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ABSTRACT

Hemagglutinin (HA) of influenza viruses is a cylin-
drically shaped homotrimer, where each monomer
comprises two disulfide-linked subdomains HA1 and
HAZ2. Influenza infection is initiated by binding of
HA1L to its host cell receptors and followed by the
fusion between viral and host endosomal membranes
mediated by HA2. Human influenza viruses prefer-
entially bind to sialic acid that is linked to galactose
by an a2,6-linkage (a2,6), whereas avian and swine
influenza viruses preferentially recognize 2,3 or a
2,3/02,6. For animal influenza viruses to cross host
species barriers, their HA proteins must acquire mu-
tations to gain the capacity to allow human-to-human
transmission. In this study, the informational spec-
trum method (ISM), a bioinformatics approach, was
applied to identify mutations and to elucidate the
contribution to the receptor binding specificity from
each mutation in HA1 in various subtypes within or
between hosts, including 2009 human H1IN1, avian
H5N1, human H5N1, avian H1IN1, and swine H1IN2.
Among others, our quantitative analysis indicated
that the mutations in HAL of 2009 human H1N1 col-
lectively tended to reduce the swine binding affinity
in the seasonal H1IN1 strains and to increase that in
the pandemic H1N1 strains. At the same time, they
increased the human binding affinity in the pandemic
H1N1 strains and had little impact on that in the sea-
sonal HIN1 strains. The mutations between the con-
sensus HAL sequences of human H5N1 and avian
H5N1 increased the avian binding affinity and de-
creased the human binding affinity in avian H5N1
while produced the opposite effects on those in hu-
man H5N1. Finally, the ISM was employed to analyze
and verify several mutations in HA1 well known for
their critical roles in binding specificity switch, in-
cluding E190D/G225D in HIN1 and Q192R/ S223L/
Q226L/ G228S in H5NL1.

Keywords: Binding Specificity; Discrete Fourier
Transform; Electron-lon Interaction Potential; Entropy;
Hemagglutinin; Influenza; Informational

Spectrum Method; Mutation; Receptor
1. INTRODUCTION

Influenza A viruses are classified into different sub-
types based on the viral surface proteins hemagglutinin
(HA) and neuraminidase (NA). The initial step in the
influenza infection is the binding of HA to sialylated
glycan receptors on the host cells. HA is also the pri-
mary target for the immune response in the infected
host. Human and swine influenza viruses are derived
from avian viruses, facilitated by regular close contact
among humans, birds, and pigs [1]. The past three in-
fluenza pandemics, the Spanish flu (HIN1) in 1918, the
Asian flu (H2N2) in 1957, and the Hong Kong flu
(H3N2) in 1968, all had arisen from a reassortment
from avian, swine, and human viruses. The current
2009 influenza pandemic was caused by a swine-origin
HAN1 virus. The adaptation of the virus to a new host
entails the compatibility between host and virus genetic
requirements to allow efficient replication and sus-
tained transmission. The host barrier for influenza vi-
ruses to transmit in humans is multigenic, however, the
receptor specificity of HA proteins is a key determinant.

The binding preference of influenza virus HAs af-
fects the host specificity for infection. In general, hu-
man influenza viruses bind preferentially to a2,6 re-
ceptors, avian influenza viruses tend to bind to 02,3
receptors, and swine influenza viruses can bind to ei-
ther 02,6 receptors or both a2,6 and 02,3 receptors,
primarily based on differences in the amino acids in
the HA receptor binding domain (RBD). The RBD of
HA in various influenza subtypes has three structural
elements in common, one o-helix (190-helix) and two
loops (130-loop and 220-loop). Different hosts express
diverse SA isomers, i.e., a2,3 linkages in the gut of
waterfowl, a2,3 and a2,6 linkages in the lung and in-
testinal epithelium of chickens, and a2,6 linkages in the
upper respiratory epithelium and a2,3 and a2,6 link-
ages in the lower respiratory epithelium of humans [2].

A change of binding preference is essential for cross
species transfer, which involves mutations in HA to alter
its glycan receptor preference [3]. It is hypothesized that
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to facilitate efficient human transmission, mutations in
HA are required to increase 02,5 binding and at the same
time to decrease a2,3 binding [4]. A variety of mutations
that can shift receptor preference of HA proteins have
been identified.

In a study of receptor specificity of influenza A/H5 vi-
ruses [5], all but two isolates exhibited high affinity to
a2,3 receptors. The two isolates with a unique S223N
change in HA demonstrated decreased affinity to 2,3 and
moderate affinity to a2,6 receptors. Another study showed
that introduction of the mutation Q192R enhanced the
binding of HA in H5N1 to 02,6 receptors, and introduc-
tion of both mutations Q192R and S223N increased the
binding preference significantly. Residue 192 is close to
the 190 helix, and residue 223 is part of the 220 loop,
where it is feasible for them to influence the binding affin-
ity [6]. As for the H2, H3, H4, and H9 HAs, two substitu-
tions Q226L and G228S are mainly responsible for the
switch from avian to human binding [3,7,8,9].

Residues 138, 186, 190, 194, 225, 226, and 228 can
modulate the binding affinity of HIN1 HA proteins, and
two residues 190 and 225 play key dominant roles in
binding affinity [10,11]. The sequences of the RBD of
avian H1 viruses maintain a Glu at position 190 and a Gly
at 225 (H3 numbering), while the human H1 viruses gen-
erally have an Asp at both positions 190 and 225. It is
known that E190D and G225D mutations in H1 viruses
can shift binding patterns from avian to human type. In
the five 1918 HIN1 HA sequences, three have a D190 and
a D225 with 02,6 affinity, and two have a D190 and a
G225 with mixed 02,6/a2,3 specificities [12]. In general,
mutations D190/D225 favor a2,6 receptors in humans,
D190/G225 like 02,6 and o2,3 receptors in swine, and
E190/G225 prefer 02,3 receptors in avian [13]. The bio-
chemical analysis in [14] quantified the multivalent
HA-glycan interactions, and showed the effects of these
mutations on glycan binding amplified by multivalency.

To date, the symptoms of 2009 H1N1 are mild. The
fear is that the virus may continue to mutate to bring
about another more lethal outbreak in the subsequent
months as the 1918 Spanish flu. In [15] two representa-
tive 2009 HIN1 HA sequences, A/California/4/2009 and
A/Hamburg/5/2009, were shown to bind to both 02,6
and 02,3 receptors with some minor differences in a
carbohydrate microarray analysis, as predicted in [16].
There were three amino acid mutations between these
HA sequences: S83P, A197T, and V321l, which might
account for these differences in binding. These findings
suggested that no major change in binding affinity is
necessary for pandemic virus to acquire human binding
patterns, and the dual binding to 02,6/02,3 receptors is
one contributor to the greater virulence of the pandemic
virus than seasonal flu virus.

There were two other recent reports on the mutations of
the 2009 H1NL1 virus. The first report [17] located the
potential mutations and strongly co-mutated positions in

Copyright © 2010 SciRes.

NA. The second report [18] focused on HA and the inter-
action between HA and NA. The mutations of HA in 2009
H1N1 were found and mapped to the 3D homology model
of H1, and the mutations on the five epitope regions on
H1 were identified. With help from the results of the first
study, two co-mutation networks were uncovered, one in
HA and one in NA, where each mutation in one network
co-mutates with the mutations in the other network across
the two proteins HA and NA. These two networks resid-
ing in HA and NA separately may provide a functional
linkage between the mutations that can change the drug
binding sites in NA and those that can affect the host im-
mune response or vaccine efficacy in HA.

In references [19,20] the informational spectrum
method (ISM) [21] was applied to investigate the inter-
action between HA and its receptors, which showed that
HAL of different flu subtypes encodes one highly con-
served domain that might be determinants of HA binding
affinity. The study in [22] extended the results in refer-
ences [19,20] by identifying multiple domains in HA1
associated with each receptor interaction pattern. These
conserved domains in HA1 might be used to identify
new therapeutic targets for drug development.

In references [19,20] it was found that the consensus
informational spectrum (CIS) of HA1 of influenza strains
have the following characteristic dominant peaks at dif-
ferent IS frequencies as presented in Table 1. In this study,
F(0.295) will be referred to as pandemic human HIN1
receptor interaction frequency, F(0.055) as swine receptor
interaction frequency, F(0.076) as avian receptor interac-
tion frequency, and F(0.236) as seasonal human H1N1
receptor interaction frequency. In addition to the dominant
peak at IS frequencies in each subtype, there are secon-
dary peaks at various 1S frequencies [19,20,22].

Viral evolution can help influenza viruses surmount
species barriers. Once adapted in a new host, they still
need to continue their evolution to fit better in the new
environment. In this study, we sought to investigate the
effects of mutations in HA1, either within or between
hosts, on binding preference shift through a quantitative
analysis, the ISM. The analysis performed in this study
was based on the observation that several influenza vi-
ruses display dual specific recognition of receptors with
02,6 or a2,3 linkages. Our goal was to utilize the ISM to
uncover the amino acid polymorphisms in HA1 within
or between hosts and to measure their contribution to the
binding specificity switch quantitatively.

Table 1. Characteristic 1S frequencies of HA proteins in 2009
H1N1, swine HIN1/H1N2, avian H5N1, and seasonal human
HIN1.

Subtype 2009 Swine Avian Seasonal

P HIN1 HIN2/HIN1 H5N1 human HIN1

Frequency  F(0.295) F(0.055) F(0.076) F(0.236)
JBISE
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2. MATERIALS AND METHODS
2.1. Sequence Data

All HA sequences were retrieved from the Influenza
Virus Resource (http://www.ncbi/nlm.nih.giv/genomes/
FLU/ELU.html) of the National Center for Biotechnol-
ogy Information (NCBI) on November 20, 2009. Only
the full length and unique sequences were selected.
There were 450 HA sequences of human 2009 HIN1,
201 HA sequences of human H5N1 from 1979 to 2009,
1228 HA sequences of avian H5N1 from 1959 to 2009,
78 HA sequences of avian HIN1 from 1976 to 2008, and
83 HA sequences of swine HLN2 from 1980 to 2009. All
the sequences used in the study were aligned with
MAFFT [23].

2.2. Entropy

In information theory [24], entropy is a measure of dis-
order or randomness associated with a random variable.
Let X be a discrete random variable that has a set of
possible values {a,a,,a,,..a,} Wwith probabilities

{p. P, P;....p,} Where P(x=a)=p,. The entropy H
of X is

H(x)=-3 p, logp,

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

(1 <i <N) that takes on one of the 20 (n=20) amino acid
types with some probability. H(x,) has its minimum

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

versity at position i in our current study. A brief over-
view of the extensive applications of entropy in se-
quence analysis, in particular the flu virus sequences,
can be found in [17].

2.3. Important Sites in HA

Although there is a great variation due to high selection
pressure in the HAL sequences of various flu subtypes,
the active site of HAL is well conserved, which is lo-
cated in a cleft composed of the residues 91, 150, 152,
180, 187, 191, and 192. The three amino acids at posi-
tions 187, 191 and 192 are a part of the 190 helix. The
active site cleft of HA is formed by its right edge
(131_GVTAA) and left edge (221_RGQAGR) (H1 num-
bering), which are also commonly referred to as the 130
loop and 220 loop, respectively [25,26].

3. RESULTS

3.1. Mutations within Hosts

3.1.1 2009 Human H1IN1

After visual inspection of the alignment of 2009 human
HIN1 HAL sequences, there was either an Asp (single
letter code D) at position 127 in the pandemic strains or
a deletion at position 127 in the seasonal strains. Since
Asp had the highest EIIP value of 0.128 [22], this dele-
tion at position 127 might influence the DFT spectral
distribution. Of the 450 HAL sequences of 2009 human
HIN1 collected, there were 345 pandemic HIN1 se-
guences with an Asp at position 127 and 105 seasonal
H1N1 sequences with a deletion at position 127.

The CIS of the pandemic HIN1 HA1 sequences were
plotted in Figure 1(a), which have a dominant peak at
frequency F(0.295) (pandemic human H1N1 binding),
and the CIS of the seasonal HIN1 HAL sequences were
plotted in Figure 1(b), which have a dominant peak at
frequency F(0.055) (swine binding). According to the
ISM concepts, this demonstrated the different receptor
binding patterns of the 2009 pandemic and seasonal
HIN1 strains. Figure 2 illustrated the consensus se-
guences of the pandemic H1N1 strains (human binding
preference) and seasonal HIN1 strains (swine binding
preference), respectively.

There were 90 amino acid substitutions between the
two consensus HA1 sequences of human and swine
binding characteristics (Figure 2 and Table 2). Based on

Table 2. Mutations between swine and human bindings in HA1 sequences of 2009 HIN1.

I3L N35D S36K L43K K45R 147V Q51H N54K S56N V571 L69S 171S S72T K73A E74S KB82T P83S N84S

P85S E86D H94D A961 E120T -127D S128T V129N T130K S133T S135A S137P NI139A E141A S142K R146K L1491 T152V

G153K N155G G156N L157S N160K A1661 N167D E170G V1791 P183S N184T 11855 V186A K189Q T190S H193Q T194N EI195A

N196D S200F V202G H205R R208K T211K K216l 1227M L234V T239K 1241T N245T 1249V A250V L257M S258E G260N F261A

N2671 N269D A270T M272V D273H K274D D276N A277T K278T Q283K V2951 V2981 E302K R308K A310T M314L V315A 1321V

Copyright © 2010 SciRes. JBISE
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Figure 1. (a) CIS of HA1 of 2009 pandemic HIN1 (pandemic human H1N1 binding); (b) CIS of HA1 of 2009
seasonal HIN1 (swine HIN1 binding); (c) IS of HAL of 2009 pandemic HIN1 (pandemic human H1N1 binding);
(d) IS of HA1 of 2009 seasonal HIN1 (swine H1N1 binding).

the ISM theory, the mutations in HA1 that increased the
amplitude of F(0.295) and decreased that of F(0.055)
would contribute the switch of receptor binding affinity
from swine to human type. The variation amount of the
amplitudes of F(0.295) and F(0.055) was calculated for
each of the 90 mutations applied to each consensus HA1
sequence, swine binding or human binding. The top 32
mutations that resulted in the amplitude change at fre-
quency F(0.295) or F(0.055) (AA) more than 6% were
listed in Table 3, suggesting that these mutations might
be critical for modulating the binding preferences be-
tween swine and humans. In general, increasing the am-
plitude at one frequency F(0.295) or F(0.055) will de-
crease that at another frequency, but there were several
exceptions. Three “hot spots”, D94, D196, and D274,
found in [19] contributed to the amplitudes at frequen-
cies F(0.295) and F(0.055) with different amounts (Table
3). There were a mutation T152V at the binding site, and
two mutations S133T and S135A at the right edge of the

Copyright © 2010 SciRes.

binding pocket, which were not listed in Table 3 because
their AA value was relatively small. Table 3 also con-
tained several mutations of interest, which were T130K
and S137P near the right edge of the binding pocket, and
P183S, N184T, 1185S, H193Q, T194N, and N196D near
the active site.

In [18], three networks of co-mutations in HA of 2009
HAIN1 were uncovered. The first one had residues 269,
276, and 309, the second one had residues 34, 167, 195,
and 268, and the third one had residues 129, 210, and
238, where each residue co-mutated with others in the
same network. Two pairs of mutations N167D/E195A
and N269D/D276N in Table 2 were part of the afore-
mentioned co-mutation networks discovered in [18].
Their individual and combined effects on AA were listed
in Table 4, with the second pair having a much larger
impact on the binding preference than the first. There
were two clusters of mutations in Table 2, where the
first was located at positions from 152 to 170, and the

JBISE



second at positions from 257 to 278. The first cluster of
mutations was contained in a pandemic human H1N1
receptor recognition domain (150:174) with the charac-
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teristic IS frequency at F(0.295) found in [22]. Prompted at frequency F(0.055) (Figure 3).
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Figure 2. Alignment of two consensus HA1 sequences of 2009 pandemic HIN1 (pandemic human H1N1 binding) and 2009
seasonal HIN1 (swine binding). The binding sites in HA are colored in red, the left and right edges of the binding cleft in blue.

Table 3. Changes of amplitudes of IS frequencies by top 32 mutations with large AA value in HA1 of 2009 H1N1.

Mutating Consensus HA1 Sequence of Swine Binding Patterns Mutating Consensus HA1 Sequence of Human Binding Patterns
Mutations AA[F(0.055)]% AA[F(0.295)]1% AA[F(0.055)]% AA[F(0.295)]%
N35D 11.025 10.814 -12.123 -12.608
K45R -6.935 2.2999 8.1835 -6.5807
S56N -8.347 -9.5275 10.448 0.093211
L69S 1.1681 6.0652 -0.70212 -8.5586
171S 7.0299 -9.42 -7.5854 4.8054
E74S 8.719 -3.4947 -9.8488 9.1621
K82T -6.9799 -4.8104 8.282 -5.4234
P83s -7.2536 7.4623 8.6929 -1.423
N84s -7.7848 0.88042 9.617 10.047
H94D 6.739 5.3039 -7.8366 14.058
E120T -9.7084 2.2202 11.954 -6.9883
T130K -5.6997 7.272 5.909 5.7416
S137P 7.0562 8.6072 -8.3647 4.9132
T152V 0.49754 -6.8741 -3.6229 -9.9879
L157S -9.3159 -5.0672 10.114 -9.6759
P183s 6.6852 7.4566 -8.2446 2.4515
N184T 10.495 0.64815 -11.043 -10.482
1185S 9.2299 -10.327 -8.6728 3.045
H193Q -6.1179 4.6131 6.9435 3.7993
T194N 10.605 -4.89 -9.7841 10.506
N196D -8.4752 -0.04744 6.2191 16.521
N245T -5.3848 8.7494 9.7128 -10.596
L257M 9.7014 -7.2577 -10.573 10.05
S258E -8.2999 -8.3169 8.7374 4.3745
N269D -9.1545 8.9086 6.7895 -12.176
M272v -3.1046 -9.3909 7.0087 9.0809
D273H -6.1335 7.448 11.253 -0.73203
K274D 7.7964 -10.052 -10.303 12.443
D276N -12.437 -3.5437 13.913 9.3104
A277T 5.1287 -7.8075 -4.4654 6.8946
R308K -0.59247 7.761 3.5286 -6.9255
M314L -7.2075 5.2935 6.3119 -5.2079
Total -27.0553 0.9764 40.4485 29.9315
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by this finding, we searched for a similar domain near
the second cluster, and found a new domain (246:286) of
swine binding characteristic with the 1S dominant peak
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Table 4. Changes of amplitudes of IS frequencies by mutations contained in the co-mutation networks in 2009 HIN1
discovered in [18].
Mutating Consensus HA1 Sequence Mutating Consensus HA1 Sequence
of Swine Binding Patterns of Human Binding Patterns
Mutations AA[F(0.055)]% AA[F(0.295)]% AA[F(0.055)]% AA[F(0.295)]%
N167D 0 0 0 0
E195A -2.674 -3.7307 2.1705 -0.36167
N167D, E195A -2.6740 -3.7307 2.1705 -0.3617
N269D -9.1545 8.9086 6.7895 -12.176
D276N -12.437 -3.5437 13.913 9.3104
N269D, D276N -20.8003 4.3377 21.7617 -3.6715
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HAL sequences in the dataset that had a higher IS peak
at frequency F(0.236) than that at the frequency
F(0.076). Bases on this observation, the whole set of
HAZL sequences in avian H5N1 collected were divided
into two subsets. One had the IS dominant peak at fre-
quency F(0.076), referred to as avian binding subset
(n=949), and the other had the IS dominant peak at
frequency F(0.236), referred to as human binding sub-
set (n=279). The CIS of these two subsets of HAL se-
quences were plotted in (b) and (c) of Figure 4, and the
IS of their consensus HA1 sequences were plotted in (d)
and (e) of Figure 4, respectively. A total of 11 amino acid
changes between the two consensus HAL sequences of
avian binding and human binding were found, and the re-
sulting amplitude variation from each mutation was com-
puted (Table 5). There were several mutations near the
active site: D154N, N155S, A156T, and R189K.

3.1.3. Avian HIN1

For avian HIN1, we used the same strategy as for avian
H5NL1 to divide the whole set of HA1 sequences (n=78) in
this subtype into two subsets according to different
binding patterns (human (n=19) vs. avian (n=59)) as
reflected by two different IS characteristic frequencies
(F(0.295) vs. F(0.282))(Figure 5). Between the two con-
sensus HA1 sequences of avian (F(0.282)) and human
(F(0.295)) binding, there was only one mutation N121S
(Table 6). The ISM was applied to quantify this muta-
tion’s contribution to the amplitude variation of the
consensus HAL sequence in each binding characteristics
(Table 6).

For HIN1 viruses, the substitutions E190D/G225D
were essential for avian virus HA to acquire human virus
receptor specificity [13]. Here ISM was employed to
verify this fact numerically (Table 7).

Table 5. Changes of amplitudes of IS frequencies by each mutation between avian and human binding patterns in

HA1 of avian H5N1.

Mutating Consensus HA1 Sequence

of Avian Binding Patterns

Mutating Consensus HA1 Sequence
of Human Binding Patterns

Mutations AA[F(0.076)]% AA[F(0.236)]% AA[F(0.076)]% AA[F(0.236)]%
L71I 0 0 0 0
183A -2.7308 3.8849 2.6972 -3.2926

R140K -7.8143 5.2052 8.2224 -4.3565
D154N -14.371 5.9825 15.75 -3.3428
N155S 6.3122 9.7463 -5.5234 -8.0289
A156T 1.9481 4.9408 -1.3726 -3.7429
R189K 0.21422 -7.9896 0.36709 7.2805
N252Y -5.9842 3.5318 6.173 -3.0255
T262A 0 0 0 0
1282M 4.7565 10,576 -4.6209 -8.6614
G323R 11.348 -8.0717 -10.859 7.048
Total -6.3212 27.8086 10.8338 -20.1221

Table 6. Changes of amplitudes of IS frequencies by each mutation between avian and human binding patterns in

HA1 of avian HIN1.

Mutating Consensus HA1 Sequence
of Avian Binding Patterns

Mutating Consensus HA1 Sequence
of Human Binding Patterns

Mutation AA[F(0.282)]%

AA [F(0.295)]%

AA [F(0.282)]% AA [F(0.295)]%

N121S -15.7142 18.6251

18.6439 -15.7008

Table 7. Changes of amplitudes of IS frequencies by mutations E190D/G225D.

Mutating Consensus HA1 Sequences of Avian HIN1

Mutations AA[F(0.282)]% AA[F(0.295)]% Dominant Peak Frequency
E190D -13.2024 13.0862 F(0.282)
G225D -10.4239 -0.6548 F(0.282)
E190D,G225D -22.8997 11.7994 F(0.295)

Copyright © 2010 SciRes.
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Figure 5. (a) CIS of consensus of all HA1 se-
quences of avian HIN1; (b) CIS of consensus HAl
sequence of avian HIN1 with pandemic human
H1N1 binding; (c) CIS of consensus HA1 sequence
of avian HIN1 with avian binding; (d) IS of con-
sensus HAL sequence of avian HIN1 with pandemic
human H1IN1 binding; (e) IS of consensus HA1
sequence of avian HIN1 with avian binding.
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3.1.4. Swine HIN2

For swine HLN2, we used the same strategy as for avian
H5N1 to divide the whole set of HAL sequences (n=82)
in this subtype into two subsets according to different
binding patterns (human (n=45) vs. swine (n=37)) as
reflected by two different IS characteristic frequencies
(F(0.295) vs. F(0.055)) (Figure 6). The comparison of
the two consensus HA1 sequences (human vs. swine)
revealed 14 mutations, and the ISM was applied to
quantify each mutation’s contribution to the amplitude
variation of the consensus HA1 sequence in each bind-
ing characteristics (Table 8). There were several muta-
tions near the active site: N184T, R189Q, and T190S,
and near the edges of the binding pocket: E127D, E224A,
and R131K.

3.2. Mutations between Hosts

3.2.1. 2009 HIN1 and Swine H1IN2

The 2009 H1N1 virus has its origin as a reassortant from a
triple-reassortant virus circulating in North American
swine and Eurasian avian-like swine HIN1, with its HA
from the classical swine influenza viruses.

