probability assumption of the protein E of
DEN-1 and DEN-2 strains is diagramed in Figure 4.

3.5. Flexibility Presumption of the Glyco-
protein E

The Flexibility presumption of the glycoprotein E of
DEN-1 and DEN-2 strains is shown in Figure 5.

3.6. Putative Tertiary Structure of the Gly-
coprotein E

The putative tertiary structure of the glycoprotein E is
shown in Figure 6 (protein data bank). The ID is IP58.

(a) DEN-1 HAWAII strain

Figure 2. The hydrophilicity of the protein E.

SciRes Copyright © 2009

4. DISCUSSION

It is well known that although urgently needed for den-
gue virus infection, specific drugs for treatment and ef-
fective vaccination for prevention are currently unavail-
able. This is the main reason why we have focused on
the so-called Antibody-dependent enhancement (ADE).
Studies suggest that during a secondary infection with a
different serotype, the presence of cross-reactive,
non-neutralizing antibodies enhances the efficiency with
which dengue virus infects susceptible cells. A molecu-
lar understanding of the events that lead to antibody
neutralization, enhancement, or escape will be critical to
the improvement of vaccines It is therefore important to
determine which surface features on the dengue virion
are responsible for inducing protective or enhancing
immune response in the different serotypes. Thus, the
structural and functional organizations of the dengue
virus proteins are of central interests for the understand-
ing of the biology of dengue virus and the mechanisms
of virus-cell interactions.

The dengue E ectodomain consists of structurally dis-
tinct domains: I, II and III [14]. The domain III ap-
pears to play an important part in host cell receptor
binding for viral entry and in inducing protective immu-
nity. The rigorous B-cell and T-cell epitopes were not
identified yet. In our study, we focused on the character-
izing the B-cell and T-cell epitopes of dengue virus en-
velop E glycoprotein by deploying the bioinformatics
approaches, the sequence at 281-295 amino acid (aa) for
dengue virus type 1 HAWAII strain and the sequence at
345-359, 383-397 for dengue virus type 2 NGC strain
were predicted as the more prevalent epitopes by using
multiple parameters and different analysis softwares,
respectively. The sequences selected not only have
higher scores in the average antigen index (Al), which
could predict the antigen epitope of envelop glycopro-
tein E, but also showed better hydrophilic properties.
Two epitopes of DEN-2 and one of DEN-1 locate on

(b) DEN-2 NGC strain
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(al) p-turn the coiled region of DEN-1 HAWAII strain

(b1) B-turn the coiled region of DEN-2 NGC strain

Figure 3. The prediction of the secondary structure of the protein E.

(a2) p-turn the coiled region of DEN-1 HAWAII strain

(b2) B-turn the coiled region of DEN-2 NGC strain

(b) DEN-2 NGC strain
Figure 4. Surface probability of the glycoprotein E.

S e R e T

(a) DEN-1HAWAII strain

b=

(b) DEN-2 NGC strain
Figure 5. The flexibility presumption of the glycoprotein E.

SciRes Copyright © 2009

Figure 6. Putative tertiary structure of the glycoprotein E.

the domain III and domainII of the protein E, respec-
tively. The domain III has been hypothesized to contain
multiple type- and subtype-specific epitopes eliciting
only virus-neutralizing monoclonal antibodies while the
domain II is involved in virus-mediated membrane fu-
sion, and contains many cross-reactive epitopes eliciting
neutralizing and non-neutralizing monoclonal antibod-
ies. The predicted epitopes can be used for the devel-
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opment of vaccine and the dissection of the ADE effect.
The further experimental studies will be performed to
determine the immunogenicity and protection effect of
peptides with higher scores in the average antigen index
(Al) and better hydrophilic properties, and to identify
vaccine candidates.
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ABSTRACT

The polyhedrin (polh) gene is often used to
analyse evolution of baculovirus. In this report,
the polh of Antheraea pernyi nucleopolyhedro-
virus (AnpeNPV) was cloned and sequenced.
The Open reading frame (ORF) of the AnpeNPV
consists of 738 nucleotides encoding 245 amino
acids with molecular masses of 29 kDa. The
deduced amino acids were significant homol-
ogy with other baculoviruses, such as Attacus
ricini NPV (ArNPV) and Autographa californica
NPV (AcNPV). A strongly hydrophilic region was
predicted at positions from 30 to 50 of the An-
peNPV Polh protein by bioinformatics analysis.
Expression of the polh gene of AnpeNPV in E.
coli was examined by SDS-PAGE, Western blot
and Mass-spectrum analysis. The result showed
that the bacterium expression system was
suitable for the virus gene expression. It indi-
cated that the products of the polh gene ex-
pressed in this system can be easier to use for
raising antibodies.

Keywords: Antheraea Pernyi, Insect, Baculovi-
rus, NPV, Polyhedrin, Prokaryotic Expression

1. INTRODUCTION

The Chinese oak silkworm Antheraea pernyi (Lepidop-
tera: Saturniidae) is an economically important insect
primarily for the production of tussah silk. In recent
years, consumption of the silkworm pupae as food deli-
cacies has also gained tremendous popularity. The jaun-
dice disease of the oak silkworm caused by the infection
of A.pernyi nucleopolyhedrovirus (AnpeNPV) is a major
threat to the tussah industry [1]. AnpeNPV is a member
of the Baculoviridae with large, enveloped, dou-
ble-stranded DNA. Baculoviridae are widely known to
the scientific community in the form of commercial
baculovirus expression vectors (BEVs) [2,3]. Baculovi-
ruses also have an established application as insecticides
against agricultural and forestry pests [4,5]. Currently,
the Baculoviridae comprises two genera, Nucleopolyhe-
drovirus (NPV) and Granulovirus (GV) [1]. During the
infection cycle, NPVs produce two structurally and
functionally distinct virion phenotypes: occlusion- de-

rived virus (ODV) and budded virus (BV) [6]. The oc-
cluded viruses of the NPV are referred to as polyhedra.
Polyhedrin is the major protein component of the poly-
hedra [7]. The polh gene is not essential for viral devel-
opment, and normally deletion of the polh gene is not
interfering with viral replication in cultured cells. How-
ever, in per os infectivity, the polyhedra or occlusion
bodies are required for the oral infection of insects [8].
Baculovirus entry into host cells involves that ODVs are
released from the occlusion body by the alkaline envi-
ronment within the midgut lumen of the larva and sub-
sequently initiate primary infection of the mature co-
lumnar epithelial cells of the midgut [6].

In order to explore effective propagation and infectiv-
ity of the polyhedra, this paper analysised the nucleotide
sequence and promoter (prmoter-Ap) of the polh gene of
AnpeNPV by bioinformatics tools, and further prokary-
otic expression for AnpeNPV polyhedrin (polh-Ap).

2. MATERIALS AND METHODS
2.1 Materials

The Wild-type AnpeNPV strain was maintained in our
laboratory. Restriction Enzymes, T4 DNA ligase, PCR
reagents pMD18-T and DNA purification kit were pur-
chased from TaKaRa Company (China, Dalian); primers
and other reagents were bought from Shanghai Sangon
Bio-technology Corpotation. The vectors for expression,
and Escherichia coli strain DH5a and BL21 were kept in
our laboratory.

2.2. Aplification of the AnpeNPV polh Gene

AnpeNPV genomic DNA was isolated using the method
described by previously [9,10] and about 15-20 hg DNA
was used as template for standard PCR. The specific
primers were designed based on the sequence of ORF
(GenBank: EU195295). The polh-Ap forward primer (5’
CCG GAA TTC ATG CCA GAT TAC TCA TAC CGG
3")containing an EcoR | restriction site (underlined), and
the reverse primer (5" CCC AAG CTT CTA GTA CGC
GGG GCC AGT 3') containing a Hind Il1 restriction site
(underlined). The PCR conditions were 1 cycle at 94 °C
for 5 min; 30 cycles at 94 °C for 45 s, 62°C for 45 s, and
72 °C for 1 min; and 1 cycle at 72 °C for 10 min. The
PCR product was examined by electrophoresis in 1%
agarose gel with the ethidium bromide staining.
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2.3. Cloning and Construction of Expresion
Plasmid

The PCR products were ligated into pMD18-T vector
using T4 DNA ligase and then transformed into E. coli
(DH5a), and sequenced, respectively.