The comparison of the consensus HAL sequences of
2009 HIN1 and swine HIN2 found 24 mutations. The
ISM was applied to find the changes made by each muta-
tion in the amplitude of IS of each consensus HA1 se-
quence (Table 9). Mutations K130R and E224A were
near the edges of the binding pocket. There were three
mutations at residues 71, 211, and 216 presented in Tables
3, 9, and 10, implying their importance in determining
binding preferences of swine HIN2 and 2009 H1N1.
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Figure 6. (a) CIS of consensus of all HAL sequences
of swine HIN2; (b) CIS of consensus HA1 sequence
of swine HIN2 with pandemic human H1N1 binding;
(c) CIS of consensus HA1 sequence of swine HIN2
with swine binding; (d) IS of consensus HA1 sequence
of swine HIN2 with pandemic human H1N1 binding;
(e) IS of consensus HA1 sequence of swine HIN2
with swine binding.
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Figure 7. (a) IS of consensus HA1 sequence of 2009
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Mutations in the binding site not only could modulate
receptor specificity but also the antigenicity of the virus
[27]. 1t was generally believed that the key residues at
the binding site were not subject to selection, but re-
cently a strong positive selection at position 190 in HA
of HIN1 was detected in [13]. It was observed that there
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Table 8. Changes of amplitudes of IS frequencies by each mutation between swine and human binding patterns in
HA1 of swine HIN2.

Mutating Consensus HA1 Mutating Consensus HA1
Sequence of Swine Sequence of Human
Binding Patterns Binding Patterns
Mutations AA[F(0.055)]% AA[F(0.295)1% AA[F(0.055)1% AA[F(0.295)]%

V4TI -0.45253 -0.39918 0.61877 0.4217

171F -7.4498 3.7605 9.5403 -3.7394
E127D -11.057 -1.2554 14.693 3.0055
R131K 0 0 0 0
G170E 0.014238 -0.07755 -0.01469 0.07289
N184T -8.3652 -10.1 11.495 10.475
R189Q -1.4448 -2.6783 1.6451 2.6875
T190S -1.1476 0.1999 1.352 -0.09641
T211K -6.1626 6.441 8.1349 -6.0602
K216T -1.9443 7.4225 2.3502 -6.895
E224A -0.10535 -1.9348 0.42226 1.7602
A250V -1.1944 -3.5238 1.8901 3.4949
P271S -2.8719 3.2365 3.4537 -3.3317
K278T -0.95454 0.60359 2.0448 -0.81079
Total -43.1358 1.6950 57.6254 0.9842

Table 9. Changes of amplitudes of IS frequencies by each mutation between consensus HA1 sequences of 2009 HIN1
and swine HIN2.

Mutating Consensus HA1 Sequence of Swine HIN2 Mutating Consensus HA1 Sequence of 2009 HIN1

Mutations AA[F(0.055)]% AA[F(0.295)]% AA[F(0.055)]% AA[F(0.295)]%
K36R -5.6796 5.4297 7.2412 -4.7622
161L 0 0 0 0
ST1F -0.75109 0.59143 0.90722 -0.85027
S84N -7.0341 -8.3814 9.614 10.052
D97N -4.8444 -9.6342 6.0451 9.9181
T120E -8.911 5.4563 11.964 -7.0032
K130R -4.3521 -4.4943 6.0754 5.9088
K142N 0.67563 -2.0369 -0.36048 2.8758
K146R -5.7743 -2.0864 7.4097 1.4689
D168N 4.5193 -5.5381 -5.7447 4.824
G170E 0.011884 -0.07133 -0.01058 0.06883
R205H 1.7024 1.1275 -2.4361 -2.3933
K211T 6.5905 -5.7011 -7.8044 6.4193
1216K -1.8394 3.6983 2.0037 -3.8566
E224A -0.2376 -1.7644 0.61948 1.4082
K239T -5.1394 0.52104 6.8924 0.89224
M257L 8.8688 -8.1637 -10571 10.056
E258K -2.8787 -2.2561 3.7825 2.0134
N260G -0.05099 0.1242 0.071321 -0.12802
A261S 1.0216 0.76162 -0.593 -1.5978
1298V 0.093799 0.2947 -0.08087 -0.42787
K302E -3.1322 1.8998 4.0108 -1.4074
L314M -4.0997 6.3337 6.3078 -5.2087
V321l -0.49821 -0.48678 0.6555 0.49537
Total -31.7389 -27.3764 45.9990 28.7656
were two distinct evolutionary patterns in host-driven pened at position 190. In contrast to these two trends, the
antigenic drift of human HIN1 HAs at positions 190 and HAs in 2009 H1N1 took a different path, which were
225, i.e., the antigenic drift of 1918 pandemic HAs oc- highly conserved at both positions 190 and 225, based
curred at position 225, and that of epidemic HAs hap- on the 73 HA sequences of 2009 H1N1, as of July 10,
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2009. In the present study, as of November 20, 2009, we
had the following counts of various mutations at posi-
tions 190 and 225 in HA of 2009 HIN1 (Table 10). It
appeared that the 2009 HIN1 HAs continued to keep
this evolutionary pattern.

The alteration of receptor binding specificity was be-
lieved to be an essential step in host adaptation. Several
studies on 1918 HA discovered that a single mutation
D225G decreased the binding affinity of 1918 HA for
a2,6 receptors and resulted in a mixed a2,6/02,3 binding
virus, furthermore, a double mutations D190E/D225G
abolished the binding of 1918 HA to ¢2,6 and resulted in
a a2,3 binding virus [28,29]. Our numerical analysis
(Table 11) suggested that the mutations at positions 190
and 225 would produce similar binding affinity of 2009
HIN1 HA to that of 1918 HA. Mutation D190E de-

Table 10. Mutation counts in HA1 sequences of 2009 H1N1.

Mutation Counts

D190G
D190V
D225E
D225G
D225N

N N o 01 -

Table 11. Changes of amplitudes of IS frequencies by muta-
tions observed in HA1 sequences of 2009 HIN1.

Mutating Consensus HA1
Sequence of 2009 HIN1
Dominant
Mutations AATF(0.055)]% AA[F(0.295)]% Peak
Frequency
D190E -2.0061 -9.6206 F(0.282)
D190G -2.0302 -9.6888 F(0.282)
D190N -2.0789 -9.8255 F(0.282)
D190V -2.0027 -9.6109 F(0.282)
D225E -9.5672 -2.1233 F(0.295)
D225G -9.6345 -2.1488 F(0.295)
D225N -9.7694 -2.2003 F(0.295)
D190E,D225E -10.5225 -12.3705 F(0.282)
D190E,D225G -10.5836 -12.3981 F(0.282)
D190E,D225N -10.7061 -12.4537 F(0.282)
D190G,D225E -10.5392 -12.4420 F(0.282)
D190G,D225G -10.6002 -12.4696 F(0.282)
D190G,D225N -10.7226 -12.5253 F(0.282)
D190N,D225E -10.5729 -12.5854 F(0.282)
D190N,D225G -10.6338 -12.6131 F(0.282)
D190N,D225N -10.7560 -12.6688 F(0.282)
D190V,D225E -10.5201 -12.3603 F(0.282)
D190V,D225G -10.5812 -12.3879 F(0.282)
D190V,D225N -10.7037 -12.4435 F(0.282)

Copyright © 2010 SciRes.

creased the amplitude at frequency F(0.295) more than
that at frequency F(0.055), displaying the avian binding
affinity, while mutation D225G produced the opposite
effect, exhibiting the human binding specificity. The
double mutations D190E/D225G showed avian binding
preference.

3.2.2. Avian H5N1 and Human H5N1

Most of the highly pathogenic avian H5N1 strains bind
strongly to avian receptors. This specificity is normally a
barrier to viral transmission from birds to humans.
However, a few of them have been discovered to bind to
human receptors as well as to avian receptors. The com-
parison of the consensus HA1 sequences of avian H5N1
and human H5N1 identified three mutations, R140K,
R189K, and T263A, and their impact on the two charac-
teristic frequencies F(0.076) and F(0.236) was illustrated
in Table 12.

As demonstrated in the experiments conducted in ref-
erences [5,6], substitutions Q192R and S223L could
mediate a shift from avian to human binding preference
in the H5N1 viruses. In references [30,31,32], mutations
Q226L and G228S enhanced the human binding capac-
ity while reduced avian binding capacity of the H5N1
viruses. Here the ISM was utilized to evaluate the out-
come of these mutations (Table 13). Figure 8 illustrated
the effect of mutation S223L on the two characteristic
frequencies F(0.076) and F(0.236).

4. DISCUSSION

Understanding the minimal adaptive changes necessary
for viral adaptation to human host is of key importance
in learning how pandemic influenza viruses emerge. Al-
teration of receptor recognition is a vital step in host
adaptation, which is modulated directly by a subset of
amino acids present in the HA protein. Other determinants
of host adaptation include continued viral evolution to
improve transmission and replication efficiency and op-
timize tissue tropism.

There are several well-known mutations in HA pro-
tein in different flu subtypes, playing critical roles in
receptor binding preference shift. Besides mutations in
HA, the glycosylation sites in HA might also impact the
binding specificity of HA [32]. The mutations discov-
ered in this study represent alternatives by which the HA
can switch its substrate recognition. These mutations
occur in nature, whereas those artificially engineered by
wet lab techniques may have a very low probability to
occur in nature. As evidenced by the study in [30] that
mutations Q226L and G228S in HA proteins could alter
the binding specificity of the H5N1 viruses. Neverthe-
less, it also pointed out that the likelihood to acquire the
necessary nucleotide changes to produce these mutations
in natural virus is small, which could explain in part why
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Table 12. Changes of amplitudes of IS frequencies by each mutation between consensus HA1 sequences of avian H5N1 and
human H5N1.
Mutating Consensus Mutating Consensus
HA1 Sequence HA1 Sequence
of Avian H5N1 of Human H5N1
Mutation AA [F(0.076)]% AA [F(0.236)]% AA [F(0.076)]% AA [F(0.236)]%
R140K 7.9425 -7.8143 5.2052
R189K -0.5253 0.2142 -7.9896
T263A -3.7894 45619 6.8405
Total 3.6278 -3.0382 4.0561
Table 13. Changes of amplitudes of IS frequencies by muta-
thﬂS experlmented |n references [5,6,30,31,32] o IS of mutated consensus HA1 sequence of avian H5N1 (S223L)
Mutating Consensus HA1 F(0.076) F(0.236)
Sequence of Avian H5N1 °r I 7
Mutations AA [F(0.076)]% AA [F(0.236)]% af “ ~
Q192R -3.2185 1.5596 g ‘ I ‘ J“
S223L -4.0399 10.8075 3 | A ‘
Q192R, S223L -6.5711 11.6823 2 \‘ ‘ M | \‘ ‘\ h ‘ ‘ ‘
Q226L 0.9498 17.4463 X HM‘\ ,“‘4 ‘ \\ H“\“ ‘W M\H M ” ‘ ‘ I “ n \\ \\M \
I I MM
G228S 7.3516 15.7656 ,,“W“ ' N *‘ I Ju”‘ f“‘”‘MV‘W i i u!“ M \H |
‘ ‘ h \‘ ‘\M |
Q226L’ 62285 8.0339 16.9010 o oo; 0.1 015 0‘2 025 0.3 035 04 045 0.5
Frequency
IS of consensus HA1 sequence of avian HSN1 (C)
6
F(0.076) Figure 8. (a) IS of consensus HAL sequence of avian
o ' F(0.236) | H5N1; (b) IS of consensus HAL sequence of human
H5N1; (c) IS of consensus HAL sequence of avian
Al ‘ | H5N1 mutated by S223L.
2.l “ ‘ i “ ~ viruses such as H5N1 have not yet evolved into human
£ ﬂ A transmissible strains to cause a human pandemic.
.l ‘ A‘ I “ ‘ It appears that increased binding affinity for human
‘ h 'H\ | \ \‘ | “M ,‘ ~‘ N influenza receptors alone is not sufficient for efficient
A Hu \ I ‘V“ “H | WM I MM ”H “ m ’ “% human transmission, and additional molecular determi-
| W ‘\ \“ | ‘1‘\ “ MM V "\“\ \M» M \\ V nants are required. In [33], it was proposed that binding
of V | w to long-chain a2-6 sialosides is a necessary requirement
0 005 0.1 0,15 0.2 025 0.3 035 0.4 0.5

Frequency

(a)
s IS‘ of Con‘senSuS‘HAl se‘quence‘ of hum‘an HSN‘l
45¢ F(0.076) ‘ F(0.236) b
al ‘ J
asl ‘ I ' | “‘ i
! h | 1]
g 2.5 ’H ‘ “ ‘ ‘ i
< 2t W ‘ ‘ ~ \ ‘ H ‘ ‘ ‘
M I} \ il
1.-: h ” "H” ‘ “WJ “ ‘ M h ‘ MM "H
N v\u‘hn‘\‘ H\\“ ‘U‘ | N \‘M‘ H ‘ MNW\\ ‘h‘ 1 \ | W\\“H '“ M‘ ‘ “H
OO 0.05 O.l 0.15 0.2 Fre;)UZeicy 0.3 035 0.4 0.5
(b)
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for viruses to efficiently replicate and transmit in hu-
mans. There is inadequacy in assessing the adaption to
human receptor affinity from the analysis of a few in-
fluenza strains [30]. It showed that the effects of the
same mutations, such as Q226L/G228S, on the binding
preference of one strain were not the same on others
strains in H5N1. Because lab experiments are labor in-
tensive and costly, bicinformatics approaches offer rea-
sonable alternatives in the analysis of binding specificity
given the large number of virus sequences, which can
process all strains with any combination of mutations
within a subtype efficiently.

5. CONCLUSIONS

The increasing trend of direct transmission of avian/
swine influenza viruses to humans underscores the need
to understand further the mechanism of glycan receptor
recognition and specificity switch. In this study, muta-
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tions in HAZ1 within or between hosts in various flu sub-
types were identified, and their contribution to binding
preference was measured using the ISM. Our numerical
analysis implied that the mutations in HA1 of 2009 hu-
man HIN1 collectively tended to reduce the swine
binding affinity in the seasonal H1N1 strains and to in-
crease that in the pandemic H1N1 strains. At the same
time, they increased the human binding affinity in the
pandemic HIN1 strains and had little impact on that in
the seasonal HIN1 strains. The mutations in HA1 of
avian H5N1 and avian HIN1 exhibited reduced avian
binding in the strains of avian binding propensity while
showed enhanced avian binding affinity in the strains
with human binding propensity. They displayed the op-
posite effects on human binding. The mutations in HA1
of swine HIN2 reduced the swine binding affinity in the
strains with swine binding propensity and enhanced that
in the strains with human binding propensity. They
showed little impact on the human binding affinity,
which was different from the mutations in HA1 of 2009
H1IN1. The mutations between the consensus HAL se-
quences of 2009 H1N1 and swine H1N2 decreased both
the human and swine binding affinities in swine HIN2
and increased those in 2009 HIN1. The mutations be-
tween the consensus HA1 sequences of human H5N1
and avian H5N1 increased the avian binding affinity and
decreased the human binding affinity in avian H5N1
while produced the opposite effects on those in human
H5N1.

The mutations discovered in the present study con-
firmed the potential for influenza viruses to adapt to
human host, and furthermore, our numerical analysis
detailed the extent of binding preference changes in-
duced by each mutation. These mutations and their cor-
responding contribution to the binding specificity altera-
tion yielded new clues to the mechanism of receptor
recognition switch within and between hosts. The ISM
offered a complementary and efficient approach to in-
vestigate the binding affinities of all HA sequences in
various subtypes, a task difficult to accomplish experi-
mentally.
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ABSTRACT

The effectiveness of magnetic resonance imaging
(MRI) to monitor thermal lesions created by High
Intensity Focused Ultrasound (HIFU) in rabbit liver
in vivo is investigated. The MRI sequences of T1-
weighted, and T2-weighted fast spin echo (FSE) were
evaluated. The main goal in this paper was to find the
range of repetition time (TR) and range of echo time
(TE) which maximizes the contrast to noise ratio
(CNR). An ultrasonic transducer operating at 2 MHz
was used, which is navigated using a positioning de-
vice. With TIW FSE the range of TR under which
CNR is maximized ranges from 400 to 900 ms. The
maximum contrast measured is approximately 25.
With T2W FSE the range of TE that establishes
maximum contrast is between 40 ms and 80 ms, with
CNR of approximately 14. TIW FSE is much better
than T2W FSE in detecting thermal lesions in liver.
Both T1W and T2 W FSE were proven successful to
image thermal lesions created by HIFU in rabbit
liver in vivo.

Keywords: Ultrasound; Liver; MRI; Lesion; Ablation

1. INTRODUCTION

Surgical resection is considered the therapy of choice for
liver cancer. However, the percentage of patients who
are good candidates for surgery is low [1]. Surgical re-
section is only feasible in 10-20% of the patients result-
ing to 5-year survival rates in the region of 40% [1].

*This work was supported by the Research Promotion Foundation (RPF
of Cyprus under the contract ERYAN/2004/1, ANABA ©® MIZH/
TTAT'10/0308/05, and EIIIXEIPHZEIX/ EOAPM /0308/01.

Moreover, the incidence of new metastases after resec-
tion is high, and the success rate after multiple resections
is low [1]. Because of the above disadvantages of surgi-
cal resection the development of several less invasive
local ablative therapies for liver tumors is imperative.
These approaches have included percutaneous ethanol
injection [2], cryotherapy [3], radiofrequency [4], mi-
crowave [5], and laser ablation [6,7]. These local thera-
pies have produced survival rates similar to those with
surgical resection in the treatment of metastases [8], but
unfortunately high local recurrence rate is also reported
[9].

Therefore thermal ablation methods could possibly
become a main treatment option for liver cancer, espe-
cially if recurrence rate is minimized. Another ablative
method that could be used for liver cancer treatment is
High Intensity Focused Ultrasound (HIFU). HIFU is the
only non-invasive local therapy to be proposed to date. If
HIFU is proven equivalent to surgical resection, this
minimally invasive approach may be able to replace
surgery as the treatment of choice.

A lot of work has been done in many directions since
the 80’s in the area of liver ablation using HIFU. The
threshold of intensity that is needed to cause irreversible
damage in liver, was suggested by Frizell et al. 1987 [10]
and Frizell 1988 [11]. This information is very useful,
because the intensity needed to create lesions was de-
fined. The thermal effects of HIFU in liver were well
documented by ter Haar et al. 1989 [12], and Sibile et al.
1993 [13]. In the two studies by Chen et al. 1993 [14],
and Chen et al. 1999 [15], the effect of HIFU ablation in
liver and cancerous liver using histology were analysed
extensively. The effective delivery of HIFU protocols in
real oncologigal applications of liver was achieved by
implanting tumour cells in liver [16,17,18,19,20].
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Since the 90’s clinical work has been initiated for liver
cancer. Vallancien et al. [21] treated two patients with
solitary liver metastases prior to surgical resection. The
team headed by Wu in 1999 reported a clinical study for
treating 68 patients with liver malignancies [22]. The
same group reported a clinical study with 474 patients
with Hepatocelular Carcinoma (HCC) treated using HIFU
in combination with transarterial chemo-embolisation
[23]. HIFU ablation has also been used for palliation in
100 patients with advanced-stage liver cancer [24]. Fol-
lowing treatment, symptoms, such as pain and lethargy,
were relieved in 87% of the patients.

Without an imaging system that allows for online
monitoring of the deposition of ultrasound energy or the
creation of induced lesion, it is impossible to predict the
precise location of the HIFU beam, to monitor the tem-
perature changes, or to control the deposited thermal
dose. In the past, these major constraints limited the de-
velopment of HIFU as a noninvasive surgical technique.
In recent years, however, integration of HIFU with MR,
which allows high-sensitivity tumor detection and the
ability to monitor temperature in real time, has increased
the potentials of HIFU.

MRI-guided HIFU has generally been reserved for the
treatment of uterine fibroids [25] and breast adenomas
[26]. However, it is very likely that this mode of treat-
ment monitoring and delivery will have a role in the
treatment of liver tumours. Recently, a hon-randomised
clinical trial is under way [27] to assess the safety and
efficacy of the MRI guided HIFU system ExAblate 2000
(InSightec, Haifa, Israel) in the treatment of liver tu-
mours. It was reported that a small number of patients
has been treated to date with promising results [27].

The first attempt to monitor the effect of HIFU using
MRI in liver was reported by Rowland et al. 1997 [28],
who demonstrated that monitoring of thermal lesions in
liver is feasible. The MRI appearance of lesions in liver
created using HIFU was also studied by Jolesz et al.
2004 [29] and Kopelman et al. 2006 [30].

In this paper the goal is to investigate the effective-
ness of MRI to monitor therapeutic protocols of HIFU in
rabbit liver in vivo. The two basic and most important
MRI sequences of T1-weighted fast spin echo (FSE),
and T2-weighted FSE are investigated. The goal was to
create large lesions and use MRI to discriminate between
liver tissue and lesion. With T1W FSE the signal inten-
sity vs. repetition time (TR) is evaluated and based on
this analysis, the contrast to noise ratio (CNR) is esti-
mated, in order to find the range of TR that produces
maximum contrast. Similarly for T2W FSE the range of
echo time (TE) is found that maximizes the contrast. A
spherically focused transducer operating at 2 MHz was
used, which is navigated inside MRI using an MRI
compatible robot.

Copyright © 2010 SciRes.

2. METHODS

2.1. HIFU/MRI System

Figure 1 shows the block diagram of the HIFU/MRI
system which includes the following subsystems:

a) HIFU system, b) MR imaging, c) Positioning de-
vice (robot) and associate drivers, and d) MRI compati-
ble camera.

2.1.1. HIFU System

The HIFU system consists of a signal generator (HP
33120A, Agilent technologies, Englewood, CO, USA), a
RF amplifier (250 W, AR, Souderton, PA, USA), and a
spherically shaped bowl transducer made from piezo-
electric ceramic of low magnetic susceptibility (Etalon,
Lebanon, IN, USA). The transducer operates at 2 MHz,
has focal length of 10 cm and diameter of 5 cm. The
transducer is rigidly mounted on the MRI-compatible
positioning system (MEDSONIC LTD, Limassol, Cy-
prus) which is described shortly.

2.1.2. MRI Imaging

The 3-d positioning device and the transducer were
placed inside a MRI scanner (Signa 1.5 T, by General
Electric, Fairfield, CT, USA). A spinal coil (USA in-
struments, Cleveland, OH, USA) was used to acquire the
MRI signal.

2.1.3. Positioning Device/Robot Drivers

The robot has been developed initially for three de-
grees-of-freedom, but it can be easily developed for 5
degrees of motion. Since the positioning device is
placed on the table of the MRI scanner its height is
around 55 cm (bore diameter of the MRI scanner). The
length of the positioning device is 45 cm and its width
30 cm. The weight of the positioning device is only 6 kg
and therefore it can be considered portable. Figure 2
shows the schematic the positioning device illustrating
the 3 stages, transducer, and coupling method. The

WRT

compatible:
robot

MRI compatible)
camera
RF amplifiers.

Signal generator

DC Supply

PC/8oftware

Interface cable

————  RFcable

Figure 1. HIFU system under MRI guidance showing the
various functionalities of the HIFU/MRI system.
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Figure 2. Schematic of the robot showing all of its stages.

positioning device operates by means of 3 piezoelec-
tric motors (USR60-S3N, Shinsei Kogyo Corp., Tokyo,
Japan). More details of this positioning device can be
found in [31]. Moreover, the positioning system in-
cludes optoelectronic encoders (not shown in any of
the figures) for providing signals indicating the rela-
tive positions of the movable elements in the position-
ing system. The resolution of all 3 axes of the posi-
tioning device is 0.1 mm.

The box hosting the motor drivers is placed outside
the MRI room since magnetic materials are involved. A
DC supply (24V, 6A) is used to drive the Shinsei drivers.
Wires from the Shinsei drivers are connected to a PCI
6602 interface card (National instruments, Austin, Texas,
USA) via a connecting block. The PCI 6602 interface
card includes timing and digital I/0 modules. The inter-
face is connected in a PC (Dell Inc. Round Rock, Texas,
USA).

2.1.4. MRI Compatible Camera

In order to monitor the condition of the animal or hu-
mans (future use), an MRI compatible camera (MRC
Systems GmbH, Heidelberg, Germany) was mounted on
the system. The camera was interfaced by means of a
video card. With the aid of the MRI compatible camera,
the researcher can monitor the welfare of the animal.

2.2. In Vivo Experiments

For the in vivo experiments, New Zealand adult rabbits
were used weighting approximately 3.5-4 kg. Totally 7
rabbits were used in the experiments. The rabbits were
anaesthetized using a mixture of 500 mg of ketamine
(100 mg/mL, Aveco, Ford Dodge, IA), 160 mg of xy-
lazine (20 mg/mL, Loyd Laboratories, Shenandoah, 1A),
and 20 mg of acepromazine (10 mg/mL, Aveco, Ford
Dodge, IA) at a dose of 1 mL/kg. The animal experi-
ments protocol was approved by the national body in
Cyprus responsible for animal studies (Ministry of Ag-
riculture, Animal Services).

2.3. HIFU Parameters

The in situ spatial average intensity was estimated based

Copyright © 2010 SciRes.

on the applied power and the half-power width of the
beam of the transducer. The attenuation used was 4 Np/
m-MHz. The half-power length of the beam is 15.6 mm
and the half-power width is 1.2 mm. The details of the
intensity estimation can be found in [32]. In order to
create large lesions, a square grid pattern of 4x4 over-
lapping lesions was used. The spacing between succes-
sive transducer movements was 2 mm, which creates
overlapping lesions for the intensity and pulse duration
used. In all the exposures the ultrasound was turn on for
5s. The in situ spatial average intensity used was 1000
W/cm?. The delay between successive ultrasound firings
was 10 s.

2.4. MRI Processing

The following parameters were used for T1-W FSE: TR
was variable from 100-1000 ms, TE = 9 ms, slice thick-
ness = 3 mm (gap 0.3 mm), matrix = 256 x 256, FOV =
16 cm, NEX = 1, and ETL = 8. For T2-W FSE: TR =
2500 ms, TE was variable from 10 ms to 160 ms, slice
thickness = 3 mm (gap 0.3 mm), matrix = 256 x 256,
FOV =16 cm, NEX=1,and ETL =8.

The contrast to noise ratio (CNR) was obtained by di-
viding the signal intensity difference between the Region
of Interest (ROI) in the lesion and in the ROI of normal
liver tissue by the standard deviation of the noise in the
ROI of normal liver tissue. The ROI was circular with
diameter of 3 mm.

The tissue temperature change (AT) has been esti-
mated using the proton resonance frequency method
given by the equation stated in Chung et al. 1996
[33]:

AG=yBoaAT TE 1)

where A¢ is the temperature-dependent phase shift
which is the phase acquired before and during tempera-
ture elevation and which accumulates during the echo
time TE using fast spoiled gradient (FSPGR). The other
terms are y which is the gyromagnetic ratio of proton,
42.58MHz/T, o is the average proton resonance fre-
quency coefficient, and By is the flux density of the static
magnetic field. The measured temperature elevation can
be added to the base-line temperature to obtain the ab-
solute temperature. The average proton resonance fre-
quency coefficient o for the frequency shift was taken to
be -0.0105ppm/°C as determined by the method de-
scribed by Wkhodtseva et al. 2000 [33].

3. RESULTS

The goal in this study was to use TIW FSE using dif-
ferent TR (from 100 to 1000 ms) and then evaluate the
effect of TR on the CNR. Figure 3 shows a large lesion
in liver in vivo using T1-w FSE (TR = 400 ms). This
lesion was created using in situ spatial average intensity
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Figure 3. Large lesion in liver in vivo using T1-w FSE.

of 1000 W/cm? for 5 s. Since the step size of this 4 x 4
lesion was 2 mm, the size of this lesion is approximately
8 mm x 8mm. The MRI estimated maximum tempera-
ture in this lesion was 65°C. Since the estimated tem-
perature is below 100°C, the occurrence of boiling was
excluded. The thermal lesion appears bright and the con-
trast with liver tissue is excellent.

Figure 4 shows the photograph of the lesion of Fig-
ure 3 after the animal was sacrificed in a plane perpen-
dicular to the transducer face.

Figure 5 shows the CNR between lesion and liver
plotted against TR for the MRI image of Figure 3. The
same trend of CNR was seen in all the remaining 6 rab-
bits. Also the maximum CNR between liver and lesion
of the other 6 rabbits was also close to 25, and thus we
are confident that this typical graph represents the be-
haviour of CNR vs. TR for rabbit liver ablation in vivo.
The relaxation time T1 of the lesion is 250 ms, and re-
laxation time T1 of the liver is 600 ms. The proton den-
sity of the lesion increases by 20 % compared to the host
tissue.

Figure 6 shows the MRI image of the lesion of Fig-
ure 3 using T1l-w FSE demonstrating the excellent
propagation deep in the liver (i.e. in plane parallel to the
transducer beam axis).

The second goal in this study was to explore T2W
FSE using different TE (from 10 to 140 ms) and then
evaluate the effect of TE on the CNR. Figure 7 shows
the MRI images of the same lesion as in Figure 3 using
T2W FSE (TE = 60 ms).

Figure 8 shows the CNR between lesion and liver
plotted against TE for the liver and lesion of the MRI
image of Figure 7. The relaxation time T2 of lesion is 35
ms and the relaxation time T2 of the liver is 50 ms. The
proton density of the lesion decreases by 5 % compared
to the host tissue.

Copyright © 2010 SciRes.

Figure 4. Photograph of the lesion of Figure 3.
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Figure 6. MRI image of the lesion of Figure 3 using TAW FSE.

4. DISCUSSION

In this paper the goal was to measure the CNR of FSE
MRI sequences in detecting thermal lesions created by
HIFU in rabbit liver in vivo. Both T1-w FSE and T2-W
FSE have been proven successfully for providing ex-
cellent contrast between liver and thermal lesion in
rabbit in vivo.

The CNR with T1-w FSE is significantly higher than
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Figure 7. MRI images of the same lesion as in
Figure 3 using T2W FSE.
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Figure 8. CNR vs TE for the MRI image shown in Figure 7.

T2-w FSE (25 with T1-w compared to 14 with T2-w).
With TIW FSE the range of TR under which CNR is
high and ranges from 400 to 900 ms. Obviously one
should use TR of 400 ms in order to minimize the imag-
ing time. Thus, the optimum TR to be used is 400 ms.
The maximum contrast measured is approximately 25.

The maximum CNR obtained for liver is the highest
we measured after 17 years of experience in this field.
The relaxation time T1 of lesion (250 ms) is much lower
than the T1 of the host tissue (liver) which is 600 ms.
The greater the difference, the greater the CNR. How-
ever, one might not ignore the significant role that the
value of proton density plays in the CNR. The proton
density of the lesion is increased by 20%.

The trend of CNR vs TR starts to increase then it be-
comes flat and then at high TRs it starts to decrease
again. This trend is justified because at low TR, the dif-
ference in signal intensity between lesion and liver is
low at the beginning and therefore CNR is lower. At
higher TR the signal intensity of lesion and tissue
reaches their maxima and therefore the signal difference
is lower and hence the CNR drops again.

With T2-w the range of TE that establishes maximum

Copyright © 2010 SciRes.

contrast is between 40 ms and 80 ms. This range was
estimated by assuming that a CNR value of 10 is ac-
ceptable. Note that the maximum CNR value with T2-w
FSE is around 14 which is much lower than the value
obtained with T1-w FSE. The relaxation time T2 of le-
sion (35 ms) is lower than the T2 of the host tissue (liver)
which is 50 ms. Therefore, in T2 W FSE the variation of
signal intensity between lesion and liver is small (5%)
and therefore the factor dominating the CNR in T2-w
FSE is the T2 relaxation time. The trend of CNR vs TE
starts to increase then it becomes flat and then at high
TEs it starts to decrease again. The same explanation
holds as in the case of T1-w FSE.
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ABSTRACT

The application of one-class machine learning is
gaining attention in the computational biology com-
munity. Different studies have described the use of
two-class machine learning to predict microRNAs
(miRNAS) gene target. Most of these methods require
the generation of an artificial negative class. However,
designation of the negative class can be problematic
and if it is not properly done can affect the perform-
ance of the classifier dramatically and/or yield a bi-
ased estimate of performance. We present a study
using one-class machine learning for miRNA target
discovery and compare one-class to two-class ap-
proaches. Of all the one-class methods tested, we
found that most of them gave similar accuracy that
range from 0.81 to 0.89 while the two-class naive
Bayes gave 0.99 accuracy. One and two class methods
can both give useful classification accuracies. The
advantage of one class methods is that they don’t re-
quire any additional effort for choosing the best way
of generating the negative class. In these cases one-
class methods can be superior to two-class methods
when the features which are chosen as representative
of that positive class are well defined.

Keywords: MicroRNA; One-Class; Two-Class; Machine
Learning

1. INTRODUCTION

MicroRNAs (miRNAs) are single-stranded, non-coding
RNAs averaging 21 nucleotides in length. The mature
miRNA is cleaved from a 70-110 nucleotide (nt) “hair-
pin” precursor with a double-stranded region containing
one or more single-stranded loops. MiRNAs target mes-
senger RNAs (mRNAs) for cleavage, primarily by re-
pressing translation and causing mMRNA degradation [1].
Although recent findings [2] suggest microRNAs may

affect gene expression by binding to either 5’ or 3” un-
translated regions (UTRs) of mRNA, most studies have
found that miRNA mark their target mMRNAs for degra-
dation or suppress their translation by binding to the
3’UTR and most target programs search there. These
studies have suggested that the miRNA seed segment
which includes 6-8 nt at the 5” end of the mature miRNA
sequence is very important in the selection of the target
site (see Figure 1).

Several computational approaches have been applied
to miRNA gene prediction using methods based on se-
guence conservation and/or structural similarity [3,4,5,
6,7]. Those methods that used machine learning were
based on the two-class approaches, while our new reported
results are based on the one-class approaches.

Several additional methods for the prediction of mi-
RNA targets have been subsequently developed. These
methods mainly use sequence complementarities, ther-
modynamic stability calculations, and evolutionary con-
servation among species to determine the likelihood of a
productive miRNA: mRNA duplex formation [8,9]. John
et al., (2004) developed the miRanda [10] algorithm for
miRNA target prediction. MiRanda uses dynamic pro-
gramming to search for optimal sequence complemen-
tarities between a set of mature miRNAs and a given
miRNA. Another algorithm RNAhybrid [8,9] is similar
to a RNA secondary structure prediction algorithm like
the Mfold program [11] but it determines the most fa-
vorable hybridization site between two sequences.

Lewis et al., (2005) developed TargetScanS [12]. Tar-
getScansS scores target sites based on the conservation of
the target sequences between five genomes (human,
mouse, rat, dog and chicken) as evolutionarily conserved
target sequences are more likely to be true targets. In
testing, TargetScanS was able to recover targets for all
5300 human genes known at the time to be targeted by
miRNAsS.

PicTar [13] is a computational method to detect com-
mon miRNA targets in vertebrates, nematodes (C. ele-
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3” uagcgccaaauauggUUUACUUA 5% has-miR-579

-1
57 atttctttttatqgaAAATGAGT 3” LR1G3

Figure 1. Duplex partitioned into two parts for miRNA hsa-miR-579 and its target
LRIG3, the seed part and the out-seed part. The seed part appears in capital letters.

gans), and insects (Drosophila melanogaster). PicTar is
based on a statistical method applied to eight vertebrate
genome-wide alignments (multiple alignments of ortho-
logous nucleotide sequences (3' UTRs). PicTar was able
to recover validated miRNA targets at an estimated 30%
false-positive rate. In a separate study PicTar was ap-
plied to target identification in D. melanogaster [14].
These studies suggest that one miRNA can target 54
genes on average and that known miRNAs are projected
to regulate a large fraction of all D. melanogaster genes
(15%). This is likely to be a conservative estimate due to
the incomplete input data.

TargetBoost [15] is a machine learning algorithm for
miRNA target prediction using only sequence information
to create weighted sequence motifs that capture the
binding characteristics between miRNAs and their tar-
gets. The authors suggest that TargetBoost is stable and
identifies more of the already verified true targets than
do other existing algorithms.

Sung-Kyu et al., (2005), also reported the development
of a machine learning algorithm using Support Vector
Machine (SVM). The best reported results [16] were
0.921 sensitivity and 0.833 specificity. More recently
Yan and others, used a machine learning approach that
employs features extracted from both the seed and
out-seed segments [17]. The best result obtained was an
accuracy of 82.95% but it was generated using only 48
positive human and 16 negative examples, a relatively
small training set to assess the algorithm.

In 2006, Thadani and Tammi [18] launched MicroTar,
a novel statistical computational tool for prediction of
miRNA targets from RNA duplexes which does not use
sequence homology for prediction. MicroTar mainly
relies on a quite novel approach to estimate the duplex
energy. However, the reported sensitivity (60%) is sig-
nificantly lower than that achieved using other published
algorithms. At the same time, a miRNA pattern discov-
ery method, RNA22 [19] was proposed to scan UTR
sequences for targets. RNA22 does not rely upon cross-
species conservation but was able to recover most of the
known target sites with validation of some of its new
predictions.

More recently, Yousef et al., (2007) described a target
prediction method, (NBmiRTar [20]) using instead ma-
chine learning by a Naive Bayes classifier. NBmiRTar
does not require sequence conservation but generates a
model from sequence and miRNA:mRNA duplex infor-
mation derived from validated target sequences and arti-

Copyright © 2010 SciRes.

ficially generated negative examples. In this case, both
the seed and “out-seed” segments of the miRNA:mRNA
duplexes are used for target identification. NBmiRTar
technique produces fewer false positive predictions and
fewer target candidates to be tested than miRanda [10].
It exhibits higher sensitivity and specificity than algo-
rithms that rely only on conserved genomic regions to
decrease false positive predictions.

This paper describes a comparison study of using one-
class and two-class approaches for miRNA target detec-
tion. The advantage of one class methods is that they
don’t require any additional effort for choosing the best
way of generating the negative class while it is clear that
the two class approaches performances are outperform
the one-class methods.

2. METHODS

2.1. Designing Duplex Structure and Sequence
Features

Machine learning enables one to generate automatic
rules based on observation of the appropriate examples
by the learning machine. However, the selection and
design of the features that will be considered in order to
represent each example for the learning process are very
important and influence the classifier performance. We
have followed [20] for feature design. We have parti-
tioned the duplex into two parts, the seed (5’ 8nt of the
miRNA) and out-seed (3’ remainder) as described in
Figure 1. For each of these parts the following features
are extracted to give 57 structural features: 1) the num-
ber of paired bases (bp), 2) The number of bulges (in-
serts on one strand between paired bases), 3) the number
of loops (unpaired bases opposite each other between
paired bases), 4) the number of asymmetric loops (loops
with unequal numbers of unpaired bases on the two
strands), 5) eight features, each representing the number
of bulges of lengths 1-7 and those with lengths greater
than 7. 6) Eight features, each representing the number
of symmetric loops with lengths 1-7 and those with
lengths greater than 7, 7) eight features each represent-
ing the number of asymmetric loops with lengths 1-7
and those with lengths greater than 7, 8) the distance
from the start of the seed (the 3’ end) to the first paired
base of the 5’ start of the out-seed part is an additional
feature that is extracted. For the sequence features, we
define “words” as sequences having lengths equal to or
less than 3. The frequency of each word in the seed part
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is extracted to form a representation in the vector space.
2.2. One-Class Methods

In general a binary learning (two-class) approach to
miRNA discovery considers both positive (miRNA) and
negative (non-miRNA) classes by providing examples
for the two-classes to a learning algorithm in order to
build a classifier that will attempt to discriminate be-
tween them. The most common term for this kind of
learning is supervised learning where the labels of the
two-classes are known before hand. One-class uses only
the information for the target class (positive class)
building a classifier which is able to recognize the ex-
amples belonging to its target and rejecting others as
outliers.

Among the many classification algorithms available,
we chose five one-class algorithms to compare for
miRNA discovery. We give a brief description of each
one-class classifier and we refer the references [21,22]
for additional details including a description of pa-
rameters and thresholds. The LIBSVM library [23]
was used as implementation of the SVM (one-class
using the RBF kernel function) and the DDtools [24]
for the other one-class methods. The WEKA software
[25] was used as implementation of the two-class
classifiers.

2.3. One-Class Support Vector Machines (OC-SVM)

Support Vector Machines (SVMs) are a learning ma-
chine developed as a two-class approach [26,27]. The
use of one-class SVM was originally suggested by [22].
One-class SVM is an algorithmic method that pro-
duces a prediction function trained to “capture” most
of the training data. For that purpose a kernel function
is used to map the data into a feature space where the
SVM is employed to find the hyper-plane with maxi-
mum margin from the origin of the feature space. In
this use, the margin to be maximized between the two
classes (in two-class SVM) becomes the distance be-
tween the origin and the support vectors which define
the boundaries of the surrounding circle, (or hy-
per-sphere in high-dimensional space) which encloses
the single class.

2.4. One-Class Gaussian (OC-Gaussian)

The Gaussian model is considered as a density estima-
tion model. The assumption is that the target samples
form a multivariate normal distribution, therefore for a
given test sample z in n-dimensional space, the probabil-
ity density function can be calculated as:

_ (-12(2-p) £ (2-11)
p(z) = W ! “ (1)
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where # and X are the mean and covariance matrix
of the target class estimated from the training samples.

2.5. One-Class Kmeans (OC-Kmeans)

Kmeans is a simple and well-known unsupervised ma-
chine learning algorithm used in order to partition the
data into k clusters. Using the OC-Kmeans we describe
the data as k clusters, or more specifically as k centroids,
one derived from each cluster. For a new sample, z, the
distance d(z) is calculated as the minimum distance to
each centroid. Then based on a user threshold, the clas-
sification decision is made. If d(z) is less than the
threshold the new sample belongs to the target class,
otherwise it is rejected.

2.6. One-Class Principal Component Analysis
(OC-PCA)

Principal component analysis (PCA) is a classical statis-
tical method known as a linear transform that has been
widely used in data analysis and compression. Mainly
PCA is a projection method used for reducing dimen-
sionality in a given dataset by capturing the most vari-
ance by a few orthogonal subspaces called principal
components (PCs). For the one-class approach (OC-PCA)
one needs to build the PCA model based on the training
set and then for a given test example z the distance to the
PCA(z) model is calculated and used as a decision factor
for acceptance or rejection.

2.7. One-Class K-Nearest Neighbor (OC-KNN)

The one-class nearest neighbor classifier (OC-KNN) is a
modification of the known two-class nearest neighbor
classifier which learns from positive examples only. The
algorithm operates by storing all the training examples
as its model, then for a given test example z, the distance
to its nearest neighbor y(y=NN(z) ) is calculated as d(z,y).
The new sample belongs to the target class when:

d(z,y)
d(y,NN (y))

where NN(y) is the nearest neighbor of y, in other words,
it is the nearest neighbor of the nearest neighbor of z.
The default value of 6 is 1. The average distance of
the k nearest neighbors is considered for the OC-KNN
implementation.

3. TWO CLASS METHODS
3.1. Nailve Bayes

O]

Naive Bayes is a classification model obtained by ap-
plying a relatively simple method to a training dataset
[28]. A Naive Bayes classifier calculates the probability
that a given instance (example) belongs to a certain class.
It makes the simplifying assumption that the features
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constituting the instance are conditionally independent
given the class. Given an example X, described by its fea-
ture vector (x1,..,xn), we are looking for a class C that
maximizes the likelihood: P(X |C)=P(x,..., X, |C) .
The (naive) assumption of conditional independence
among the features, given the class, allows us to express
this conditional probability P(X | C) as a product of sim-

pler probabilities: P(X |C) =ITP(x |C).
i=1

We used the Rainbow program [29] to train the naive
Bayes classifier. To combine the numeric features identi-
fied in the miRNA-target duplex with the sequence fea-
tures (“words”) in the target candidate sequence, a dic-
tionary of all the unique “words” was generated and the
frequency of each “word” in the sequence is used.

3.2. Support Vector Machines (SVMs)

Support Vector Machines (SVMs) is a learning machine
developed by Vapnik [27]. The performance of this algo-
rithm, as compared to other algorithms, has proven to be
particularly useful for the analysis of various classifica-
tion problems, and has recently been widely used in the
bioinformatics field [30,31,32]. Linear SVMs are usually
defined as SVMs with linear kernel. The training data
for linear SVMs could be linear non-separable and then
soft-margin SVM could be applied. Linear SVM sepa-
rates the two classes in the training data by producing
the optimal separating hyper-plane with a maximal mar-
gin between the class 1 and class 2 samples. Given a

training set of labeled examples (x,y,), i =1,.., ¢

where X, €R' and ¥; e{+1-1 the support vector
machines (SVMs) find the separating hyper-plane of the
form w-x+b=0 weR',beR. Here, w is the “nor-

mal” of the hyper-plane. The constant b defines the posi-
tion of the hyper-plane in the space. One could use the
following formula as a predictor for a new instance:
f (x) =sign(w-x+Db) for more information see Vapnik

[27].
3.3. Random Forest

Random forests are a ensemble of tree predictors such
that each tree depends on the values of a random vector
sampled independently and with the same distribution
for all trees in the forest [33]. The improvement in the
classification accuracy is due to the growing or an en-
semble of tress that vote for the most popular class.
Random forests are becoming increasingly popular be-
cause their ability to deal with small sample size with
high-dimensional space.

3.4.C4.5

C4.5 is a decision tree algorithm, developed by Quinlan
(1993)[34]. A decision tree is a simple structure where
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non-terminal nodes represent tests on one or more at-
tributes and terminal nodes reflect decision outcomes.

4. RESULTS

4.1. Data

A collection of 326 confirmed MicroRNA targets (hu-
man, mouse, fruit fly worm and virus) were downloaded
from the TarBase [35] (TarBase_ V4, Tarbase flat file
data as of 04/2007 ) web-site to serve as positive exam-
ples and 1,000 negative examples chosen at random
from the negative class pool generated at the study of
NBmiRTar [20].

To evaluate classification performance, we used the
data generated from the positive class and 1,000 nega-
tive examples. The negative class is not used for training
of the one-class classifiers, but merely for estimating the
specificity performance

Each one-class algorithm was trained using 90% of the
positive class and the remaining 10% was used for sensi-
tivity evaluation. The randomly selected 1,000 negative
examples were used for the evaluation of specificity. The
whole process was repeated 100 times in order to evaluate
the stability of the methods. Additionally, the Matthews
Correlation Coefficient (MCC) [36] measurement is used
to take into account both over-prediction and under-
prediction in imbalanced data sets. It is defined as:

(TpTn — FpFn)
J(Tp + Fp)(Tp + Fn)(Tn + Fn)(Tn + Fp)

MCC =

5. DISCUSSION

The one-class approach in machine learning has been
receiving more attention particularly for solving prob-
lems where the negative class is not well defined
[37,38,39,40]; moreover, the one class approach has
been successfully applied in various fields including text
mining [41], functional Magnetic Resonance Imaging
(fMRI) [42] ,signature verification [43] and miRNA
gene discovery [44].

This paper describes a comparison study of using one-
class and two-class approaches for miRNA target detec-
tion. The advantage of one class methods is that they
don’t require any additional effort for choosing the best
way of generating the negative class while it is clear that
the two class approaches performances are outperform
the one-class methods.

Table 1 shows the performance of five one-class clas-
sifiers while Table 2 shows the performances of two-
class methods. The results of the one-class approaches
show a slight superiority for OC-Kmeans over the other
one class methods based on the average of the MCC
measurement. The MCC measurement with value of +1
represents a perfect prediction while 0 value indicates an
average random prediction. However, accuracy is less
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Table 1. One-Class results.

Method TP TN ACC McCC
OC-SVM 0.91 0.779 0.81 0.69
OC-Gaussian 0.86 0.89 0.89 0.75
OC-Kmeans 0.90 0.87 0.87 0.77
OC-PCA 0.77 0.77 0.77 0.55
OC-Knn 0.87 0.89 0.89 0.76

Thbale 2. Two class results.

Method TP TN Acc MCC
Naive Bayes 0.93 0.99 0.99 0.93
SVM 0.98 0.9974 99.3 0.977
KNN4 0.858 0.952 92.88 0.813
C45 0.912 0.978 96.23 0.89
Random Forest 0.958 0.993 98.44 0.951

than the two-class approaches. During the training stage
of the one-class classifier we have set the 10% of the
positive data, whose likelihood is furthest from the true
positive data based on the distribution, as “outliers” in
order to produce a compact classifier. This factor might
cause a loss of information about the target class which
might also result in reducing performance compared to
the two class approach.