The recombinant plasmid pMD-polh-Ap was digested
with EcoR | and Hind 11, and was purified to ligate with
the Pet28a vector digested with EcoR | and Hind 111, and
transformed into E. coli (BL21).

2.4. Analysis of the polh Gene

The amino acid sequence was deduced with Expasy
Translate tool (http://au. expasy. org/tools/dna. html)
according to the AnpeNPV polh gene sequence. Align
using DNAstar CLUSTAL W program. Phylogenetic
tree was made by MEGA 3.1 software.

In order to explore regulatory sequence in the putative
promoter region, NNPP (Promoter Predication by Neural
Network http://www.fruitfly.org/seq_tools/promoter.html),
promoter scan and transcription factor binding sites
(http:/Avww-bimas.cit.nih.gov/molbio/proscan/) were ap-
plied together to make a comprehensive prediction.

2.5. Expression of the polh Gene in E.coli

A positive clone was cultured in LB medium supplement
with Kanamycin (final concentration of 50ug/ ml) ove-
night at 37 °C with shaking, then the culture was added
into 100mL fresh LB medium and cultured at 37°C with
shaking to A600 about 0.6. The culture was induced with

IPTG (final concentration of 8 pg/ mL) and shaked at
30 ‘C for 10 hours. SDS polyacrylamide gel was used
to analyze the expression in the Mini-Protein system
(Bio-Rad, USA). After electrophoresis, the gel was
stained with Coomassie Brilliant Blue R250 to visualize
the protein bands. Protein samples were separated on
SDS-10% polyacrylamide gels and transferred to PVDF
membranes. Blots were soaked in TBST buffer (10
mmol/L Tris-HCI, pH 7.6, 0.15 mol/L NaCl, 0.1%
Tween 20) with 5% nonfat dried milk. The antiserum
against the His-Polh fusion protein (His antibody) at a
dilution of 1:2,000 monoclonal antibody was added as
the first antibody, followed by addition of 1:5,000 dilu-
tion horseradish peroxidase-conjugated goat anti-mouse
immunoglobulin G as the secondary antibody. Blots
were visualized with the Enhanced chemiluminescence
Western blot kit (Amersham). The predicted Polh protein
band was cut out for Mass-spectrum analysis.

3. RESULTS

3.1. Nucleotide and Amino Acid Sequence
Analysis

The ORF of cloned gene has two different nucleotides
from the published sequence (DQ486030), but no amino
acid residues were changed. The 738 nucleotides (in-
cluding the stop codon TAG) encoded a putative peptide
of 235 amino acids by an Expasy Translate tool.