6. CONCLUSIONS

The current results show that it is possible to build up a
classifier based only on positive examples yielding a
reasonable performance. Moreover, more efforts are re-
quired to figure out more biological features to be used
in the design of the one-class classifier to improve the
performance. However, we hypothesize that taken 10%
of the training data as *“outlier” is the cause of reducing
the one-class performance.
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ABSTRACT

Epilepsy is a medical condition that produces seizures
affecting a variety of mental and physical functions.
Seizures can last from a few seconds to a few minutes.
They can have many symptoms, from convulsions
and loss of consciousness to blank staring, lip
smacking, or jerking movements of arms and legs. If
early warning signals of an upcoming seizure (diag-
nosis of preictal period) are detected, proper treat-
ment can be applied to the patient to help prevent the
seizure. In this research, an epileptic disorder has
been divided into three subsets: Normal, Preictal
(Just before the seizure), and Ictal (during seizure).
By using Detrended Fluctuation Analysis (DFA), Bis-
pectral Analysis (BIS), and Standard Deviation (SD)
three features from single-channel EEG signals have
been derived in the foresaid groups. A fuzzy classifier
is used to separate the three groups which can suc-
cessfully separate them with a separation degree of
100% and further a fuzzy inference engine is used to
extract a Seizure Intensity Index (SII) from the Elec-
troencephalogram (EEG) signals of the three differ-
ent states. One can apparently see the distinction of
SII amounts between the three states. It is more im-
portant when one remembers that these results are
just from single-channel EEG signal.

Keywords: Epilepsy; Fuzzy Inference Engine;
Bispectrum; Detrended Fluctuation Analysis

1. INTRODUCTION

Epilepsy is a brain disorder in which clusters of nerve
cells or neurons in the brain, sometimes, signal abnor-
mally. In epilepsy, the normal pattern of neuronal activity
becomes disturbed, causing strange sensations, emotions,
and behavior or sometimes convulsions, muscle spasms,
and loss of consciousness. Epilepsy is a disorder with

“The two authors contributed equally to this work.

many possible causes. Epilepsy may develop because of
an abnormality in brain wiring, an imbalance of nerve
signaling chemicals called neurotransmitters, or some
combination of these factors. EEGs and brain scans are
common diagnostic tests for epilepsy.

Once epilepsy is diagnosed, it is important to begin
treatment as soon as possible. For about 80 percent of
those diagnosed with epilepsy, seizures can be controlled
with modern medicines and surgical techniques. Some
antiepileptic drugs can interfere with the effectiveness of
oral contraceptives. Scientists are studying potential an-
tiepileptic drugs with the goal of enhancing treatment for
epilepsy. Once a seizure is predicted, antiepileptic drugs
could be injected to prevent the seizure.

In this research, the brain situation of an epileptic pa-
tient has been divided into 3 states: Normal (normal
brain state), Preictal (just before the seizure), and Ictal
(during seizure). Here, a technique to calculate a two
digit index that can distinctly separate these three states
during patient monitoring is seeked: a two digit index
that can represent the brain state of the patient.

Bispectral (BIS) analysis is an advanced signal proc-
essing technique that quantifies quadratic nonlinearities
(phase-coupling) among the components of a signal.
There are only a few reports concerning the bispectrum
of electroencephalogram (EEG). Barnett et al. first re-
ported the bispectral analysis of EEG in 1971. Sigl and
Chamoun introduced the detailed principle and concept
of bispectral analysis in 1994. Ning and Bronzino re-
ported the changes of bispectrum of the rat EEG during
various vigilance states. Muthuswamy et al. reported the
bispectral analysis of burst patterns in EEG. This infor-
mation is represented in [1]. In [2] bispectrum is used to
predict epileptic seizures. Tallach et al. tried to monitor
seizures using bispectral index in [3] and Ye et al. repre-
sented an anesthesia index using bispectral analysis in
[4]. There are, therefore, not many researches concern-
ing bispectrum for seizure detection. This analysis has
been introduced in this article and it has been used to
extract a BIS feature. One can further see the application
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of this feature in Seizure Intensity Index (SII) calculation.

Nonlinear dynamical analysis has emerged as a novel
method for the study of complex systems in the past few
decades. Besides BIS, a nonlinear technique called De-
trended Fluctuation Analysis (DFA) is introduced and
this method is used to derive another feature from sin-
gle-channel EEG for SII computation process. DFA was
invented by Peng [5] and established as an important
tool for the detection of long-range (auto-) correlations
in time series with non-stationarities. In [6] DFA is used
to extract a depth of anesthesia index. It is also used in
[7] to measure the depth of anesthesia. One of DFA’s
most important recent applications is in anesthesia index
detection while there is no significant record showing its
application in epileptic seizure detection or prediction.

These two features (BIS and DFA) are used separately
along with Standard Deviation (SD) to classify the three
mentioned groups in this research. A fuzzy classifier
with distinct characteristics is utilized to well classify the
three states. A fuzzy inference engine is further used to
produce a Seizure Intensity Index (SII).

Using the database of Andrzejak [8] and a leave-
Bone-out technique, we came to 100% separation be-
tween the three classes for SD and DFA combination and
98% for SD and BIS combination. We further extract the
mentioned index that can well represent the different
states of the brain especially in case of SD and DFA
combination. These results become more considerable
when we remember that the dataset includes single-
channel EEG signals. This means that monitoring of
seizure situation can be easily performed with a two-
electrode EEG recorder.

The outline of the paper is as follows: in the next sec-
tion, the complete information of the used database is
presented. Section 3 describes the algorithms applied on
the mentioned database. The results and a conclusion of
the whole article are represented in Sections 4 and 5,
respectively.

2. DATABASE

In this research, the data described in [8] is used, which
is publicly available. In this section, we restrict ourselves
to only a short description and refer to [8] for further
details. The complete dataset consists of five sets (de-
noted A-E), each containing 100 single-channels EEG
signals of 23.6s with sample frequency of 173.6Hz.

Sets A and B have been taken from surface EEG re-
cordings of five healthy volunteers with eyes open and
closed, respectively. Signals in two sets have been
measured in seizure-free intervals from five patients in
the epileptogenic zone (D) and from the hippocampal
formation of the opposite hemisphere of the brain (C).
Set E contains seizure activity, selected from all re-
cording sites exhibiting ictal activity. Sets A and B have

Copyright © 2010 SciRes.

been recorded extra cranially whereas sets C, D, and E
have been recorded intra cranially.

In the present study, the three datasets (A, C, E) of the
complete database are classified.

3. PROPOSED ALGORITHMS

The major algorithms which are utilized in this study are
described in the following subsections. The explanations
are represented along with our specified amounts of the
parameters in the whole research.

3.1. Detrended Fluctuation Analysis

In the analysis of EEG data, different chaotic measures
such as correlation dimension, Lyapunov exponent and
entropy have been used in recent years. These method-
ologies have been under question for several reasons. In
general, the brain as a complex system is not expected to
produce an activity which can be described by a low
dimensional dynamic. Furthermore, if the existence of a
sufficiently low-dimensional attractor is assumed, for a
reliable estimation of the fractal dimension, a time series
must satisfy the requirements such as stationarity, a suf-
ficiently large number of data points, and a reasonable
signal-to-noise ratio. It is very improbable that these
necessities are simultaneously met in the case of the
EEG signal.

However, as the statistical characteristics of biological
signals often change with time, and are typically highly
irregular and non-stationary, analyses of such systems
are complicated. To overcome these limitations we have
focused on the long-range power-law correlations, which
have been discovered in a wide variety of systems, in-
cluding those that are physiological. The quantification
of power-law correlations, with a critical exponent, may
give useful information on understanding the properties
of the nonlinear dynamic systems. In this paper, we have
proposed an optimal nonlinear analysis algorithm for
processing the EEG signals without being concerned
about the non-stationarity and finite length of the signal.
The fractal-scaling exponents that quantify the power-
law correlations are computed by DFA which is known
for its robustness against nonstationarity in [6].

According to [6] and [9], the stepwise algorithm of
DFA is as follows:

1) nissetto 3.

2) 10s epoch of EEG signal x is considered. Its size N
is 10x173.6 samples.

3) The average of the epoch is subtracted from each
sample of the epoch.

4) An integral of the signal is calculated using (1):

()= () @
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5) y is divided into n-sample epochs without overlap-
ping. So y is divided into K=N/n epochs and each epoch
is named as yx.

6) The linear trend of y, (k = 1,...,K) is calculated and
named as Ys.

7) s is subtracted from y, and the variance of the re-
sulted amounts is calculated as (2):

l n . \\2
Fz(k)zﬁé(yk(l)_ym(l)) )
8) The fluctuations of n is computed as the average of
variances using (3):

1k v
F(n):(—z Fz(k)] o)
k k2

9) n is increased one unit and the steps from 5 to 8 are
repeated till n = 30.

10) The curve of Ig(F(n)) via Ig(n) is plotted and the
slope of this curve is considered as the DFA feature of
the 10s epoch.

11) The next 10s epoch is extracted without overlap-
ping and the steps 3 to 10 are repeated till we get to the
end of EEG signal.

The steps explained above are shown consecutively in
Figure 1 and Figure 2. Figure 1(a) represents the origi-
nal signals, Figure 1(b) shows the integral of original
signals using (1), and Figure 1(c) displays the signals in
1(b) along with their linear trends (yx and yg;) for 50-
point epochs. Figure 2 represents the curves of F, via n.
These slopes of these curves are the DFA features.

This should be noted that, in each 10s epoch, for dif-
ferent amounts of n, if the last epoch has fewer samples
than n, this epoch is eliminated and is not considered in
future calculations.

3.2. Bispectral Analysis

Bispectral (BIS) analysis is an advanced signal process-
ing technique that quantifies quadratic nonlinearities
(phase-coupling) among the components of a signal.
There are only a few reports concerning the bispectrum
of electroencephalogram (EEG) [1]. The number of arti-
cles concerning the bispectrum of EEG in seizure analy-
sis is rare [2,3]. In this paper, the BIS analysis is used to
derive a feature from single-channel EEG signal. This
feature is further used to produce an index for seizure
situation in epileptic patients.
Each bispectrum value is calculated as follows:

TPj(fl’fZ):Xj(fl)'xj(fz)'x;(fl—‘rfz) (4)
B(f1‘ fz): ‘ZTP](fl‘ fz* (5)
J
Complex numbers, X(fy), X(f,), and X(f,+f,) are power
spectrum components by FFT. X'(f) is the conjugate of

X(f). TP; is called triple product. The summation in (5) is
the heart of the bispectral analysis [1].

Copyright © 2010 SciRes.

(@)

(b)

©
Figure 1. (a) Original EEG signals; (b) Integral of signals in

1(a); (c) the signals in 1(b) along with their linear trends for
50-point epochs.

For each group of signals (Normal, Preictal, and Ictal)
the bispectrum scheme was similar for different signals.
It means the coordinates of higher peaks were approxi-
mately in the same position for different signals in one
group.

Inspiring from [4], for each signal, the 10 higher
peaks are selected. Among these 10 peaks, the peaks that
have an amount more than 15% of the highest peak are
chosen. The Euclidean distances of the chosen peaks
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Figure 2. The F, curves of the EEG signals of Figure 1(a) for
different n’s. Their slopes are the final DFA features.

from zero are calculated and summed together. The final
amount is considered as the BIS feature of that signal.

3.3. Fuzzy Inference Engine

In this section, we briefly describe the fuzzy classifica-
tion method based on fuzzy if-then rules proposed in
[10,11,12,13].

Designing membership functions (MF’s) is the fun-
damental stage in constructing a fuzzy classifier. MF’s
should partition the input space efficiently such that the
different subsets of training patterns can be well learned
by the classifier [13]. In the present study, input mem-
bership functions are designed with respect to the data
distribution pattern over each dimension (the box plots
of the obtained features are represented in Section 4).

Figure 3 shows the membership functions that were
used for BIS, DFA, and SD inputs. As described later,
the proposed fuzzy procedure has 2 inputs. Once the
inputs are DFA and SD and the other time they are BIS
and SD.

The proposed fuzzy rule-based classification system
consists of N fuzzy if-then rules each of which has a
form as in (6):

Rule R, : If x, is A, and ...and X is

6
A, thenclassis C, withCF,, j=12,...,N, ©)

where R; is the label of the j-th fuzzy if-then rule, A;, ...,
A, are antecedent fuzzy sets on the input range, C; is the
consequent class (i.e. one of the M given classes), and
CF; is the grade of certainty of the fuzzy if-then rule R; .
There are two steps in the generation of fuzzy if-then
rules: specification of antecedent part and determination
of consequent class C; and the grade of certainty CF;.
The antecedent part of fuzzy if-then rules is specified
manually. Then the consequent part (i.e. consequent

Copyright © 2010 SciRes.

class and the grade of certainty) is determined from the
given training patterns [12].

Let us assume that m training patterns x,= (Xp1, ...,
Xpn), P=1 ,..., m, are given for an n-dimensional C-class
pattern classification problem. It is also assumed that a
weight w,, p=1, ..., m, is assigned to each training pat-
tern a priori. The consequent class C; and the grade of
certainty CF; of the if-then rule are determined in the
following manner:

Step 1: Calculate Siassn(j) for Class as (7):
ﬂclassh( Z /uj( )'W (7)

peClassh

'uj(xp):lujl(xpl)x“'xluin(xpn) (8)
and g4, is the membership function of the fuzzy set Aj,.
In this paper, the fuzzy sets are used as in Figure 3.

Step 2: Find the Class h that has the maximum value

of ﬂclass h(j):

where,

Bori (1) =max{B.., (i)} 9)

1<ksM

This should be noted that this fuzzy rule generation
method can also be applied to the standard pattern clas-
sification problem where there are no pattern weights. In
this case, the class and the grade of certainty are deter-
mined from training patterns by specifying a pattern
weight as wy=1 for p=1,..., m

If two or more classes take the maximum value,
the consequent class C; of the rule R; cannot be deter-
mined uniquely. In this case, specify C; as Cj= ¢. If a

single class h takes the maximum value, let C; be class
h . The grade of certainty CF; is determined as (10):

Brili)-F
CF, = —gsiiol = 10
: Z ﬂclass h ( ) ( )
with:
ﬂ ﬁ Zﬂclassh( ) (11)

After both the consequent class C; and the grade of
certainty CF; are determined for all N rules, a new pat-
tern x=(x1,..., Xn) can be classified by the following pro-
cedure. Calculate a; (x) for j=1,..., N, as:

a,(x)= max{yj (x)CFJ.|Cj} (12)

in which J is the number of winner rule. The class of the
new pattern would be the C; i.e. the class that has been
assigned to rule number J.

If two or more classes take the maximum value, then
the classification of x is rejected (i.e. x is left as an
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Figure 3. Membership Functions of different inputs.

unclassifiable pattern), otherwise assign x to Class h".

In addition to a four-class classification, we intend
to derive an index in [0 100] that reflects the level of
epilepsy. 0 shows Ictal and 100 shows Normal state.
Consequently, in this stage, the whole rule set is used
instead of just one winner rule. In order to infer a re-
sult from a set of rules, a fuzzy inference engine must
be added to the proposed system. The product infer-
ence engine with the following properties has been
chosen regarding to [13]: individual-rule base infer-
ence, union combination of results, Mamdani’s prod-
uct implication, algebraic product for all T-norm op-
erations, and maximum for all S-norm operations. In
the other hand, to derive a crisp number representing
the measure of epilepsy, it is essential to design an
appropriate membership function for output space and
to choose a defuzzification method as well. In this
way, 3 membership functions corresponding to 3
classes of Ictal, Preictal, and Normal has been put in
the output section and values of 100, 50, and O has
been assigned to their membership function centers
respectively as Figure 4. Also, centriod defuzzifier is
used to obtain SII.

4. EXPERIMENTAL RESULTS

As mentioned previously, the used dataset has 100 23.6s-
epoch single-channel signals for each set (A, C, and E);
besides, at least 10s of data is needed to best extract DFA
and BIS features. So, 3.6 seconds of the end of each

Copyright © 2010 SciRes.

signal was eliminated, the rest 20 seconds where divided
into two 10s epochs, and BIS, DFA, and SD were ex-
tracted from each epoch.

The DFA amounts relate extremely to the range of n
because the slope of F,, via n differs significantly based on
the part of the curve chosen. We tested different ranges
and calculated the separation percents. The DFA amounts
for some different ranges are displayed in Figure 5 and
the classification percents for these ranges are repre-
sented in Table 1.

Increasing n increases the separation between Normal
and Preictal states but the speed of computation should

Figure 4. Output membership functions.
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Table 1. Classification percents of three states using DFA and
SD changes with different ranges of n.

Range of n Classification Percent
3<n<10 97.23
3<n<15 99.13
3<n<30 100
3<n<50 100

also be considered especially when we speak of using
this method in patient monitoring and index calculation.
After lots of observations, the best range for n is chosen
to be [3,30].

After computation of DFA with the best range, an 8-
point moving average is applied on each feature of each
set, so the first 7 features of each group are omitted. In
the end, there are 193 3-feature vectors for each group
(A, C, and E). The BIS, DFA, and SD features of these
193 vectors are represented separately for each set of
data along with their box plots in Figure 6.

From Figure 6, it is obvious that SD along with
just one of the other features is enough to make a
good separation between three states. As mentioned in
Section 3.3, a fuzzy classifier with membership func-
tions of Figure 3 is used to separate the three sets A,
C,and E.

The p-values of each pair of DFA, BIS, and SD fea-
tures are represented separately in Tables 2 to 4. P < 0.05

means that the two groups have similar amounts for that
specific feature and cannot be separated easily using that
feature. The represented values are relevant to the results
in Figure 6.

A leave-one-out technique is applied to the data in
classification process. It means that the classification
performed 193 x 3 times. Each time, one of the samples
is used as a test and the whole other samples are used as
train. At the end, an average of all classification percents
of these 193 x 3 tries is declared as the classification
percent of the whole system. The classification percent
for SD and BIS is 99.82% and for SD and DFA is 100%.
Table 5 is a comparison of the proposed method with
previous works on the same data.

The important part of this study is the index extraction.
Along with SD feature, DFA and BIS can separately well
classify the three states, so they are used separately as
the inputs of the fuzzy inference engine. The used infer-
ence engine is the product engine and the input and out-
put membership functions are as displayed in Figures 3
and 4. A centroid defuzzifier is applied to the output to
compute the final index which is called SII. The index is
programmed to be between 0 and 100. Zero means the
patient is in Normal situation and 100 means he is in
Ictal situation. Convenient ranges for these amounts are
specified to better interpret the medical situation of the
patient. Table 6 is exposed to suggest a range for differ-
ent states.

Figure 5. Different Ranges for n produces different DFAs.

Copyright © 2010 SciRes.
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Figure 6. (a) DFA; (b) BIS; (c) SD features of 3 sets and their box plots.

Table 2. P-values of different DFA vectors.

DFA p-values Normal Preictal Ictal
Normal 0 0.3476 0.1198
Preictal 0.34762 0 0.0049

Ictal 0.11982 0.0049 0

Table 3. P-values of different BIS vectors.

BIS p-values Normal Preictal Ictal
Normal 0 0.8421 0.0019
Preictal 0.8421 0 0.8019

Ictal 0.0019 0.8019 0

Table 4. P-values of different SD vectors.

SD p-values Normal Preictal Ictal
Normal 0 3.4814e-005 0.62488
Preictal 3.4814e-005 0 0.12001
Ictal 0.62488 0.12001 0

First, the inputs of the engine are SD and BIS and then
the inputs are SD and DFA. The output of both systems is
the desired index SlI. There are 193 values for each feature
in each set. We feed all 579 values of each feature to each
system and come to the results shown in Figure 7. The

vertical lines separate the samples of each set (A, C, and E).

One can obviously see the well separation in index
amounts for different states of both DFA and BIS.

Copyright © 2010 SciRes.

Both of these methods are fast and their algorithms are
not complex although DFA is faster and less complex.
Though, the proposed methods can easily be used in pa-
tient monitoring of epileptic patients. As the output index is
a two digit number, the system can be manufactured com-
pletely user friendly and the interpretation of the results is
so easy for the physicians. The important point is that just
one channel of EEG signal has been used.

5. CONCLUSIONS

Epilepsy is a brain disorder in which clusters of nerve
cells, or neurons, in the brain sometimes signal abnor-
mally. In epilepsy, the normal pattern of neuronal activity
becomes disturbed, causing strange sensations, emotions,
and behavior or sometimes convulsions, muscle spasms,
and loss of consciousness. Though, once epilepsy is di-
agnosed, it is important to begin treatment as soon as
possible. Scientists are studying potential antiepileptic
drugs with the goal of enhancing treatment for epilepsy.
Once a seizure is predicted, antiepileptic drugs can be
injected to prevent the seizure.

We have divided the brain situation of an epileptic pa-
tient into 3 states: Normal (normal brain state), Preictal
(just before the seizure), and Ictal (during seizure). In this
research, we are seeking a technique to calculate an index
that can distinctly separate these three states.

The dataset used is a public dataset which is described
thoroughly in the text. This database includes 5 sets in
every which there are 100 single-channel EEG signals of
a specific state of epileptic patients’ brains (A to E).

In this paper, three features are extracted from single-
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Table 5. Proposed method and previous works.

Features Classifiers Used datasets Classification Percents

(%)
Spectral and embedding entropies [14] ANFIS Aand E 92
Lyapunov Exponent [15] Neural Network ADD, and E 96.79
Wavelet [16] Neural Network Aand E 95
Chaotic features [17] Neural Network A, C,and E 96.7
FFT [18] Decision Tree Aand E 98.72
Welch (FFT) and PCA [19] AIRS with fuzzy Aand E 100
BIS and SD (Proposed Method) Fuzzy A, C,and E 99.82
DFA and SD (Proposed Method) Fuzzy A, C,and E 100
Table 6. The appropriate ranges for differnt states. separated with 100% classification percent. In compari-
son with previous works which are discussed in the paper,
State Range R
our results are much higher.
Nofma' 0<SH<30 Using the product engine as the fuzzy inference engine,
Preictal 30<sSli <70 a Seizure Intensity Index (SII) is calculated once with BIS
Ictal 70<SlI <100 and SD and once with DFA and SD as the inputs. In both

cases, the index is completely separable for the three sets
(A, C, and E). The index stands between 0 and 100. Zero
means the patient is in the Normal situation and 100
means he is experiencing seizure. We can specify a range
for the index. If the index is between 30 and 70, the pa-
tient is in the preictal period and the antiepileptic drugs
should be injected.
The proposed methods are fast and simple and may
easily run a user friendly system. Our research can be
(2) Number of Samples used vastly in medical care sections because it works with
single-channel EEG signal and it can significantly help
the physicians understand the situation of an epileptic
patient and apply an appropriate treatment based on the
patient situation.
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ABSTRACT

The mutation pattern in protein is a very important
feature and is studied through various approaches
including the study on mutation pattern in domains
where amino acids are converted into numbers from
letters. In this study, we converted the amino acids in
human adrenoleukodystrophy protein with its 128
missense mutations into random domain using the
amino-acid pair predictability, and then we studied
their mutation patterns. The results show 1) the mu-
tations are more likely to target the amino-acid pairs
whose actual frequency is larger than their predicted
one, 2) the mutations are more likely to form the
amino-acid pairs whose actual frequency is smaller
than their predicted frequency, 3) mutations are
more likely to occur at unpredictable amino-acid
pairs, and 4) mutations have the trend to narrow the
difference between predicted and actual frequencies
of amino-acid pairs.

Keywords: Adrenoleukodystrophy;
Amino-Acid Pair Predictability; Mutation Pattern

1. INTRODUCTION

The public-accessible protein databases provide us not
only the possibility of tracking the history of protein
family as well as other important topics, but also the
possibility of analyzing the protein evolution from vari-
ous angles. Of many facts that influence the protein
evolution is the mutation, which has been the objective
of many studies.

One way to study the mutation is to find out its pattern,
for example, the “hotspot” sites in a protein have been
defined as to be sensitive to endogenous and exogenous
mutagens [1,2,3]. This approach and others such as
multi-sequence comparison and alignment work in the
domain of amino-acid sequence, that is, we directly
analyze the mutation patterns in terms of the letters,

which represent amino acids in a protein.

Another approach, which is extremely powerful and
widely used in other research fields, is to analyze the
issue of interest in numeric domains, which also paves
the ways to use more sophisticated mathematical tools to
analyze the mutation patterns. For example, we can use
the physicochemical property of amino acids to repre-
sent a protein sequence, and analyze the protein se-
guence in physicochemical domain as a numeric se-
quence [4].

However, we should not stop here because the phys-
icochemical property and other parameters borrowed
from physics and chemistry were developed for the pur-
pose of other types of studies, but may not for the pur-
pose of studying mutations. Our group has developed
three approaches since 1999 to study protein mutation in
a random domain [5,6,7,8] not only because pure chance
is now considered to lie at the very heart of nature [9]
but also because our approaches are more sensitive to
the protein length, amino-acid composition and position,
neighboring amino acids etc. In particular, our ap-
proaches are sensitive to mutations because they can
give different values before and after mutation [5,6,7,8].

In this study, we will analyze the mutation pattern in
the adrenoleukodystrophy protein (ALDP), which is a
transporter in the peroxisome membrane and belongs to
the ATP-binding cassette transporter superfamily [10,11,
12,13]. This protein is involved in the transport of coen-
zyme A esters of very-long-chain fatty acids from the
cytoplasm into the peroxisomal lumen [14,15]. Muta-
tions in the gene ABCD1 mapping to Xg28 can result in
the defects of adrenoleukodystrophy protein that are the
cause of a severe X-linked disease, called X-linked
adrenoleukodystrophy [16,17]. This disease is the most
common peroxisomal disorder [18] with a minimal inci-
dence of 1:21000 males [19]. It is characterized by the
characteristic accumulation of saturated very long-chain
fatty acids and disorder of peroxisomal beta-oxidation
[20,21,22,23,24]. The clinical outcomes of adrenoleu-
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kodystrophy vary strikingly and unpredictably [13,14,15,
16,17,18,19,20,21,22,23,24,25,26]. The phenotypes in-
clude the rapidly progressive childhood cerebral form
(CCALD), the milder adult form, adrenomyeloneuropa-
thy (AMN), and variants without neurologic involve-
ment. There is no apparent correlation between genotype
and phenotype [24,25,26,27].

Besides the importance mentioned above, there are
currently 132 mutations documented in human adreno-
leukodystrophy protein, which is statistically sufficient
for pattern analysis.

2. MATERIALS AND METHODS
2.1. Data

The amino-acid sequence of human adrenoleukodystro-
phy protein and its 132 mutations were obtained from
the UniProtKB/Swiss-Prot (accession number P33897).
Among the mutations, 128 are missense point mutations
and the rest are small deletions or insertions [28].

2.2. Conversion of Adrenoleukodystrophy
Protein into Random Domain

We use the amino-acid pair predictability as a measure-
ment for the randomness of adjacent amino-acid pairs in
a protein, and this simple measure can serve as an indi-
cator to the complicity of protein construction, which
leads to many our studies [29,30,31,32,33,34,35,36,37,
38,39].

The human adrenoleukodystrophy protein consists of
745 amino acids. The first and second amino acids are
an adjacent amino-acid pair, the second and third as an-
other amino-acid pair, the third and fourth, until the 744th
and 745th, thus there are 744 adjacent amino-acid pairs.

Then, we can use the permutation to define if an
amino-acid pair is predictable. For example, there are 80
alanines (A) and 57 valines (V) in human adrenoleu-
kodystrophy protein: if the permutation works, then the
amino-acid pair AV would appear 6 times (80/745 x
57/744 x 744 = 6.12); actually we do find six AV pairs in
this protein, so the appearance of AV is predictable, be-
cause the actual frequency is equal to its predicted one.

On the other hand, there are 59 arginines (R) in hu-
man adrenoleukodystrophy protein, if the permutation
works, the predicted frequency of AR appearance would
be 6 (80/745 x 59/744 x 744 = 6.34); however, the pair
AR appears 9 times in realty, so the appearance of AR is
unpredictable, because the actual frequency is larger
than its predicted one.

Also, we can find the case, where the actual frequency
is smaller than its predicted one. For example, there are
94 leucines (L) and 55 glutamic acids (G) in human
adrenoleukodystrophy protein so that the predicted fre-
quency of pair LG is 7 (94/745 x 55/744 x 744 = 6.94),
however, its actual frequency is only 2.

Copyright © 2010 SciRes

2.3. Mutations in Terms of Predictable and
Unpredictable Amino-Acid Pairs

A point missense mutation would lead to the change in
two amino-acid pairs if the mutation would not occur at
terminals. For instance, a mutation at position 484 sub-
stitutes proline (P) to arginine (R), which impairs the
protein dimerization [40]. This mutation leads amino-
acid pairs TP and PS to change to TR and RS, because
threonine (T) is located at position 483 and serine (S) is
located at position 485. Nevertheless, this mutation
would be reflected in terms of predicted frequency, ac-
tual frequency and their difference (see Table 1).

This mutation changed the difference between pre-
dicted frequency (PF) and actual frequency (AF) of af-
fected amino-acid pairs, >(PF-AF). Before mutation,
2(PF-AF)=(1-1)+(2-4)=-2for TPand PS, and
2(PF — AF) = (2 -0)+(4 - 4) = 2 for TR and RS. After
mutation, > (PF - AF)=(1-0) + (2 -3) =0 for TP and
PS, and >(PF - AF) = (2-1) + (4 —5) =0 for TR and
RS. Needless to say, there would construct a certain mu-
tation pattern if we analyze sufficient mutations.

2.4. Statistics

The data were presented as median with an interquartile.
The Mann-Whitney U-test and Chi-square test were used
for comparisons, and P < 0.05 is considered statistically
significant.

3. RESULTS

As there are 20 kinds of amino acids, they can theoreti-
cally construct 400 types of amino-acid pairs, which serve
us as a reference for comparison with human adrenoleu-
kodystrophy protein. Of 400 types of amino-acid pairs,
118 are absent including 44 predictable and 74 unpredict-
able. Consequently 744 amino-acid pairs in human adre-
noleukodystrophy protein include only 282 types of
amino-acid pairs (400 — 118 = 282), which means these
282 types would host all mutations occurred in the protein.
Of those 282 types, 98 are predictable and 184 are unpre-
dictable; while of 744 amino-acid pairs 175 and 569 pairs
are predictable and unpredictable because some types of
amino-acid pairs appear more than once.

The first mutation pattern is the amino-acid pairs tar-

Table 1. Predicted frequency, actual frequency and their dif-
ference of amino-acid pairs affected by T485S mutant of hu-
man adrenoleukodystrophy protein.( PF: Predicted frequency, AF:
actual frequency; T: threonine, P: praline, R: arginine, S: serine.).

A'Eiggi'rad Before mutation After mutation
PF AF  PF-AF  PF AF  PF-AF
P 1 1 0 1 0 !
PS 2 4 -2 2 3 -1
TR 2 0 2 2 1 1
RS 4 4 0 4 5 -1
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geted by mutations, or we might call them as hotspots.
Table 2 details the substituted amino-acid pairs in terms
of the relationship between actual and predicted fre-
quencies. Here, the mutations are more likely to target
the amino-acid pairs whose actual frequency is larger
than their predicted one, for example, 47 mutations tar-
geted these amino-acid pairs; by contrast, the mutations
are less likely to target the amino-acid pairs whose ac-
tual frequency is smaller than their predicted one, for
example, only 5 mutations targeted these amino-acid
pairs. The Chi-square test indicates remarkable statistical
difference before and after mutation (P=<0.001).

The second mutation pattern is the amino-acid pairs
formed after mutations. Table 3 details the substituting
amino-acid pairs in terms of the relationship between
actual and predicted frequencies. The Chi-square test
indicates remarkable statistical difference before and
after mutation (P=<0.001). Table 3 has the same format
as those in Table 2, thus we can easily find out the sec-
ond mutation pattern by comparing two tables. For ex-
ample, the data in the fourth column in both tables are
almost in totally opposite orders, that is, mutations are
more likely to target the amino-acid pairs whose actual
frequency is larger than their predicted frequency, while
mutations are more likely to form the amino-acid pairs
whose actual frequency is smaller than their predicted

frequency. Again, the data in the seventh column in both
tables appear somewhat similar.

Meanwhile, Tables 2 and 3 also reveal the third muta-
tion pattern that is mutations are more likely to occur at
unpredictable amino-acid pairs (lines 4-8 in both tables).

The above three mutation patterns are mainly related
to the relationship in amino-acid pair between actual and
predicted frequencies. In fact, the difference between
predicted and actual frequencies can also provide us with
further mutation patterns. Figure 1 shows the difference
between predicted and actual frequencies related to
amino-acid pairs identical to substituted and substituting
amino-acid pairs before and after mutation, and their
statistical results are shown in Figure 2, which high-
lights the fourth mutation pattern.

Before mutation, the median of difference between
predicted and actual frequencies is —2 in substituted
amino-acid pairs, suggesting that the mutations occur in
the amino-acid pairs, which appear more than their pre-
dicted frequency. Meanwhile, the corresponding value is
1 in substituting amino-acid pairs, indicating that the
mutations lead to the appearance of the amino-acid pairs
that appear less than their predicted frequency.

After mutation, the median of difference between pre-
dicted and actual frequencies is 0 in substituted amino-
acid pairs, suggesting that these amino-acid pairs are

Table 2. Amino-acid pairs identical to substituted amino-acid pairs before and after mutations. (AF: actual frequency; PF:
predicted frequency. There is a remarkable statistical difference before and after mutation (Chi-square = 47.841 with 5 de-

grees of freedom, P = <0.001).

Amino-acid pairs

Before Mutation

After Mutation

Pair | Pair I Number
Predictable AF=PF AF=PF 21
Unpredictable AF>PF AF>PF 47
AF>PF AF=PF 29
AF>PF AF<PF 20
AF<PF AF=PF 6
AF<PF AF<PF 5

% Total % Number % Total %
16.41 16.41 14 10.94 10.94
36.72 83.59 14 10.94 89.06
22.66 20 15.63
15.63 30 23.44
4.69 27 21.09
3.91 23 17.97

Table 3. Amino-acid pairs identical to substituting amino-acid pairs before and after mutations (AF: actual frequency; PF:
predicted frequency. There is a remarkable statistical difference before and after mutation (Chi-square = 54.114 with 5 de-

grees of freedom, P = <0.001).

Amino-acid pairs

Before Mutation

After Mutation

Pair | Pair 1 Number % Total % Number % Total %
Predictable AF=PF AF=PF 11 8.59 8.59 9 7.03 7.03
Unpredictable AF>PF AF>PF 6 4.69 91.41 39 30.47 92.97
AF>PF AF=PF 24 18.75 40 31.25
AF>PF AF<PF 29 22.66 25 19.53
AF<PF AF=PF 34 26.56 8 6.25
AF<PF AF<PF 24 18.75 7 5.47
Copyright © 2010 SciRes JBISE
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Figure 1. Difference between predicted frequency (PF) and actual
frequency (AF) related to amino-acid pairs identical to substituted
and substituting amino-acid pairs before and after mutation.
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Figure 2. Sum of difference between predicted and actual fre-
quencies [X(PF — AF)] of substituted and substituting amino-
acid pairs before and after mutation in human adrenoleukodystro-
phy protein. The data are presented by median with an interquatile
interval. There is a statistically significant difference between cor-
responding groups (P < 0.001, Mann-Whitney U-test).

more randomly constructed in the mutant adrenoleu-
kodystrophy proteins, as their predicted and actual fre-
quencies are about the same. However, the correspond-

Copyright © 2010 SciRes

ing value is -1 in substituting amino-acid pairs, indicat-
ing that the mutations are favor the amino-acid pairs that
already exist in the protein. Striking statistical difference
is found between the corresponding groups (P < 0.001).

4. DISCUSSION

In this study, we analyze the mutation patterns in nu-
merical domain rather than word descriptions because it
is far much easy to find repeatable patterns in numerical
domain. Actually there are many ways to analyze the
mutation patterns in numerical domain, for example, we
can use the physicochemical property to replace amino
acids in a protein, and then we can analyze the mutation
patterns in physicochemical property domain, which
would be an interesting topic for pursuit.

The numerical domain in our approach is random
whose rationale has been given in the Introduction, its
biological implications would include the followings: 1)
Nature follows parsimony, which suggests to construct a
protein with minimal time and energy, thus the predict-
able amino-acid pairs in our approach confirm the nature
parsimony, while the unpredictable amino-acid pairs
suggest that nature deliberately spends more time and
energy to construct them, which could be functional sites.
2) The difference between predicted and actual frequen-
cies in amino-acid pairs can be regarded as a force driv-
ing mutation. Although there are uncountable factors
driving mutations, their effect in fact is the difference
between predicted and actual frequencies. 3) The basic
effect of mutation in our sense is to narrow the differ-
ence between predicted and actual frequencies in tar-
geted amino-acid pairs: most mutations do have such
effects. However, the new formed amino-acid pairs
could create new unpredictable amino-acid pairs, which
once again have the difference between predicted and
actual frequencies leading to new mutation so the evolu-
tion can continue.

As the difference between predicted and actual fre-
guencies is a measure of random construction of amino-
acid pairs in a protein, thus the smaller the difference is,
the more random the construction of amino-acid pairs is.
In particular, a) the larger the positive difference is, the
more randomly unpredictable amino-acid pairs are ab-
sent; and b) the larger the negative difference is, the more
randomly unpredictable amino-acid pairs are present.

Therefore, this study highlights the mutation patterns
in terms of amino-acid pair predictability in human
adrenoleukodystrophy protein. In future, we hope to
incorporate these mutation patterns in random domain
into the changes in the secondary structure contents and
consequently affect biological functions of the protein
[41,42].
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ABSTRACT

Peanut (Arachis hypogaea L.) leaf aqueous extracts
(PLAE) has been reputed to be a type of sleep-aid in
China. To investigate the sedative effects and effect
pathways of PLAE, rats (n = 31) were employed in
two experiments and intragastrically administrated
of (1) distilled water, PLAE (500 mg/kg body weight
(BW)) and peanut stem aqueous extracts (PSAE, 500
mg/kg BW); (2) 0, 100 or 500 mg/kg BW of PLAE,
respectively for at least 14 days. Six relevant neuro-
transmitters were measured finally. Experiment-1 (n
= 16) results showed that the brain Lactate were sig-
nificantly elevated (p < 0.05) in rat cerebrums after
PLAE administrations, compared with Control and
PSAE groups. In respect of brain energy system, sig-
nificant degradations of the brain adenosine triphos-
phate (ATP) (p < 0.05) were observed in the brain-
stems and even the whole brains of rats though
PLAE treatments. Moreover, we found that the brain
Adenosine monophosphate (AMP) were clearly de-
creased (p < 0.05) in rat cerebrum and brainstem
regions, while the brain Adenosine revealed an in-
creasing propensity (p = 0.076) in the cerebrums of
freely behaving rats. After experiment-2 (n = 15),
the y-aminobutyric acid (GABA) concentrations
were statistically (p < 0.05) enhanced and the ratios of
Glutamate/GABA were simultaneously reduced (p <
0.05) in rat brainstems, no matter which one dose
(100 or 500 mg/kg BW) of PLAE were used. Results
indicated that PLAE could influence the target neu-
rotransmitters that related to rat circadian rhythms
in the specific brain regions, possessing the potenti-
alities as a sedative or sleep-aid for hypnic therapy
purposes.

Keywords: Arachis Hypogaea L. Leaf Aqueous Extracts;
Sedative Effects; Rats; Neurotransmitters

1. INTRODUCTION

Given the high prevalence of insomnia and hypnotics
addiction worldwide, herb sedatives have attracted in-
creasing research interests in terms of substituting the
drug-addictive hypnotics. However, to our best knowl-
edge, most of herb-sedative studies remain inconclusive
in support of their effectiveness [1]. Therefore, a novel
herb medicine that is demonstratively available to alleviate
insomnia or sleep disorders is highly desired nowadays.

Peanut (Arachis hypogaea L.) leaf aqueous extracts
(PLAE) have received a long reputation in china as an
abirritative remedy to ease various sleep disorders [2],
and clinically validated by modernistic medical ap-
proaches [3,4]. However, many those researches only
focus on the clinical effects, and relevant studies on their
deep effect mechanisms are still lacking. Our studies
therefore carried out two rat experiments which lied in
clarifying PLAE effects and pathways in the sleep regu-
lation as well as evaluating their efficacies on spontane-
ous circadian rhythms of freely behaving rats.

By understanding how the animal circadian rhythms
are influenced via brain nerve system and neurotrans-
mitters [5,6], in our researches, PLAE efficacy can be
identified though brain neurotransmitter variation and
thereby we expect that its effect mechanisms can be re-
vealed to some extent though this way. Thus, after intra-
gastric (i.g.) drug administrations we separated rat brain
tissues and then measured six neurotransmitters of Lac-
tate, Adenosine triphosphate (ATP), Adenosine mono-
phosphate (AMP), Adenosine (Ad), y-aminobutyric acid
(GABA), and Glutamate (Glu) using HPLC (High per-
formance liquid chromatography) or Auto Amino Acid
Analyzer, to evaluate the hypnotic effects of PLAE and
further elucidate their effect roles correlated to PLAE on
rat sleep modulation.

2. MATERIALS AND METHODS

2.1. Animals, Plant Extracts and Reagents

Male Sprague-Dawley rats (8 weeks of age, weight of
270 £ 30 g) were used as research animals. They were
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housed at ambient circumstance of 25°C with 12 h
light/dark cycles (light on 08:00, light off 20:00), and
approached food and water ad libitum. All rat experi-
ments were carried out in a humane manner after re-
ceiving approval from Institutional Animal Experiment
Committee of the Tsukuba University (Japan), and in
accordance with the regulations for Animal Experiments
and fundamental guidelines under the jurisdiction of the
Japanese Ministry of Education, Culture, Sports, Science
and Technology. The PLAE and peanut stem aqueous
extracts (PSAE) were extracted respectively from 98 °C
water (3 h, twice), following a filtration to remove the
residues. Their brown powders were obtained though
rotary evaporation and freeze drying. The regents of
ATP, AMP and Ad were purchased from Sigma Chemi-
cal Co. (St. Louis, MO, USA). Other chemicals used
were purchased from Wako Pure Chemical Industries,
Ltd. (Japan).

2.2. Experimental Protocols

Experiment-1: Sixteen rats were habituated in an animal
lab for at least 7 days, then randomly divided into the
following groups: Control (n = 5, distilled water), PLAE
(n = 6) and PSAE (n = 5). As described before [7], all
drug administrations were conducted intragastrically
(i.g.) for 14 days in a dose of 500 mg/kg body weight
(BW) before 8:00 (prior to the beginning of the light
phase). Experiment-2: After habituated for 7 days, the
rats (n = 15) employed were equally divided into three
groups, fed with 0, 100 or 500 mg/kg BW of PLAE (i.g.)
respectively for at least 14 days. After trials, the rats
were anaesthetized by Urethane (intra-peritoneal (i.p.)
injection, 200 mg/ml, 0.5 ml/100g BW), and dissected
rapidly to separate their whole brains. To verify the neu-
rotransmitter variation in diverse brain regions, the whole
brain was separated into three parts of cerebrum region,
brainstem region (midline involving thalamus and hypo-
thalamus) and cerebellum region. Considering the brain
responses to nucleoside and nucleotide synthesis, we
froze those brain tissues immediately and stored them at
-80°C till the target neurotransmitters were analyzed.

2.3. Neurotransmitter Analysis

After experiment-1, samples were firstly thawed and
homogenized with 4 °C saturated trichloroacetic acid
(TCA) in the sample volume of 25% (v/v), followed a
centrifugation to remove the protein sediments. The pH
values in cooled supernatants were then neutralized to
5-6 by NaOH. After filtered (0.45 um membrane), the
supernatants were analyzed by the HPLC (Japanese
Jasco International Co., Ltd). Brain Lactates were meas-
ured though RI detector of HPLC on the basis of the
methods described before (Hallstrom et al., 1989), and
0.1% H3PO, were used as the mobile phase. Analyzing
brain neurotransmitters of ATP, AMP and Ad, were per-

Copyright © 2010 SciRes

formed according to the methods reported previously [8]
with minor modifications. Simply, the samples were
analyzed by the HPLC with Capcell-Pak C;g column
(4.6 mm 1.D. x 150 mm, particle size of 5 um) in a flow
rate of 1 ml/min at the detection wavelength of 254 nm.
During testing, the mobile phase was 0.01 mol/L phos-
phate buffer solution (PBS, pH 6.5) that mixed with
methanol (99.7%) in a ratio of 85/15 (v/v). Concentra-
tions of ATP and its metabolites were calculated by
comparing peak areas with appropriate standards.

After experiment-2, the brain samples homogenized
were mixed with sulfosalicylic acid (3%) for 15 min
prior to centrifugation. The pH value of supernatants
were then adjusted to 2-3 using LiOH (3 mol/L). Brain
GABA and Glu in samples were determined by an auto
amino acid analyzer (JLC-500/V2, Jeol Ltd., Tokyo,
Japan) in accordance with the manufacturer’s specifica-
tions. Briefly, it was an ionic exchange chromatography
with a stepwise elution of free amino acids, and detec-
tion with ninhydrine. The final results were calculated
on the basis of the corresponding standards, and ex-
pressed as concentrations of nmol/mg in brain tissues.

2.4. Statistical Analysis

The obtained data were analyzed using a two-tailed Stu-
dent’s t-test, and results were expressed as mean + SD.
Statistic difference was considered to be significant at
p < 0.05(*).

3. RESULTS

3.1. Brain ATP

As results shown in Figure 1, the ATP of control (Con.)
group in the cerebrum, brainstem, and whole brain were
0.114 +0.020, 0.109 £ 0.015 and 0.134 + 0.022 nmol/ mg,
respectively. Contrasted to Control (Con.) Groups, the
brain ATP declined in both of the whole brain and the
single brain region after PLAE administrations. In detail,
The ATP from PLAE groups were slightly reduced in
cerebrums, while significant degradations were observed
(p < 0.05) in the brainstems and whole brains on com-
parison with Con. groups. In the case of PSAE treat-
ments, the enhancements of ATP were occurred in all
brain regions, especially in the cerebrums.

3.2. Brain AMP

In experiment-1, we also obtained the AMP concentra-
tions of 0.072 + 0.013, 0.078 + 0.005, 0.082 £ 0.007
nmol/mg respectively in the cerebrum, brainstem, and
whole brain from Con. groups. As can been seen from
Figure 2, after PLAE treated, the AMP were decreased
in almost all brain regions (cerebellum results were not
showed in this figure), particularly reduced (p < 0.05) in
the cerebrum and brainstem regions. The AMP from
PSAE groups showed no statistic changes compared
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Figure 1. ATP concentrations in the cerebrum,
brainstem and whole brain of freely behaving rats
at experiment-1. Open bars, Con. (Control, distilled
water); closed bars, PLAE (500 mg/kg BW); di-
agonal bars, PSAE (500 mg/kg BW). Data were
expressed as mean + SD of 5-6 independent sam-
ples (*p << 0.05, vs. Con.).

Figure 2. AMP concentrations in the cerebrum,
brainstem and whole brain of freely behaving rats
at experiment-1. Open bars, Con. (Control, distilled
water); closed bars, PLAE (500 mg/kg BW); di-
agonal bars, PSAE (500 mg/kg BW). Data were
expressed as mean + SD of 5-6 independent sam-
ples (*p << 0.05, vs. Con.).
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with group Con. though the trails, although the declines
were observed as well.

3.3. Brain Ad and Lactate

Figure 3 showed the results of Ad and lactate in Cere-
brum, and revealed that the Lactate changes were con-
sistent with Ad in cerebrum after PLAE administrations
in Experiment-1. As can be seen, compared with group
Con. and PSAE, the Ad amelioration (p = 0.076) in
PLAE group was occurred in cerebrum where played the
main roles on modulating animal sleepiness. And the
Lactate was elevated (p < 0.05) in cerebrum simultane-
ously after PLAE treated. On the other hand, PSAE re-
sults presented only slight differences in contrast to the
Con. groups.

3.4. Brain GABA

Brain GABA of PLAE-0 group were 0.767+0.180 and
0.767 = 0.079 nmol/mg respectively in the brainstem and
Whole brain. And the GABA results of cerebrums and
cerebellums were monotonous and eliminated from
Figure 4. In the results, we found that the GABA con-
centrations exceeded statistically (p < 0.05) than PLAE-0
group in brainstems at both PLAE-100 and PLAE-500
groups. The GABA from PLAE-500 group showed sig-
nificant improvement (p < 0.05) even in the whole brain
of the experimental rats.

3.5. Brain Glu

After experiment-2, we investigated the brain Glu contents
in different brain regions simultaneously. As Figure 5

Figure 3. Concentrations of Ad and Lactate in the cerebrum of
freely behaving rats at experiment-1. Open bars, Con. (Control,
distilled water); closed bars, PLAE (500 mg/kg BW); diago-
nal bars, PSAE (500 mg/kg BW). Data were expressed as mean
+ SD of 5-6 independent samples (*p << 0.05, vs. Con.).
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Figure 4. GABA concentrations in the
brainstem and whole brain of freely be-
having rats at experiment-2. Open bars,
PLAE-0 (Control, without PLAE); gray

bars, PLAE-100 (100 mg/kg BW of PLAE);

closed bars, PLAE-500 (500 mg/kg BW of
PLAE). Data were expressed as mean + SD
of five independent samples (*p << 0.05,
vs. PLAE-0).