[ATGICCAGATTACTCATACCGGCCGACCATTGGTCGCACCTATGTGTACGACAACAAGTAT
M PDYSYRPTTIGRTYVYDNTIK]Y
TACAAAAACTTAGGGTCCGTCATTAAAAACGCCAAGCGCAAGAAGCATTTAGTCGAACAT
Y K NLGS VI KNAKTR RIEKTI KU HILYVEH
GAAGAGGAAGAAAAGCATTGGGATCCTTTAGACAATTACATGGTCGCGGAAGACCCTTTC
EEEEKHWD?PLDNYMVAETDTPT
CTGGGGCCGGGTAAAAACCAAAAACTGACACTTTTCAAGGAAATCCGCAACGTTAAACCC
L 6P GKNQIKULTVLTFIZ KETITRNVIKT?P
GACACAATGAAACTTATTGTCAACTGGAGCGGTAAAGAATTTCTGCGCGAAACTTGGACC
b TMKILTIVNWSGKETFTLTRETWT
CGTTTTGTTGAGGATAGCTTTCCGATTGTAAACGACCAAGAGGTCATGGATGTGTTCCTC
RFVEDS ST FPTIVNDAG QEUVMDVFL
GTCATTAACCTGCGCCCCACGCGCCCCAACAGGTGCTACAAGTTCCTGGCGCAGCACGCG
VI NLRPTRPNTRTC CYZ KT FLAQHA
CTCAGATGGGACTGCGACTACGTGCCGCACGAGGTAATCCGCATTGTGGAGCCATCCTAC
LRWDCDYVPHEUVIZ RTIVETZPS SY
GTGGGCATGAACAACGAGTACAGAATTAGCCTCGCCAAGAAAGGCGGCGGCTGCCCCATC
VGGMNNETVYRTI SLAKTEKSGSGSGT CTPI
ATGAACATTCACAGCGAGTACACCAACTCGTTTGAATCGTTTGTAAACCGCGTAATCTGG
M NI HSEYTNSTPFES ST FVNRYVIW
GAGAACTTTTACAAGCCCATTGTGTACATTGGCACGGACTCGGGTGAGGAGGAGGAAATT
ENFYKPTIUVYTISGTUDSS GETETETETI
CTCATCGAGGTTTCGCTTGTGTTCAAGGTCAAGGAGTTTGCGCCCGACGCGCCACTGTTT
L ITEVSLVFZKVKETFAPUDAPTLTF

ACTGGCCCCGCGTACTAG]
T G P A Y

Figure 1. Nucleotide sequence and deduced amino acid sequence of the polyhedrin gene. The predicted amino acid is
represented by the one letter code designation below the nucleotide sequence. The initiate and the stop codes are framed.
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The nucleotide sequence of Polh-Ap and its deduced
amino acid sequence are shown in Figure 1. This de-
duced polypeptide contains 16 strongly basic, 16
strongly acidic, 113 hydrophobic and 58 hydrophilic
amino acids with the calculated molecular mass of 29
kDa, and the isoelectric point was of 6.1.

3.2. Protein and Homology Analysis

Using BLAST software of NCBI to search for homology
in the GenBank database, the deduced amino acid se-
quence showed an identity of 97%, 98%, 98%, 97%,
93% and 89% to the corresponding genes of Attacus
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Figure 2. Alignment of the polyhedrin genes of baculoviruses, The sequences were aligned using DNAstar CLUSTAL W program.
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Figure 3. Phylogeny of the polyhedrin protein. Phylogenetic tree of polyhedrin gene was constructed
by MEGA version 3.1 from CLUSTAL W alignments. The neighbor-joining method was used to con-
struct the tree. From the phylogenetic tree, the polh gene of AnpeNPV was closest to that of ArNPV.
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Figure 4. The secondary structure of the Polh protein of AnpeNPV. It contains 4 regions of alpha helix and 11

pieces of 3-sheet.

of helical and 11 pieces of 3-sheet in the sequence.

3.3. Construction of Expression Plasmid

The fragment of polh-Ap was sequenced to be sure con-
taining a correct ORF, and was inserted into the expres-
sion pET28a vector and then was expressed in E col
(BL21) The recombinant plasmid was identified by di-
gestion with EcoR | and Hind Ill. The result of electro-
phoresis indicated the recombinant plasmid was suc-
cessfully constructed (Figure 6).

SciRes Copyright © 2009

3.4. Expression of the AnpeNPV polh Gene
in E. coli

The E. coli BL21 transformed with the pET28a/polh-Ap
plasmid to express the His-6PGL fusion protein of about
34 kDa, which was consistent with the expected mo
lecular mass of the fusion protein of pET28a/polh-Ap
(Figure 7). The result showed that the AnpeNPV polh
gene was highly expressed in E. coli. The expression
products can be used as antigen to raise the antibody of
the Polh protein.
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Figure 5. The hydrophobicity profile of AnpeNPV Polh protein.
The X-axis contains 245 increments, each representing an
amino acid in the sequence of AnpeNPV polyhedrin. The Y-axis
represents the range of hydrophilicity values (from 2.2 to -3.1)
with employ of Kyte-Doolittle scale. One region of strongly hy-
drophilicity exists at positions from 30 to 50 of the AnpeNPV
polyhedrin protein.