Figure 5. Glu concentrations in the brain-
stem and whole brain of freely behaving
rats at experiment-2. Open bars, PLAE-0
(Control, without PLAE); gray bars,
PLAE-100 (100 mg/kg BW of PLAE);
closed bars, PLAE-500 (500 mg/kg BW of
PLAE). Data were expressed as mean + SD
of five independent samples (*p << 0.05,
vs. PLAE-0).

Copyright © 2010 SciRes

shown, the Brain Glu in the brainstem and whole brain
were 1.330 £ 0.139 and 1.361 + 0.141 nmol/mg respec-
tively, which elucidated that the rats in PLAE-0 group
possessed the higher contents of initial brain Glu than
the brain GABA. Moreover, on comparison with
PLAE-O groups, the Glu concentrations were greatly
raised (p < 0.05) in the brainstem as well as the whole
brain, no matter which one dosage (100 or 500 mg/kg
BW) of PLAE were administered in experiment-2.

3.6. The ratio of GIu/GABA

Considering the results in Figure 4 and 5, the ratios of
GIu/GABA was important to evaluate the excitatory or
suppressive state of the rat brain, we thereby calculated
it and presented the results in Figure 6. Available vari-
ances have not been observed in the whole brains of the
three groups. Moreover, compared to the PLAE-0
groups, the ratio of GIU/GABA in PLAE-100 and PLAE-
500 groups were specifically decreased (p < 0.05) in
brainstems where showed important relations with the
two neurotransmitters.

4. DISCUSSION

4.1, Effects of PLAE and PSAE on Brain Energy
Metabolism

ATP is the direct energy source of life activities. Its decline
(Figure 1) in rat brain on our investigations re flected

Figure 6. Ratios of GIU/GABA in the brain-
stem and whole brain of freely behaving rats
at experiment-2. Open bars, PLAE-0 (Control,
without PLAE); gray bars, PLAE-100 (100
mg/kg BW of PLAE); closed bars, PLAE-500
(500 mg/kg BW of PLAE). Data were ex-
pressed as mean + SD of five independent
samples (*p << 0.05, vs. PLAE-0).
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the requirement of energy reserves, and indicated the
potential of rat sleepiness. AMP can transfer into ATP or
degraded into Ad [9]. According to the deficiency of
ATP in the results, the reduction of AMP (Figure 2) in
group PLAE elucidated the tendency of its breaking
down to Ad. As reported previously, Ad is a critical
neurotransmitter in brain sleep system [10], which ac-
cumulates in the cholinergic basal forebrain of cerebrum,
has been proposed as one of the important homeostatic
sleep factors [11]. In our researches, as a result of the
deficiency of high-energy phosphates, the observed in-
creases of Ad concentrations in cerebrums reflected a
bio-energetic stress of animals. Energy depletion can
build up the sleep pressure [7] and it is an available
pathway and measure to explain the PLAE induced sleep
propensity. From experiment-1, the great decrease of the
ATP and AMP strongly indicated that the PLAE was
promising in driving homeostatic sleeps of freely be-
having rats. Besides, the insignificant accumulation of
Ad in the PLAE group suggested a mild effect of PLAE
on sleep ameliorating.

Lactate, an end product of metabolic system, can be
regarded as an additional metabolic marker of the sleep
pressure. Our results (Figure 3) illuminated that Lactate
changed together with Ad, in agreement with those re-
ported previously [12] and indicative of the PLAE con-
tributions in sedative or hypnic propensities.

In all PSAE investigations, the rat brain energy sys-
tem presented the great enhancement of ATP in cere-
brum compared with Control and PLAE groups. How-
ever, such variations were disadvantageous for estab-
lishing the sleep pressure and meliorating the sleep of
our experimental rats.

4.2. Effects of PLAE on Brain GABA, Glu and
the Ratio of GIu/GABA

GABA is a type of inhibitory neurotransmitter amino
acid in brain. To clarify the PLAE effects on brain
GABA, fifteen rats were employed in experiment-2 and
randomly divided into three groups, and treated with
PLAE in diverse dosages for 14 days. The GABA-
contained neurons in brainstem and thalamic nucleus
released GABA neurotransmitters [13,14], which can
response for inhibiting target neurons of the arousal sys-
tems in brainstem [15] and play an important role in
meliorating rats’ sleep [6]. Thus, the GABA increase in
our studies (Figure 4) not only suggested the specific
effect region (brainstem) of GABA-neurotransmitter,
and also testified the sedative efficacy of PLAE.

It is well demonstrated that Glu play an excitatory role
in animal brain, and then drives the animals to arousal.
Glu receptors, expressed in the basal forebrain [16,17],
stimulate gamma and theta electroencephalographic
(EEG) activities of arousal and then suppress rat sleepi-
ness [18,19]. In these researches, we found that PLAE
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also aroused the neurons to release Glu neurotransmit-
ters (Figure 5) for exciting the rat brains.

In deed, GABA can be formed from Glu primarily via
the action of Glu decarboxylase [20]. GIU/GABA in
brainstem is a type of available parameters that can
characterize the state of sleep-wake system [21]. Since
GABA is inhibitory and Glu is excitatory, both of them
control many tranquilizing or exciting processes in rat
brain. Apparently, PLAE we used stimulated both the
brain Glu and the brain GABA. However, the
sleep-modulation effects of Glu sited specifically in
perifornical-lateral hypothalamic area [22] of the brain-
stem which is the main region that releases GABA to
inhibit the arousal of animal. Hence, the GIu/GABA
decrease in this area (Figure 6) indicated superior
GABA efficacy than Glu, and preferred to drive rats into
drowsiness. On the other hand, as a mild tranquilizer, it
was not surprising that PLAE significantly elevated
GABA-mediated neurotransmission, and reduced Glu/
GABA in target brain region. Thus, in profile, it was still
suggested the PLAE efficacy on spontaneous sleep im-
provement.

In summary, PLAE resulted in the great ATP con-
sumption, slight Ad accumulation, as well as the signifi-
cant decrease of GIU/GABA in corresponding brain areas.
It revealed a mild hypnotic effect of PLAE on sleep
ameliorations. In the case of sedatives, the PSAE was
considered to be ineffective on meliorating rats’ sleeps at
least view the matter from our investigations. On the
other hand, in these researches, more detailed works on
the effect components of such PLAE are desired to be
determined in the future. Moreover, apart from the
aqueous extracts of peanut leaves and stems, alcohol
extracts of them are needed as well to as the contrasts in
further investigations.
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ABSTRACT

The ubiquitin-activating enzyme E1 (EC 6.3.2.19)
represents the first step in the degradation of proteins
by the ubiquitin proteasome pathway. E1 transfers
ubiquitin from the ubiquitinated E1 to the ubiquitin
carrier proteins (E2), ubiquitin-protein ligases (E3)
and proteins. This process is rather complex, and
known from the work of Haas, Ciechanover, Hershko,
Rose and others. The occurrence of 19 hypothetical
intermediate enzyme forms (EFs) and 22 different
reactions were considered in the presence of ubig-
uitin (Ub), ATP, adenosine 5’-tetraphosphate (psA),
pyrophosphate (P,), and tripolyphosphate (P3) as
substrates, and iodoacetamide (IAA) and dithioth-
reitol (DTT) as inhibitors. Inspired by the work of
Cha (Cha (1968) J. Biol. Chem., 243, 820-825) we
have treated these reactions in two complementary
ways: in rapid equilibrium and in steady state. The
kinetics of both types of reactions were simulated and
solved with a system of ordinary differential equa-
tions using the Mathematica Program. The ubiquiti-
nation of E1 has been also theoretically coupled to
the ubiquitination of E2, E3 and proteins. This makes
the model useful to predict the theoretical influence
of inhibitors (or of changes in some parameters of the
reaction) on the ubiquitination of proteins. The Pro-
gram responds to changes in the concentration of
ATP or ubiquitin and has predictive properties as
shown by the influence of AMP on the synthesis of
psA, calculated theoretically and confirmed experi-
mentally.

Keywords: Dinucleoside Polyphosphates; Adenosine
Tetraphosphate; Tripolyphosphate; Proteasome;
Mathematical Model

1. INTRODUCTION

The work here presented deals with the development of
a mathematical model for the ubiquitin activating en-

zyme E1 (EC 6.3.2.19) and is based on the following
grounds, A, B, C, D:

1) Ligases catalyze the synthesis of diadenosine
tetraphosphate (Ap,A) and other (di)nucleoside poly-
phosphates through the general reactions a) and b),
where X is a co-substrate of a ligase [1]

a) E + X + ATP <-----> E-X-AMP + P,

b) E-X-AMP + ATP ----- >Ap A+ X+E

As reaction a) is reversible, the synthesis of Ap,A is
greatly favored in the presence of pyrophosphatase
(PPase). In our experience, reaction b) is rather unspecific
and the AMP residue of the E-X-AMP complex may
react with the terminal phosphate of almost any mole-
cule containing an intact terminal pyrophosphate, such
as ATP, GTP, adenosine tetra phosphate (p,A), tri, tetra,
penta phosphate (Ps, P4, Ps) [2].

2) The ubiquitin-activating enzyme E1 is a particular
ligase using ubiquitin (Ub) and ATP (reaction c), or p,A
(reaction d) as substrates for the synthesis of the AMP
derivative of the enzyme and, by the same token, uses P,
or Ps in the reverse reactions; p,A and Ps act as analogs
of ATP and P, respectively [3].

c) E + Ub + ATP <-----> E-Ub-AMP + P,

d) E + Ub + p,A <-----> E-Ub-AMP + P,

The reactions of E1 with ubiquitin and ATP as sub-
strates and iodoacetamide (IAA), dithiothreitol (DTT)
and pyrophosphatase as modifiers of the reaction consti-
tute a complex metabolic pathway thoroughly explored
by the groups of Ciechanover, Hershko, Rose and others
[4,5,6,7]. The knowledge developed by these authors on
this system is the cornerstone of the work shown below.
We have recently approached the reactions catalyzed by
E1 using ATP, P; and psA as substrates and io-
doacetamide and dithiothreitol as inhibitors of the reac-
tion [3].

3) Two main processes can be considered in the ubig-
uitin proteasome system for degradation of proteins: a)
ubiquitination of proteins and b) proteolytic cleavage of
the tagged proteins by the 26 S proteasome complex. In
the initial conjugative phase the ubiquitin activating en-
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zyme E1 catalyzes the formation of a high-energy thio-
ester bond between the C-terminal of ubiquitin and a
cysteine residue of E1; one of the several E2 enzymes
(ubiquitin-carriers or ubiquitin conjugating enzymes)
transfers the activated ubiquitin moiety from E1, via an
additional high energy thioester intermediate, to the sub-
strate that is specifically bound to a member of the ubig-
uitin-protein ligase family E3. The ubiquitinated protein
is degraded by the proteasome with liberation of pep-
tides and ubiquitin monomers [7,8,9,10,11].

4) Finally, as shown below, we have applied our pre-
vious experience in the mathematical modeling of
metabolic pathways of glucose [12], and purine nucleo-
tide metabolism in rat brain [13] and Saccharomyces
cerevisiae [14] to the ubiquitin proteasome system.

On the above bases, we have tried to develop a
mathematical model of the reactions catalyzed by E1 in
order to get new insights into the proteasome system in
general, and on the role of E1 in this system. The de-
scription of the reactions catalyzed by E1 are presented
(Figure 1) in a way that facilitates their mathematical
writing with the powerful Mathematica Program [15].
The theoretical and experimental results can be com-
pared, so that the analysis of some physiological aspects
of E1, difficult to be explored in vivo or in vitro, can be
attempted with the mathematical approach. In our view,
the mathematical method here described may serve as a
guide to explore other complex metabolic situations,
changes in the concentration of intermediate enzyme
forms of E1 (Figure 1), as well as to approach the
mechanism of action of potential inhibitors of the en-
zyme. As an example of its predictive properties, the ef-
fect of AMP on the synthesis of psA by E1 was studied
theoretically and confronted with the experimental results.

2. EXPERIMENTAL PROCEDURES

2.1. Nomenclature

Ubiquitin (abbreviated as Ub, U, u or u) is a small 76-
residue polypeptide containing a C-terminal glycine, to
which an adenylated residue can be covalently bound.
The ubiquitin-activating enzyme will be named as E1, E
or ysE. The two functional regions or areas of this en-
zyme will be written at the left and at the right side of
the letter E. The area at the left, corresponding to the U
region (acronym of ubiquitin), may contain a molecule
of ubiquitin covalently bound, by a thioester bond, to a
cysteine residue of the enzyme (upsE); this area is also
called the ubiquitin donating area, as this ubiquitin can
be donated to E2. The area at the right of E1 corresponds
to the region named as A-u (acronym of AMP and ubig-
uitin), where the ubiquityl-adenylate (AMP-Ub) com-
plex is tightly, but not covalently, bound to E1. The
AMP-Ub complex is formed by the reaction between

Copyright © 2010 SciRes

Figure 1. Scheme of the reactions considered for the ubiquitin
activating enzyme E1. The following reactants were involved:
ATP, adenosine 5’-tetraphosphate (psA), pyrophosphate (P,),
tripolyphosphate (P3), ubiquitin (Ub), iodoacetamide (IAA),
dithiothreitol (DTT), ubiquitin carrier-proteins (E2), ubiquitin
protein-ligases (E3) and proteins to be ubiquitinated (E2 + E3
+ proteins = Blot in the Figure). The enzyme forms (EFs) of E1
with the potential reactants are also indicated with a number in
bold face and between brackets. The reactions between two
EFs have been indicated in regular face numbers from 1 to 22.
Three Boxes were contemplated: X, Y and Z. The reactions
within each one of these Boxes are considered: in rapid equi-
librium, reversible and indicated with two opposing arrow
heads. The reactions between boxes are considered in steady
state. For more details on nomenclature see the text.

one OH-residue of the phosphate moiety of AMP and the
C-terminal of ubiquitin. The ubiquitin moiety of this
complex is in an activated state, but it will not be donated
to E2; the A-u area is also called the ubiquitin activating
area. The different forms of the enzyme will be named as
EF followed by a number in bold face. The reactions be-
tween two different EFs are designated with numbers
from 1 to 22. The dissociation constants are named with
two to five letters. The letters x, y or z indicate that the
reaction belongs to Box X, Y or Z, respectively (see below,
Subsection 3.1.1); the other letters of the constant name
indicate the substrate involved, as indicated between
brackets: a (ATP); A (psA); u, U or u (ubiquitin); p (Py); P
(P3); e (AMP); d (DTT); B (Blot or the sum of E2 + E3
+ Protein). The order of those letters indicates, in general,
the sequence in which the reactants are bound to the en-
zyme complex. Forward reactions (Table 1, Appendix B)
refer to those in the direction of the synthesis of EF 11,
the enzyme form donating ubiquitin to E2; they have
Kinetic constants sub-indexed with uneven numbers; the
contrary applies to the reverse reactions.
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2.2. Computation

The solving of the equations and the plotting of the solu-
tions have been carried with a personal laptop computer
Intel® Pentium® M processor 1.70 GHz with the help of
the Mathematica 5.0 Program [15].

3. RESULTS AND DISCUSSION
3.1. The System

The complete set of reactions catalyzed by E1, using
ATP, p4A, P,, Ps, AMP, ubiquitin, and E2 as substrates
and IAA and DTT as inhibitors are presented in Tables 1
and 2 and schematically shown in Figure 1. The reac-
tions have been numbered from 1 to 22. Those reactions
identified with two opposing arrow heads indicate bind-
ing of substrates to E1 or rearrangement of substrates
within the enzyme complex; they are considered in rapid
equilibrium, following Michaelis-Menten postulates.
The reactions noted with a simple arrow head, involving
transformation of the bound substrate(s), are considered
rate-limiting reactions and treated as being in steady
state. The dissociation constants and the equilibrium
constant (yue) are indicated in Table 1. The enzyme
forms (EF) are expressed with the potential reactants or
simply with a number in bold face, between brackets. As
noted in Experimental procedures, the parts at the left
and right side of E1 correspond to the U (acronym of
ubiquitin) and to the A-u (acronym of AMP and ubiquitin)
areas, respectively. The U area of E1 is the ubiquitin donat-
ing area to E2. The reactions depicted in Figure 1 can be
dissected into two parts.

The one at the right side of Figure 1 represents the
classical reactions previously described [7] using ATP, P,
and ubiquitin as substrates. In summary, ATP and ubig-
uitin are joined to E1 (reactions 1 and 2); the bound ATP
is split into AMP + P, (reaction 5), the bound P, is liber-
ated (reaction 8) and ubiquitin is displaced from the A-u
to the U region of the enzyme, with concomitant libera-
tion of AMP (reactions 9 and 10). Once ubiquitin is co-
valently joined to the U region of E1, another moiety of
ubiquitin is bound to the A-u area of the enzyme (using
ATP as co-substrate) through a sequence of reactions
(reactions 11, 12, 18, 20) similar to those previously
described (reactions 1, 2, 5, 8). The enzyme form (EF 11)
is already prepared to serve as donor of ubiquitin from
the U area of E1 to E2 (named as “Blot” in Figure 1).
The EF 9 generated in this step is ready to repeat the
cycle, catalyzed by reactions 9-12, 18, and 20 and to
afford the ubiquitin molecules needed for the processing
of the proteins by the proteasome.

The part at the left side of Figure 1 shows similar re-
actions to those just described with the exception that
p4A serves as a source of energy instead of ATP (com-
pare reactions 1 and 11 with reactions 3, 14, respec-
tively), and a molecule of P, instead of P,, is involved in
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Table 1. Reactions in rapid equilibrium inside boxes X, Y, and
Z. (Figure 1). The number, substrates and product of the reac-
tions are as indicated in the Table and in Figure 1. The disso-
ciation (equilibrium) constants were named according to the
following rules: the binding of a reactant to the A-u area of E1
is represented with a letter between brackets: P, (p), Ps (P), ATP
@), psA (A), Ub (u), AMP (e), DTT (d) or Blot (B); x, y or z
indicates their location in boxes X, Y or Z; u represents the
oscillation of ubiquitin from the A-u to the U area of E1; U
represents ubiquitin bound to a —=SH group of the U area of E1.
For more details on the nomenclature of the constants see Ex-
perimental procedures. Dissociation constants are defined as
the product of the concentration of the substrates divided by
the concentration of the bound complex (product EF); for ex-
ample, constant xa= pysE x ATP/ysEare. The equilibrium con-
stant yue is defined as ypsEamp/nsEampun. Numeric values for
these constants have either been taken from the literature or
tuned (*) to reflect available experimental data. To facilitate
location of the reactions in Figure 1, EFs are also indicated by
their assigned numbers (in bold characters between brackets).

Table 2. Rate constant values (simplified procedure) of the
steady state reactions. The constants with uneven or even
numbers indicate forward or reverse direction, respectively,
towards formation of y,sEampun (EF 11, the enzyme complex
donating UDb to the ubiquitin carrier proteins E2).

Constants Reactions Value (s References
k1=k3 Vp; VP 0.75 x k5 [4]
k2=k4 Vp; VP 0.75 x k6 [4]
k5=k7 VUp; VUP 0.13 Tuned
k6=k8 VUp; VUP 6.25 X k5 [4]

k10 Ve 0.57 Tuned
k12 VB 33 Tuned

the process (compare reactions 8 and 20 with reactions
13 and 21, respectively). Treatment of this part of Figure 1
is based on previous publications from our laboratory [3],
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with the assumption that the binding of p,A and P3, be-
have similarly to the binding of ATP and P, respectively.

3.1.1. Kinetics Considerations

The kinetic treatment followed here is based on the gen-
eral consensus on how to handle rapid equilibrium and
steady state reactions of uni-reactant enzymes [16] and
on the simplifications introduced by Cha [17]. He
showed that the calculation of rates of equations of com-
plex enzyme systems could be simplified by treating all
the enzyme forms, implying binding of a substrate to an
enzyme within a rapid equilibrium segment, as a single
entity. On the contrary, reactions involving transforma-
tion of the previously bound substrates are considered
rate-limiting reactions and treated as being in a steady state.

Following these criteria three set of reactions, consid-
ered in rapid equilibrium among themselves, were ar-
ranged in Boxes X, Y and Z. Reactions 1-4, in which
binding of ATP, p,A, or Ub, to E1 take place, were
grouped in Box X; Reactions 8-12 and 14-15, implying
the binding of P,, P;s, AMP, ATP, p4A and ubiquitin to E1,
were grouped in Box Y. Reactions 20-22, catalyzing
binding of P,, or P; to E1 and transfer of ubiquitin from
E1 to E2 were grouped in Box Z.

The reactions considered as being in steady state were
those implying cleavage of ATP (reactions 5 and 18) or
of p4A (reactions 6 and 19) (Figure 1). These reactions
interconnect Boxes X-Y and Boxes Y-Z).

3.1.2. Reactions in the Presence of Added
Dithiothreitol (DTT), lodoacetamide (1AA),
Blot or Pyrophosphatase
As shown by Haas [6], DTT does not split the ubiquityl
adenylate complex if it is tightly bound to the A-u area
of E1 (as in EF 5). However, DTT breaks the thioester
bond between Ub and a cysteine of E1 (Figure 1, EF 6),
with formation of DTT-Ub. This last complex is rather
unstable due either to the ability of ubiquitin itself to
monitor its own C-terminal for the occurrence of thio-
ester bond or to a possible contaminant thiolesterase
present in the sample of E1 [6]. lodoacetamide (IAA)
binds covalently to -SH group(s) here indicated (sche-
matically) at the left side of all the EFs (Figure 1). Par-
ticularly important, in the context of this work, is the
reaction between IAA and the -SH residue of EF 5, to
which ubiquitin is linked prior to its transference to E2.
The effect of IAA (as it blocks reaction 9) results in a
displacement of all the enzyme forms (EFs) of Figure 1
towards those above EF 5, with the subsequent disap-
pearance of EFs 6-11 and 15-17.

With respect to the effect of E2 on E1, E1 can also be
viewed as the first enzymatic step for the ubiquitination
of proteins and further degradation by the proteasome.
To simulate the whole ubiquitination process a hypo-
thetical reactant named Blot (from Blotting of ubiquitin)
has been introduced. Blot is the sum of ubiquitin carrier
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proteins (E2), ubiquitin protein ligases (E3) and pro-
tein(s) to be ubiquitinated, and represents the destiny for
all the ubiquitin molecules activated by E1. To simulate
physiological conditions, Blot is supposed to be in large
excess over E1. The reaction between EF 11 and the
entity Blot has been named 22 and was considered in
rapid equilibrium (Figure 1).

Finally, the effect of the addition of PPase to the sys-
tem has been easily simulated by the following reaction,
assumed to have Michaelis-Menten Kinetics:

PPase + P, < > PPaseP, >PPase + 2 P;
Thus, PPase hydrolyzing the P, liberated in reaction 8

(between EFs 4-5) and 20 (between EFs 10-11) displaces the
equilibrium towards EF 5 and EF 11, respectively (Figure 1).

3.2. Mathematical Model

The mathematical model, a symbolic expression of the
enzyme reactions assumed above (Figure 1 and Tables 1
and 2), was developed with the help of the Mathematica
Program according to the following steps:

3.2.1. Application to the Rapid Equilibrium

Reactions Inside Boxes X, Y and Z

(Supplemental Data, Appendix A)
The concentrations of the enzyme forms in rapid equi-
librium were calculated following a similar procedure in
each one of the Boxes: 1) each dissociation constant was
equalled to its corresponding value according to the sub-
strates and products involved; 2) the sum of the EFs
contained in Boxes X, Y and Z were equalled to X, Y
and Z, respectively; 3) the values of the 19 EFs to be
calculated (5 in Box X; 10 in Box Y and 4 in Box Z)
were requested with the command “Solve” of the
Mathematica Program (Supplemental data, Appendix A).
The rather cumbersome resulting equations, were disen-
tangled with the command “Simplify” and used in the
following step.

3.2.2. Steady State Reactions between Boxes X-Y and
Y-Z (Supplemental Data, Appendix B)
The resulting equations for the 10 EFs involved in the
steady state reactions were used to determine the actual
net velocities: Vp (between EFs 3 and 4); VP (between
EFs 13 and 14); VUp (between EFs 9 and 10); VUP
(between EFs 16 and 17); Ve (between EF 18 and 1) and
VB (between EFs 19 and 5). The velocities Ve and VB
were also included to cope with situations described
below, where the presence of dithiothreitol and E2 are
contemplated. Those six velocities (Vp, VP, VUp, VUP,
Ve and VB), were calculated as functions of the concen-
trations of EFs (as determined in Appendix A), the rate
constants (k1-k8, k10, k12), and taking into account the
forward (towards the synthesis of EF 11) and the reverse
reactions (Supplemental data, Appendix B, a). In part b
of Appendix B, the values of the 19 enzyme forms cal-

JBISE



278 F. J. Lopez-Cénovas et al. / J. Biomedical Science and Engineering 3 (2010) 274-284

culated in Appendix A are presented; note that these
values are grouped into two sections: 1) comprising
those values directly involved in the steady state situa-
tion, and 2) the values implicit in the anterior formulas
and needed for their solutions. In part ¢ of Appendix B
the statements needed for the solution of the equations
are given: the total enzyme is defined as the sum of the
amount of enzyme in Boxes X, Y and Z; by application
of the steady state treatment suggested by Cha to the
diagram of reactions (Figure 1), the net flux between
boxes X and Y (VP + Vp-Ve) and between boxes Y and
Z (VUP + VUp-VB) is set equal to zero and, finally, the
unknowns to be solved are listed.