Figure 6. Identification of the recombinant plasmid pET28a/polh-
Ap by electrophoresis in agarose gel 1, pET28a/polh-Ap; M, DNA
molecular mass marker.

Figure 7. The expression products of AnpeNPV polh gene were
analyzed by SDS-PAGE and Western-blot 1, Protein of E. coli
BL21 contained pET28a induced by IPTG; 2, Protein of E. coli
BL21 contained pET28a /polh-Ap induced by IPTG; 3, West-
ern-blot of the fusion protein; M, Protein marker.

4. DISCUSSION

In this report the AnpeNPV poly gene was cloned and
compared with other baculoviruses. Polyhedrin genes

SciRes Copyright © 2009
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Figure 8. Mass-spectrum with Mascot analysis (Mass: 29003;
Score: 107; Expect: 0.00013) Protein score is -10*Log (P), where
P is the probability that the observed match is a random event.
Protein scores greater than 81 are significant (p<0.05).

are highly conserved among many baculoviruses. The
AnpeNPV polyhedrin gene was closest to that of ArNPV
from the Phylogeny tree (Figure 3), differing by only
five amino acids (Figure 2). DNA sequence comparison
polyhedra containing low numbers of virions [16]. of
AnpeNPV and ArNPV polyhedrins showed that a dif-
ference in identity to 97%, of which only thirteen dif
ferences (Figure 2). The result suggests that the poly
genes of AnpeNPV and ArNPV have evolved from a
common ancestor distinct from the other NPVs. The
AnpeNPV polh gene is very closely related to NPV
group | than that of group Il (Figure 3). Availability of
polyhedrin protein sequences of other baculoviruses may
aid in their classification and may help define baculovi-
rus species [14].

Alignment results showed that the variability regions
occur at the beginning of N-terminus (position 2 to 4)
and the domain from position 31 to 52 (Figure 2). Even
in this region, some positions are conserved, such as,
H37, H41, E45 and D49. In contrast, the C-terminus
(from 198 to 245) is highly conserved. The cysteine
positons (at 133 and 179) and the prolines (at 60, 64, 81,
109, 127, 130, 150, 159, 180, 207, 236, and 244)
of AnpeNPV polyhedrin appear to be very important
(Figure 2). Cysteines often form disulphide bonds criti-
cal for protein structure; proline breaks helical and
R-sheet regions and is often associated with turns in the
secondary structure of proteins [15]. Therefore, both
these amino acids could be crucial in determining the
conformation of these proteins. These conserved regions
may be necessary to give the proteins their characteristic
common properties: namely crystal formation and alkali
solubility. Indeed, a mutant of AcNPV with a single pro
tein changed to Leu at position 62 resulted in cubic
polyhedra containing low numbers of virions [16].

Hydrophilic regions are exposed on surface of the pro-
tein and are highly polar. They have a tendency to be
antigenic sites [17]. There is one region of strongly hy-
drophilicity at positions from 30 to 50 in the AnpeNPV
polyhedrin (Figure 5). Comparison of the baculovirus
polyhedrin sequences indicates that although they vary
in amino acid sequence in this region, their basic pattern
of hydrophilicity is preserved (date no shown). There-
fore, much of the variation in amino acid sequence is
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neutral and does not alter the overall nature of the pro-
teins. This region therefore presents a potential antigenic
site which may be useful for production of antibodies
capable of differentiating or identifying different bacu-
loviruses [18]. Ultimately predicted antigenic determi-
nants from proteins of pathogenic organisms might also
be useful in the production of synthetic vaccines [17].

The polh gene of baculovirus is a very late gene which
expressed in late stage of virus infection. It is not an
essential gene in virion development and could be de-
leted for foreign gene expression [19,20]. Some evi-
dences showed that the level of the foreign gene expres-
sion was related to genetic codes of the gene. To test the
polh gene expression in another system, we constructed
a bacterium expression system to express the Polh pro-
tein. The result indicates that this gene is suitable for E.
coli expression system. It might be helpful to produce
the virus proteins to raise antibodies.
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