3.2.3. Ordinary Differential Equations System
(Supplemental Data, Appendix C)

The changes in the concentration of reactants (or even of
EFs) with the incubation time can be calculated with a
system of differential equations performed with the
Command “NDSolve” of the Mathematica Program,
once the expression of the velocities are known. The
syntax for this procedure admits many variants depend-
ing on the entity to be clarified. As an example, changes
in the concentrations of ATP, p,A, Ps, P,, AMP, Blot or
BlotUb are presented in Supplemental data, Appendix C.
The Program admits other requested variants. The pa-
rameter values, initial assay conditions, and time of the
reaction must also be included. Concerning the parame-
ter values, two Procedures have been employed: Com-
prehensive and Simplified. The Comprehensive Proce-
dure allows the theoretical calculation of all the variables
of the system (19 EFs) as a function of: a) the total
amount of E1, b) the value of the 15 dissociation con-
stants and of the equilibrium constant yue, c) the value
of the 10 rate constants, and d) the concentration of the
reactants. This can be contemplated as an ideal scenery,
helpful for example, to handle reactions that can not be
performed experimentally, to investigate the role of each
constant on the system and to calculate the concentra-
tions of EFs and of the reactants under different experi-
mental conditions, etc. However, given the scarcity of
available experimental data, we considered it more con-
venient to introduce the Simplified Procedure (Table 2)
with the following assumptions: the dissociation con-
stant values for the binding of ATP, psA, P,, P, Ub,
AMP to any EF were set equal for each substrate, irre-
spective of the enzyme form (EFs) to which they bind
(Figure 1, Tables 1 and 2); the values of the dissociation
constants were taken from the literature, calculated as
the average of different reported values (when this was
the case) or tuned to fit the experimental results when no
data on a particular constant had been reported (Tables 1
and 2); the constant UzueB (dissociation constant be-
tween EF 11 and EF 19 (Figure 1) was chosen arbitrar-
ily as equal to 33 mM, since Blot is an hypothetical sub-
strate that represents the sum of E2 + E3 + proteins
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(theoretically considered in large excess over E1); ii) the
rate constants of each one of the pairs (k1, k3), (k2, k4),
(K5, k7) and (k6, k8) were given the same value, as they
correspond to similar catalyzed reactions (Table 2); from
some experimental data [3,4] it can be deduced that the
values of (k1, k3) and (k2, k4) are 75% of those of (k5,
k7) and (k6, k8), respectively (Table 1 and 2) (Figure 1);
finally, a previous study [4] specifically calculated that
k7/k8 = 0.16; rate constant k5 was tuned to 0.13 s; rate
constant k12 was arbitrarily made equal to 3.3 s™, as we
only wanted to compare the effect of different assay
conditions in the ubiquitination rate of Blot. All these
data are sufficient to fix one of the eight rate constants,
allowing the rest of the seven constants to be calculated
automatically by the program

3.3. Experimental Test of the Mathematical
Model

Once the mathematical model was established and sim-
plified, it was critical to confront it with the experimen-
tal results. As the mathematical scanning of the plethora
of experimental results available on E1 would be beyond
the scope of the present study, only the reactions taking
place in the presence of ubiquitin, ATP, p,A and P; and
the influence of DTT, IAA, pyrophosphatase and Blot
(E2 + E3 + proteins) on these reactions are considered.
The advantage of P; over P, concerning the evaluation
of the experimental results should be stressed. Whereas
in the presence of ATP (£P,) synthesis or degradation of
ATP is observed [5] (i.e. no new compound is synthe-
sized and the reaction could be studied mainly using
radioactive substrates), in the presence of ATP (£P3) the
rate of synthesis of a new compound (p,A) can be used
as a tool to follow the course of the reaction.

3.3.1. Effect of Dithiothreitol (DTT)

According to the experimental findings reported by Haas
[6], the effect of DTT has been here mathematically re-
produced through the rapid equilibrium binding of DTT
to EF 6, consequent breakage of the thioester bond be-
tween Ub and a cysteine located in the U region of the
enzyme, formation of EF 1 and final liberation of AMP,
DTT and Ub to the medium (Figure 1). The effect of
DTT is theoretically clear: the synthesis of AMP from
ATP is produced and AMP is liberated irreversibly to the
reaction medium with displacement of the reactions to-
ward the enzyme forms located above EF 6 in the
scheme shown in Figure 1; the synthesis of p,A takes
place both through reaction 3, between EF 12 and EF 1
(Box X), and through reaction 14, between EF 15 and
EF 7 (Box Y). As a consequence of the disappearance of
the enzyme forms located below EF 6 by the effect of
DTT, changes in the rate of synthesis of p,A in the pres-
ence of DTT would be indicative of the relative rate of
synthesis of p,A by reaction 6 (between Boxes X-Y)
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versus reaction 19 (between Boxes Y-Z). The experi-
mental and theoretical rates of syntheses of AMP and
psA (from ATP and P3), in the absence of DTT or in the
presence of increasing concentrations of DTT, are repre-
sented in Figure 2. The rate of synthesis of AMP clearly
increased in the presence of DTT whereas the rate of
synthesis of p,A decreased slightly (about 8%) [3], indi-
cating that the synthesis of p,A takes place (in the ab-
sence of DTT) preferentially by reaction 3 (between EF
12 and EF 1). The experimental and the theoretical re-
sults agree quite well. The strict linearity of the experi-
mental approach (in the upper panels of Figure 2 reflects
the fact that only one experimental point was considered.
The theoretical maximum velocities were always calcu-
lated from the information provided by the suppliers on
the amount of protein, enzyme activity and molecular
weight of E1. Concerning the synthesis of p4A (panels at
the right), the apparent discrepancies between the ex-
perimental and theoretical results are attributable to the
amount of active enzyme actually present in that assay.
The effect of DTT on the ubiquitination of E2 (Blot) will
be presented further on.

3.3.2. Effect of lodoacetamide (1AA)
The experimental results (Figure 3) obtained with IAA

30

20+

Time,s

AMP, pmt les
PaA pmu les

30 20

20

Time,s Time,s

@ (b)

Figure 2. Influence of dithiothreitol (DTT) on the synthesis of
AMP (panels on the left, A) and on the synthesis of p,A (panels
on the right, B): experimental results (upper panels) and theo-
retical calculation (lower panels). Initial assay conditions: 0.02
mM ATP; 6 uM ubiquitin; 0.8 mM P3; 0.05 ug PPase; 0; 1; 5
and 20 mM DTT as indicated, and 1 pmol of E1. Time of the
reaction 600 s. Experimental data were taken from [3] and
theoretical calculations were obtained with the Mathematica
Program as indicated in the text. Note that the synthesis of
AMP is undetectable in the absence of DTT, both in experi-
mental and theoretical conditions.
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Figure 3. Influence of iodoacetamide (IAA) on the
synthesis of p,A and (not represented) on the syn-
thesis of AMP: experimental and theoretical results.
El at a final concentration of 0.75 nmol/ml (1.5
pmol of E1) was incubated in the presence of: 50
mM Tris—HCI, pH 7.5, and 1 mg/ml BSA for 30
min at 37 °C and in the absence or presence of 0.5
mM 1AA. Initial assay conditions were 0.02 mM
ATP; 6 uM ubiquitin; 0.8 mM P3; 0.05 ug PPase.
DTT was omitted. Time of the reaction was 1200 s.
Experimental data (upper panel) are taken from [3].
Theoretical results (lower panel) were obtained
with the Mathematica Program. Synthesis of AMP
was undetectable by both procedures and therefore
is not represented in the Figure.

were performed with E1 previously incubated with I1AA
[5]. According to [4,5], IAA reacts covalently with a
critical -SH residue located in the U region of E1,
blocking its reaction with ubiquitin. This inhibition was
simulated mathematically by giving the value zero to the
equilibrium constant yue (Figure 1, reaction 9, between
EF 5 and EF 6). Although the effect of IAAand DTT on
E1 may seem apparently similar (both split the scheme
of reactions presented in Figure 1 into two parts, above
and below a specific enzyme form: EF 5 and EF 6, re-
spectively), the consequences are drastically different
concerning the synthesis of AMP. Whereas DTT stimu-
lates, IAA completely inhibits the synthesis of AMP, as
EF 6 is not formed in the presence of IAA (see Figure 3
and its legend). Following a similar reasoning as above,
the effect of DTT and IAA on the synthesis of p,A could
be expected to be inhibitory. The experimental results
pointed in that direction, with 1AA being a more po-
tentinhibitor of the synthesis of p,A (25 %, Figure 3)
than DTT (8%, Figure 2) [3].

3.3.3. Influence of Pyrophosphatase
In the presence of Ub, ATP, and Ps, synthesis of P, takes
place (Figure 1) in reactions 5 and 8 (with the participa-
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tion of EFs 3-5) and in reactions 18 and 20 (with par-
ticipation of EFs 9-11); P, is a substrate for the synthesis
of ATP in the same reactions as above, acting in the re-
verse direction. In the presence of PPase, P, is degraded
and reactions 8 and 20 cannot proceed in the reverse
direction (Figure 4). Consequently, in the presence of
PPase and P; the synthesis of p,A is favored, by displace-
ment of the E1 cycle towards the left part of Figure 1,
i.e. toward the synthesis of p,A. Previous results from
this laboratory [3] had shown that the addition of PPase
to a reaction mixture containing Ps, almost doubled the
rate of synthesis of p4A and slightly inhibited the synthe-
sis of AMP. The theoretical and experimental results on
the influence of PPase on the synthesis of AMP and p,A
are shown in Figure 4.

3.3.4. p,A as Substrate of the Reaction

This experiment was performed by allowing a complete
transformation of [a-**P]ATP into labeled [a-**P]p,A in
the presence of Ub, P3 and PPase [3]. Further incubation
of this reaction mixture converted gradually the synthe-
sized p,A into AMP thanks to the effect of DTT. The ex-
perimental and theoretical results are shown in Figure 5,
demonstrating that p,4A is a substrate for the synthesis of
AMP through EFs 12-14, 5, 6, 18 and 1. In this way,
when the final equilibrium is reached, AMP is the only
destiny for all the ATP initially present in the assay mix-
ture. The small differences between the experimental
and theoretical results might be related to the inactiva-
tion of the enzyme after prolonged times of incubation
(Figure 5).

3.3.5. Influence of E2
In the presence of only ATP and ubiquitin, the enzyme
catalyzes a rapid pre-steady state situation where only
two equivalents of ATP per equivalent of enzyme are
hydrolyzed [4]. The hydrolysis of ATP can be stimulated
by the addition of P5 (as in previous sections) or by the
addition of an ubiquitin acceptor (Figure 1). This last
situation is here simulated by the addition of Blot, a
mixture of E2 + E3 + proteins, representing a sink for
the activated ubiquitin. The main reaction in the pres-
ence of Blot is represented by:

ubsEampeun (EF 11) + Blot <—> ypsEampubsior (EF 19)
—> usEampun (EF 5)+ BlotUb

These steps have been simulated by one reversible re-
action in rapid equilibrium (reaction 22 between EF 11
and EF 19) and one reaction in steady state (VB). This
last reaction (17) is considered irreversible because of
the physiological large excess of (E2 + E3 + proteins)
over E1 (Figure 1). The complete cycle for the hydroly-
sis of ATP in the presence of Blot is composed of reac-
tions 22, 17, 9-12, 18, 20 (Figure 1). The influence of
Blot (at 0, 0.5, 1, 2, 5, 15 mM) on the reaction catalyzed
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Figure 4. Influence of PPase on the synthesis of AMP
(left-hand panels A) and p,A (right-hand panels, B): experi-
mental and theoretical results. Initial assay conditions: 0.02
mM ATP; 6 uM Ub; 0.8 mM P3; 20 mM DTT; 1.5 pmol E1 and,
when indicated, 0.05 pg PPase. Reaction time: 900 s. Experi-
mental data were taken from [3] and represented in the upper
part of both panels. The theoretical results are represented in
the lower panels.

Time,s Time,s

AMP, umole . x 104
psA pmole <104

@) (b)

Figure 5. Adenosine 5’-tetraphosphate (p,A) as substrate for
the synthesis of AMP: experimental and theoretical results.
Initial assay conditions: 0.04 mM ATP; 12 uM Ub; 0.8 mM Pg;
0.05 pg PPase; 2 mM DTT and 4 pmol E1. The reaction time
was increased to 7200 s (2 hours) in order to consume all the
ATP in the assay. In this way, the synthesis and posterior deg-
radation of p,A towards formation of AMP can be observed, as
a function of incubation time. Experimental data were taken
from [3] and represented in the upper part of both panels.
Theoretical results obtained for the synthesis of AMP and p,A
are represented in the lower panels.

by E1 is represented in Figure 6 panels a and b. In the
absence of Blot changes in the concentration of ATP, or
synthesis of AMP (not represented) are undetectable
(Figure 6 (a)); the rate of disappearance of ATP in-
creased with increasing concentrations of Blot, with an
apparent activation constant of about 1.5 mM for Blot in
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Figure 6. Theoretical approach for ubiquitination of
Blot (E2+E3+proteins) by E1 and inhibition of this
process by DTT. The pre-established theoretical con-
ditions in the upper panels were: 2 mM ATP; 6 uM Ub;
1.5 pmol E1; 0.05 pg PPase and Blot (0; 0.5; 1; 2; 5
and 15 mM). Time of reaction: 200 s. In the absence
of Blot and DTT, the concentrations of ATP remain
constant. Upon addition of increasing concentrations
of the Blot reactant (which represents a sink for acti-
vated ubiquitin) consumption of ATP (panel a) and
formation of ubiquitinated Blot (BlotUb) (panel b) can
be observed. In panel c, the pre-established theoretical
conditions are as above, except that AMP (0.8 mM)
and Blot (65 mM), were included to simulate physio-
logical conditions; DTT was included at theoretical
concentrations of 0, 1, 5 and 20 mM as indicated.
Time of reaction: 600 s.

these theoretical conditions (Figure 6 (a)). The influence
of the concentration of Blot on the synthesis of BlotUb
followed a similar pattern to that observed for the deg-
radation of ATP (Figure 6 (b)). Finally, the influence of
DTT on the ubiquitination process was tested in the
presence of physiological concentrations of ATP (2 mM),
AMP (0.8 mM) and Blot (E2 + E3 + protein) (65 mM).
Inhibition rates for the ubiquitination of Blot of 10, 32
and 57 % were calculated in the presence of 1, 5 and 20
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mM DTT (Figure 6 (c)). This inhibition by DTT was due
to the displacement of the equilibrium of the system away
from yusEampun (EF 11), the enzyme form donating Ub to E2.

3.3.6. Responsiveness and Predictability of the System
Metabolic control analysis [18] deals mainly with the
steady state of a system of enzymes that connect series
of metabolites. In our view, this theory is not directly
applicable in the case of the E1 ubiquitin system com-
posed only of one enzyme, with different enzyme forms.
Nevertheless some of the concepts developed for meta-
bolic control analysis could be of application to the E1
system. Hence, the response of the system to changes in
the concentration of ATP or ubiquitin was tested. Con-
sidering the rate of ubiquitination of Blot (Figure 1, re-
action 17) as the final flux, representation of In ATP
(Figure 7 (a)) or In Ubiquitin (Figure 7 (b)) versus In rate
of synthesis of BlotUb, a good correlation among those
parameters were obtained showing the responsiveness of
the theoretical approach. The apparent elasticity coeffi-
cient of E1 towards ATP and ubiquitin were near 0 and
0.29, respectively at the concentration points used rou-
tinely in the assays, 20 uM and 6 puM, respectively.

The predictability of the system was tested with a situa-
tion not contemplated in the previous Kinetics treatment:
the influence of the concentration of AMP on the syn-
thesis of p,A in the presence of ATP and ubiquitin. That
influence on AMP, predicted using the Mathematica Pro-
gram (Figure 7 (c)) was later approached experiment-
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Figure 7. Responsiveness and predictability of the E1 system.
As a measure of the responsiveness of the system, the influence
of the concentration of ATP (panel a) or ubiquitin (panel b) on
the ubiquitination of Blot are represented as a double-logarithmic
plot. The elasticities of E1 towards ATP or ubiquitin are the
slopes of the tangents of the corresponding curves. The predict-
ability of the system was tested in two complementary ways.
That influence on AMP on the synthesis of p,A, predicted using
the Mathematica Program (Figure 7 (c)), was later approached
experimentally with identical results (Figure 7 (d)).
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tally with identical results (Figure 7 (d)). In both cases
AMP accelerated the rate of synthesis of psA. The
physiological implications of this finding will be ex-
plored elsewhere in another study.

4. CONCLUDING REMARKS

The above results may be considered from different per-
spectives. The ubiquitin activating enzyme E1 has been
treated as a complex enzyme system comprising 8 reac-
tants, 2 inhibitors/effectors, and 19 enzyme forms (EFs)
(Figure 1). Calculation of the rate equations of this type
of reactions has been approached with the King and
Altman method [19] and/or with the simplifications in-
troduced in [20,21] and in [17]. For a general comment
on these procedures, see [22]. Although these methods
may appear mathematically simple they present great
difficulties due to the potential errors introduced during
the process of manual operations. Fortunately, with the
introduction of computer methods of calculation, per-
formed here with the Mathematica Program [15], treat-
ment of the concerned equations has been greatly sim-
plified. The only difficulty is how to feed the computer
with the appropriate information. The simplifications
introduced by Cha [17] have been of great help for the
mathematical treatment of the postulated reactions cata-
lyzed by the ubiquitin activating enzyme, a system that
seemed to be particularly appropriated for this mathe-
matical treatment. Cha [17] postulated that when an en-
zyme-catalyzed reaction consists of more than one step,
and one or more portions of the whole reaction are sig-
nificantly faster than the over-all reaction, the partial
reactions in such segments have almost reached equilib-
rium when the over-all reaction reaches a steady state.
As shown in Figure 1, clusters of reactions of the E1
system involving binding of substrates were considered
in rapid equilibrium, were grouped in boxes X, Y and Z,
and treated as three single entities; another group of re-
actions involving modification of the bound substrates
were treated as in a steady state situation. Altogether, the
panorama is similar to the one presented by Cha to de-
velop his methodology [17]. In our view, other complex
enzyme situations can be approached in the same way,
and the Kinetics treatment of E1, here shown, can be
taken as an example. Presently we are applying Cha’s
approach to the mathematical treatment of the signal
transductions involved in glycogen metabolism.
Although P; and p4A are here exclusively considered
as a kinetic tool to unravel the set of reactions catalyzed
by E1, they also have physiological significance by
themselves. Inorganic polyphosphates are probably pre-
sent in every cell [23,24,25] and are particularly abun-
dant in yeast extracts where P; and P, have been de-
scribed at mM concentrations [23]. As previously
pointed out [3,26], the potential effects exerted by poly-
phosphates can be considered under two different as-
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pects: Either caused by their presence at high concentra-
tion and frequently condensed in organelles or caused by
their occurrence at low concentration in different cellular
compartments. Although their role in the last case is not
clear, there is a widespread concern about the possibility
of polyphosphates playing more general and universal
functions in biology [23,24]. In the case of E1, it is dif-
ficult for us to envisage the physiological role of Ps,
considering its high apparent K, value in the reactions
here described [3]. The occurrence of p,A has been de-
scribed in chromaffin granules of the adrenal medulla
[27], in skeletal and cardiac muscle [28,29], in the
aqueous humor of rabbits [30] and in yeast [31]. p,A has
been involved in yeast sporulation [31] and as a modu-
lator of cardiac vascular tone [29]. p4A could also indi-
rectly modulate the levels of Ap,A and ApsN (nucleo-
tides with apparently elusive physiological roles [32,
33]), by inhibiting (K;, nM) the activity of the (assymet-
rical) dinucleoside tetraphoshatase (EC 3.6.1.17) [34].

The present study can also be viewed as pertinent to
the so-called System Biology aiming to understand gen-
eral principles of the complexity of living cells [35,36,
37]. This complexity is so astonishing that restricted
approaches to simple networks could pave the way for
the uncovering of some general principles governing
higher organisms. Examples are the study of signal
transductions, gene expression, evolution and selfor-
ganization, understanding the cell cycle, fluxes in meta-
bolic pathways, neural networks, modeling of biological
processes, etc. Study of metabolic processes is one of the
main topics of modern System Biology and the work
presented here can be considered as an example on how
the conjugation of a theoretical and an experimental ap-
proach to a particular topic, may help to jump from a
mere reductionism to a more global vision of that problem.

The present study has to be considered as an example
rather than a framework for the mathematical treatment
of complex biological systems. This work may be im-
portant to understand the ubiquitin proteasome system
itself. This system is the center of a vast arrangement of
cellular processes including: cell cycle, transcription
control, regulation of enzyme levels, antigen presenta-
tion, rate for disposing of unfolded or damaged proteins
and controlling life span of regulatory proteins, etc. Al-
teration of the ubiquitin proteasome system is also re-
sponsible for the genesis of malignant diseases and neu-
rodegenerative disorders.

In summary, as shown above this work deals only
with the ubiquitin activating enzyme (E1). The reactions
catalyzed by E1 are well known from studies developed
by Haas, Ciechanover, Hersko, Rose and others [4,5,6],
mainly in crude extracts. The present report, greatly in-
spired by their work, has been carried out with purified,
and commercially available E1. The use of P; as sub-
strate of the enzyme has greatly helped to follow the
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steps of the intermediary reactions (see above). Two
mathematical methods have been used for that purpose:
Comprehensive and Simplified methods. Some of the
kinetic constants involved in these reactions, implicit in
the Comprehensive Method, are not yet known and have
been tuned; in addition, a simplification of the Compre-
hensive method has been introduced. The corner-stone
of the mathematical treatment of any of these systems is
that the experimental and the theoretical results must be
consistent. When this is so, the theoretical approach can
be used with more confidence and new questions can be
theoretically proposed and contrasted with experimental
results. In this regard, the effect of potential drugs acting
on E1 [38] can be explored in the presence of ATP, P3
and ubiquitin, and the experimental results contrasted
with the theoretical approach developed here aiming to
pinpoint their precise mode of drug action.

5. CONCLUSSIONS

The aim of this work was to investigate the reactions
catalyzed by the ubiquitin activating enzyme (E1) using
ubiquitin, ATP, adenosine tetraphosphate (psA), pyro-
phosphate, tripolyphosphate, and ubiquitin activating
enzyme (E2) as substrates and iodoacetamide dithio-
threitol, as inhibitors of the reaction. A total of 19 dif-
ferent hypothetical enzyme forms (EF) of E1 and 22
different enzyme reactions were established and the
equations relating the enzyme forms approached with a
system of ordinary differential equations and solved with
the help of the Mathematica Program. This study can be
view a) as a way to treat a complex biological system, b)
as a possibility to follow the steps of the intermediate
reactions and the theoretical concentrations of the inter-
mediate enzyme forms; c) as a method to study the ef-
fects of possible inhibitors on E1 and by extrapolation
on the proteasome system itself. Note: the Supplemental
Data is available on request from Antonio Sillero at:
antonio.sillero@uam.es.
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ABSTRACT

Z-scan technique is an effective tool for measuring
the optical nonlinearity of the materials. By using this
technique the measurement was made for total pro-
tein and albumin. The nonlinear refractive index of
the total protein and albumin were found to vary
linearly with concentration. Hence by calculating the
nonlinear refractive index it is possible to measure
their concentration in the sample. The values meas-
ured thus are found in equivalence with conventional
colorimetric method.

Keywords: Z-scan Technique; Nonlinear Refractive
Index; Total Protein; Albumin

1. INTRODUCTION

Protein is an essential nutrient made up of building-
block chemicals called amino acids. Protein provides
energy and is needed for the body to make new cells, to
maintain and rebuild muscles, to carry other nutrients, to
act as messengers in the body, and to support the
immune system. A total serum protein test measures the
total amount of protein in the blood. It also measures the
amounts of two major groups of proteins in the blood:
albumin and globulin.

Albumin is made mainly in the liver. It helps keep to
the blood from leaking out of blood vessels. Albumin
also helps to carry some medicines and other substances
through the blood and is important for tissue growth and
healing.

Globulin is made up of different proteins called alpha,
beta, and gamma types. Some globulins are made by the
liver, while others are made by the immune system.
Certain globulins bind with hemoglobin. Other globulins
transport metals such as iron in the blood and help fight
infection.

Low total protein levels can suggest a liver disorder, a
kidney disorder, or a disorder in which protein is not
digested or absorbed properly. Low levels may be seen
in severe malnutrition and with conditions that cause

malabsorption, such as Celiac disease or inflammatory
bowel disease (IBD). High total protein levels may be
seen with chronic inflammation or infections such as
viral hepatitis or HIV. They may be caused by bone
marrow disorders such as multiple myeloma.

Measurements of protein may reflect liver disease,
nutritional state, kidney disease and others. A decreased
value of total protein may indicate liver or kidney
disease. If levels of albumin are low, there is a possi-
bility of primary liver disease, kidney disease, tissue
damage or inflammation, and malnutrition [1,2]. In
chronic liver diseases like “cirrhosis” or “nephrotic synd-
rome” the level is decreased. Poor nutrition or protein
catabolism may cause “hypoalbuminaemia”. Measurement
of serum-total protein is useful in conditions relating to
changes in plasma or fluid volumes, such as shock and
dehydration. In these conditions concentration of
serum-total protein is elevated indicating hemoconcen-
tration. Haemodilution is reflected as relative hypoprotei-
nemia, which occurs with water intoxication or salt
retention syndrome, during massive intravenous infusions.

The most widely accepted assays so far for proteins
are the Biuret [3], Lowry [4], Bradford [5,6], Bromop-
henol Blue [7] and Bromocresol Green[8] methods. In
this Biuret reaction is highly susceptible to interference
by non-protein substances [9,10,11,12]. The bromocresol
green method for determination of serum albumin is the
most specific and sensitive of the dye binding techniques
[13]. The glyoxylic acid method measures tryptophan
content which represents 8-10% albumin and 90-91%
globulin. Since the bromocresol green method is specific
and simple, it is the method of choice for albumin
determination [14].

The Z-scan technique was extended to study the opti-
cal nonlinearity has been reported for LDL-Choles-
terol [15,16]. Some more reports are on characterization
of lipids in body fluid [17,18], study of the nonlinear
refraction of vitreous humor in human and rabbit [19],
determination of nonlinear refractive index of retinal
derivatives [20]. In this present investigation total protein
and albumin are subjected to the Z-scan technique to cal-
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culate the nonlinear refractive index (ny). Already work
has been done on measurement of glucose [21], total
cholesterol and triglycerides [22].

The single beam Z-scan analysis, which was developed
by Mansoor Sheik Bahae et al. [23], is a simple and
effective tool for determining nonlinear optical proper-
ties of materials [24,25,26,27]. This approach has been
now a day widely used in optical characterization of differ-
ent materials. Nonlinear refractive index is proportional to
the real part of the third-order susceptibility Re[y(3)]. Ba-
sically, the Z-scan method consists in translating a non-
linear sample through the focal plane of a tightly focused
Gaussian laser beam and monitoring the changes in the
far field intensity pattern. For a purely refractive nonlin-
earity, the light field induces an intensity dependent non-
linear phase and, as consequence of the transverse Gaus-
sian intensity profile, the sample presents a lens-like
behavior. The induced self-phase modulation has the ten-
dency of defocusing or recollimating the incident beam,
depending on its Z position with respect to the focal
plane. By monitoring the transmittance change through a
small circular aperture placed at the far field position, it
is possible to determine the nonlinear refractive index. In
the present study, we have measured total protein and al-
bumin levels in blood by calculating the nonlinear re-
fractive index (n) value using a single beam Z-scan
method.

2. METHODOLOGY
2.1. Preparation of Total Protein Sample

For sample preparation (Total Protein-Biuret method - a
kit supplied by Transasia Bio-medicals Ltd, Baddi,
Himachal Pradesh, India) was used. To 20 microliter of
the serum one milliliter of total protein reagent was
added and incubated for 10 minutes at 37 °C. The principles
involved for this reaction is that the peptide bonds of
protein react with copper Il ions in alkaline solution to
form blue-violet complex (Biuret reaction). Each copper
ion complexes with 5 or 6 peptide bonds. Tartrate is
added as a stabilizer whilst lodide is used to prevent
auto-reduction of the alkaline copper complex. The color
formed is proportional to the protein concentration.

2.2. Preparation of Albumin Sample

For sample preparation (Albumin-BCG method - a kit
supplied by Transasia Bio-medicals Ltd, Baddi, Himachal
Pradesh, India) was used. To 10 microliter of the serum
one milliliter of albumin reagent was added and incubated
for 1 minute at 37°C. The principle involved in this reac-
tion is that the albumin binds with Bromocresol green
(BCG) at pH 4.2 causing a shift in absorbance of the
yellow BCG dye. The Blue green color formed is propor-
tional to the concentration of albumin.

Copyright © 2010 SciRes

2.3. Nonlinear Refractive Index

The Z-scan experiments were performed using a 532 nm
Nd: YAG (SHG) CW laser beam (COHERENT-Compass
215M-50 diode-pumped laser) and He-Ne laser beam
(RESEARCH ELECTRO OPTICS-30995 cylindrical
helium-neon laser) focused by a lens of 35 mm focal length.
The experimental set up is shown in Figure 1.

A typical closed-aperture Z-scan curve for the stan-
dard total protein solution at incident intensity lo =
7.824 kW/cm?. Likewise the Z-scan curve for standard
albumin solution at incident intensity lo = 1.758 kW/cm?.
This normalized transmittance curves are characterized
by a pre-focal peak followed by a post-focal valley. This
implies that the nonlinear refractive indices of total pro-
tein, albumins are negative (n, < 0). The defocusing ef-
fect shown in Z-scan curve can be attributed to a thermal
nonlinearity resulting from absorption of radiation at 532
nm and 633 nm respectively. Localized absorption of a
tightly focused beam propagating through an absorbing
sample medium produces a spatial distribution of tem-
perature in the sample solution and consequently, a spa-
tial variation of the refractive index, that acts as a thermal
lens resulting in phase distortion of the propagating beam.

The nonlinear refractive index (n,) is calculated using
the standard relations [18].

AT, ., =0.406 (1 — S) °® |AD| 1)

where AT, ., can be defined as the difference between
the normalized peak and valley transmittances

(T,-T,), |A®]is the on-axis phase shift at the focus.
The linear transmittance of the aperture is given by
S=1-exp(-2r%, [ w?,) )

where r, is the radius of the aperture and w, is the beam
radius at the aperture.

AD,
n, =
KloLyy
where n, is the nonlinear refractive index, k is the wave

number(k =277[) and

®)

Aperture

Solution

Laser Beam

—> Detector

Figure 1. Experimental setup for Z-scan technique.
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is defined as the peak intensity within the

IO
0
sample at the focus. L is the thickness of the sample, o is
the linear absorption coefficient.

An additional experiment was performed with a con-
ventional colorimetric method following the standard
procedure of A. G. Gornall et al. [3] and R. L. Rodkly
et al. [8] for total protein and albumin samples respec-
tively. This involves measurement of optical density
variation with respect to concentration. These results are
compared with the results calculated with the Z-scan
technique.

2.4. Statistical Analysis

The error involved in the measurements was determined
by t test, P < 0.01.These statistical analysis was con-
ducted using SPSS commercial statistical package (SPSS,
version 10.0 for windows, SPSS Inc., Chicago, U.S.A).

Absorbance (arb.units)
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3. RESULTS AND DISCUSSION

3.1. Measurement of Absorbance Spectra

The absorption spectra were measured using UV-Vis
spectrophotometer (SHIMADZU- UV-2401PC), and the
spectra for both total protein and albumin were found to
be broad banded as depicted in Figure 2. Hence for fur-
ther study 532 nm Nd:YAG laser for total protein and
633 nm He-Ne laser for albumin were used.

3.2. Measurement of Nonlinear Refractive Indices

The results of typical Z-scan normalized transmittance
measurement for total protein and albumin are shown in
Figure 3. As the concentration of the total protein and
albumin increases, the normalized transmittance peak
increases whereas the valley decreases respectively. The
graph in Figure 4 (a) and (b) shows that the ATp-v value
linearly increases with concentration of standard total
protein and albumin solutions. Similarly in Figure 4 (c)
and (d) refractive index value linearly increases with con-
centration of standard total protein and albumin solutions.
In addition experiment based on optical density is

25

(b)

T T T T T
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Wavelength (nm)

Figure 2. UV-Vis Spectra of standard (a) total protein (b) albumin with reagent.
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Figure 3. Z-scan data of the standard total protein (TP) and albumin.
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Figure 5. Linear variation of optical density of total protein (a) and albumin (b) by colorimetric method.

given in Figure 5 (a) and (b). The experiments were
repeated five times and the mean value of the nonlinear
refractive index (n,) was calculated from the normalized
transmittance values. This calculated value was assumed
to be the standard for measurement of unknown total
protein and albumin content present in blood sample.
This can be arrived by plotting a linear graph of total
protein and albumin concentration Vs nonlinear refrac-
tive index. The nonlinear refractive index value was first
measured against the reagent blank solution. The calibra-

Copyright © 2010 SciRes

tion was made with the conventional colori-metric method
and the results are tabulated in Table 1 for total protein
and in Table 3 for albumin. The normal level of total pro-
tein in serum is in the range of 6-8.3 g/dl, and serum al-
bumin normal level is in the range of 3.2-5 g/dl.

For estimating the total protein and albumin levels,
one need not plot full Z-scan curve every time. Once,
experimental setup explained above is established, one
needs to note down peak and valley values of the trans-
mittance curve translating the sample holder continu-
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ously along Z-axis. The difference in these two values
Tp-Tv, IADyl when substituted in Equation (3) yields
the nonlinear refractive index value.

Consequently by the results of Z-scan method, we in-
fer that the n, value is to be in the range of 13.90 + 1.98
to 23.01 x 10°® cm¥W for normal level of total protein in
serum. Likewise, n, value for normal level of albumin in
serum is to be in the range of 5.26 to 8.16 + 0.98 x 10°®
cm?/W.

3.3. Valuation with Conventional Method

Many trials were performed to measure the total protein
and albumin level with Z-scan method. The blood sam-
ples were collected from five volunteers. We could see
that the results arrived are in good agreement with those
of the conventional colorimetric method for total protein
as shown in Table 2 and for albumin Table 4. Hence we
could clearly ascertain that the Z-scan method is on par
with the conventional colorimetric method. By calculat-
ing the total protein and albumin values we can also
calculate the globulin level in serum. (Globulin = Total
Protein—Albumin) is tabulated in Table 5.

Table 1. Nonlinear refractive index (n,) values for standard
total protein.

Standard total protein Nonlinear refractive index

Concentration (g/dI) n, x10°® (cm?/W)
4 06.32+0.74
6 13.90 £ 1.98
8 23.91+1.79
10 30.81+1.53
12 3497 £1.89

Table 2. Comparative analysis of serum total protein meas-
urement using colorimetric method and Z-scan method.

Total Concentration of total protein (g/dl)
Protein level Colorimetric method Z-scan method
Normal 6.33 6.22
Normal 6.83 6.90
Normal 6.50 6.54
Normal 7.83 7.79
Normal 7.33 7.26

Table 3. Nonlinear refractive index (n,) values for standard albumin.

Nonlinear refractive index
n, x10°%(cm*W)

1 1.60 + 0.58
2 3.81+0.73
3 5.10+0.85
4 7.42+0.81
5
6

Standard albumin
concentration (g/dl)

8.16 £ 0.98
9.03 +0.65

Copyright © 2010 SciRes

Table 4. Comparative analysis of serum albumin measurement
using colorimetric method and Z-scan method.

Albumin Concentration of albumin (g/dl)

level Colorimetric method Z-scan method
Normal 3.42 3.49
Normal 3.85 3.78
Normal 3.68 3.75
Normal 4.20 4.13
Normal 4.02 4.08

Table 5. Globulin concentration calculated from colorimetric
method and Z-scan method.

Concentration of globulin (g/dl)

Colorimetric method Z-scan method

291 2.73
2.98 3.12
2.82 2.79
3.63 3.66
331 3.18

4. CONCLUSIONS

The Z-scan measurements indicate that the total pro-
tein’s and albumin’s standard sample and serum sample
exhibit nonlinear optical properties. We have measured
the nonlinear refractive index values for total protein and
albumin present in the serum sample by Z-scan method
with 532 nm Nd:YAG CW laser and 633 nm He-Ne laser
respectively. Comparative analysis of these values with
the one obtained by conventional colorimetric method
shows that they are in good agreement. Hence, apart
from existing techniques, Z-scan technique can also be
used for the measurement bioanalytes in serum.
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ABSTRACT

A previous study, focused on the correlation of muta-
tion pairs of synonymous (S) and asynonymous (A)
mutations, distinguished only between the treated
and untreated data of protease and reverse tran-
scriptase (RT) of HIV-1 subtype B. It is well known
that single mutation patterns in HIV-1 are treat-
ment-specific. It logically follows that covariation
between mutations will also be treatment specific.
Thus, our motivation is to give a more in depth study
of the covariation between mutation pairs, analyzing
not only treated and untreated, but what specific
treatments were used, and how they affected the co-
variation between the mutations differently. We in-
tended to further deepen this study by analyzing the
covariation of mutations in protease and RT in dif-
ferent subtypes of HIV-1. We found that virus sam-
ples subjected to antiretroviral Protease- and RT-
inhibitors do show different patterns of mutation
covariation in B-subtype protease and RT of HIV-1,
while maintaining the same overall trend. <A, A>
covariation will tend to be higher and more distinct
from <A, S> and <S, S> covariation after treatment.
The same trend continues in protease and RT re-
gardless of subtype. We also found the highly cova-
ried codon positions, position pairs, and position-
covariation clusters in protease, affected by different
treatments. Most of them are well known major
drug-resistance sites for these treatments.

Keywords: HIV; Covariation; Synonymous Mutation;
Asynonymous Mutation; Protease; Reverse Transcriptase;
Drug Resistance

1. INTRODUCTION

Analysis of mutations in human immunodeficiency virus
type one (HIV-1) has become a vital component of
treatment development. This is largely due to the ability
of mutations to alter the effectiveness of retroviral drugs
in treatment.

In particular, the study of correlation, or covariation,
between mutations has been a focus. A particularly strong
correlation between amino acids can be seen as evidence
of a functional link between those amino acids. Studying
the covariation of these mutations will help both our
understanding of the HIV-1 virus, and our ability to treat it.

There is more than one type of mutation which HIV
undergoes. However, the changes in the HIV-1 genome,
which is a string of nucleotides, do not necessarily lead to
changes in the amino acids a particular portion of the
genome generates. Asynonymous mutations, or muta-
tions that affect the viral amino acid sequences, have been
the focus of much research. In a previous study [1], there
has been shown to be a significant increase in the co-
variance of asynonymous (A) mutations after treatment.
The other mutation type, synonymous (S), those muta-
tions which do not affect the viral amino acid sequence,
has not shown as extreme change due to treatment. Pre-
vious studies [1] have also shown that on the average, the
correlation between two mutations decreases as the
physical distance between the mutations increased.

These studies are hindered by the scarcity of data for
many subtypes of HIV and several varieties of antiretro-
viral drugs, since clinical tests are administered according
to the needs of the patients, not the desire for data. Ge-
netic records primarily focus on subtype B HIV, the most
prevalent variety of the virus in the western world, so
most research in turn focuses on mutations in HIV-1,
subtype B.

Previous studies [1,2,3,4,5] in this field have been
limited in scope, focusing mainly on sequences of sub-
type B, and mainly distinguishing between treated and
untreated sequences without considering the specific
treatment involved.

Our current study expands upon that research. We have
run analysis of datasets of HIV-1 sequences, distin-
guishing based on the specific drug administered. In
addition, we have run analysis on other subtypes of
HIV-1, in order to get a more complete picture of the
ways treatment, protease inhibitors (PIs) and nucleotide
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reverse transcriptase inhibitors (NRTIs), affects the co-
variation of HIV-1 mutations.

2. METHODS

2.1. HIV-1 Sequence Datasets

We used datasets from the Stanford HIV Drug Resistance
Database (http://hivdb.stanford.edu/). All reference se-
quences were taken from the Los Alamos HIV Sequence
Database (http://www.hiv.lanl.gov/content/index). All
data were in FASTA-format nucleotide sequences.

A reference sequence, in this study, is a consensus
sequence, found to be normative of a given genomic
region and subtype. We used one reference sequence for
each genomic region and each subtype. A mutation is
considered to be a deviation from this reference sequence.

We used two categories of datasets. Our primary
dataset, the treatment-specific, consisted only of B-
subtype protease and RT, downloaded exclusively from
the Stanford database. Only data sets of significant size
(100 or more) were used. We used two datasets of pro-
tease sequences, both of subtype B, one treated with the
drug IDV (642 sequences) and another treated with NFV
(899 sequences). The RT datasets were also of subtype B
exclusively, and included a set of sequences treated with
the drug AZT (361 sequences), and one with a common
combination of drugs, AZT, 3TC, and EFV (114 sequences).

Our second set of datasets was of treated/untreated
protease and RT of different subtypes. B-subtype,
C-subtype, and recombinant subtype AE were obtained
for both datasets. Of these, there were 8335 untreated
B-subtype protease sequences, 8138 treated. There were
8364 treated B-subtype RT sequences, 5880 untreated.
C-subtype had 1112 sequences untreated protease, 1565
treated protease, 650 treated RT, and 2202 untreated RT.
Due to lack of data, Recombinant subtype AG was ob-
tained for protease only. Also due to lack of data, we
analyzed only the RT of subtype A (106 sequences
treated, 1519 sequences untreated).

2.2. Covariation Measurements in Specific
Mutation Pairs

We used covariation measure D’ to determine the amount
of non-random association between the mutations con-
sidered in a pair. D’ is a well known measure for deter-
mining non-random association, and was used in several
previous studies, including [1]. The formula and com-
plete procedure of computing D’ can be found in [6].

We chose D’ as a measure above other covariation
measures because of its symmetry: the D’ value, which is
a value between -1 and 1, provides an equal scale for
evaluating both negative and positive correlation. This
allows us to study both positive and negative correlation
of mutation pairs.

The D’ value of a given mutation pair containing mu-
tations X and Y relies on a 2 x 2 contingency table con-
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sisting of Nyy, Nx, Ny, and No, where Nyy is the number of
sequences in the dataset which contain both mutations, Ny,
is the number of sequences in the dataset which contain
only mutation X, Ny, is the number of sequences in the
dataset which contain only mutation Y, and No, is the
number of sequences in the dataset which contain neither
mutation. N is the total number of sequences in the dataset.

As in [1], we also used a value 6 = (N, *Ng)/(Nx*Ny)
which is a maximum likelihood estimator for independ-
ence of mutations X and Y. When 0 = 1, there is complete
independence of X and Y.

We used this 6 value as a cutoff when plotting our
curves. By using this value to cutoff some of the outlier
points which throw the curves off, we create more clear
and reliable plots. In our plots, we only allowed data
points with 6 > 1.5 or 6 < 0.5.

In each dataset, a singular cutoff was utilized, such that
mutations which occur only once in the dataset were not
used in the calculation of D’.

2.3. Counting Paradigm for Specific Mutation Pairs

The collection and calculation of the mutation pairs are
handled at the same time by the following algorithm.

Data preprocessing and alignment is just as important
to the algorithm as the central process itself. In preproc-
essing, we ensured that each sequence was correctly
aligned to the reference sequence of the same genomic
region and subtype. Each reference sequence was taken
from the Los Alamos HIV Database. If an individual
sequence couldn’t be aligned with the reference se-
guence, it was not used, as a single unaligned sequence
within a dataset can drastically affect the output of the
D’ analysis.

Gaps were not allowed in the reference sequences, but
were allowed in the data sequences provided they aligned
properly with the reference sequence. If a data sequence
was properly aligned, but longer than the reference se-
guence, we only analyzed the portion of the sequence
which could be compared with the reference sequence.

2.4. D’ Values According to Codon Position

The collection and calculation of the mutation pairs are
handled by a simple counting mechanism. We compared
all nucleotide sequences of our dataset against a con-
sensus sequence, and made not of each nucleotide sub-
stitution, and whether that substitution constituted a
synonymous or asynonymous mutation. For each se-
guence in the dataset, we record all valid pairs of muta-
tions. Mutations pairs that involve both asynonymous
mutations were labeled as <A, A>, those that involve
one asynonymous and one synonymous mutation were
labeled <A, S>, and those that involve two synonymous
mutations are <S, S>. Then, we take frequency counts on
all mutation pairs across all sequences in order to calcu-
late the D’ of each mutation pair.
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For display, we use a sliding window curve. This en-
hances the readability and reliability of the curve. Sim-
ply graphing this data such that each physical position is
an average of all D’ values at that physical position give
an unsteady curve towards the greater physical distances.
As the physical distance increases, the number of data
points available for that physical distance decreases,
leading to greater oscillation as the plot goes on.

A sliding window has the same amount of data going
into each point on the graph, and is thus more reliable.
Our sliding window curves each use 3% of the data in
the set per window, with a 50% overlap.

2.5. D” According to Genomic Position

We analyzed D’ according to amino acid position within
the genomic region as in [1]. This gives us information
on how specific codon positions interact with one an-
other within the gene, particularly in response to differ-
ent treatments.

We also performed a pair-wise analysis of these specific
mutation positions in order to reveal more on the differ-
ences between <A, A>, <A, S>, and <S, S> mutation pairs.

Using this data, we generated covariation histograms.
In these histograms, the value at each codon position is
the sum of the D’ value for all mutation pairs associated
with that position. Each mutation pair will contribute
total D’ value to the positions of its two mutations. In
this manner, positions which are either the site of great
amounts of mutation or high covariance will stand out,
with positions which are both high in mutation amount
and covariance being seen as peeks.

In order to further explore the relationships between
the amino acid positions, we cast our histograms into two
dimensional contour plots, which reveal clusters of co-
variation. To generate these plots, we form a square two
dimensional table with a length equal to the number of
amino acid positions in a given dataset. Each mutation
pair is then mapped to a position on this table, based on
the position of that pair’s mutations. For example, the
mutation pair L10l and Q20V would be mapped to posi-
tion x =10, y = 20.

The value of each position in the table is the sum of
all D’ values of the pairs assigned to that position. This
provides a visual representation of the relationships be-
tween positions, with higher values representing posi-
tions which are highly correlated with one another, and
the lower values representing unrelated positions.

3. RESULTS

3.1. Effects of Specific Treatment on the
Covariation of B-Subtype Protease and RT

First, in order to discover the effects of specific treat-
ments on the covariation of HIV-1 mutation pairs, we

Copyright © 2010 SciRes

ran a D’ analysis on data sets of B-subtype protease and
RT with known treatment types. For reference, we also
included the generically treated and untreated datasets of
B-subtype protease and RT, in order to see how the dif-
ferent treatments effected the genomes and, and how the
compare to the effects of overall treatments.

Our findings revealed that covariation between muta-
tions is, as we expected, treatment dependent. In com-
paring IDV- and NFV-treated protease, these results
become clear. The plots in Figure 1, show the results of
the analysis according to physical distance, display
clearly different patterns in their covariation. The average
D’ values of <A, A> pair covariation are just at 0.3 for
both datasets, however we can clearly see peaks of high
covariance in different positions on the <A, A> curves. If
we compare these two treatment-specific plots against D’
values generated from the set of generically treated
HIV-1 sequences (those sequences that have received
treatment of any sort, plot not pictured), we can see that
the differences even more pronounced. The average D’ of
<A, A> mutation pairs in protease which has seen any
sort of treatment whatsoever is much higher—a value just
at 0.4, and yet a different set of peaks within the curve.
We see similar results in RT. The curves generated by RT
treated with the drug AZT are considerably different than
the generically treated RT, as can be seen in Figure 2.

The generic trends of covariation, however, were
largely the same despite what specific treatments were
used. <A, A> covariation tended to be higher than <A, S>
or <S, S> covariation in all datasets. In addition, we also
noticed that on average, <A, S> covariation tended to be
higher than <S, S>. This separation was even present in
the untreated dataset.

Figure 1. Different treatments lead to different patterns of
covariation. These two sliding window plots display the D’
analysis of two different treatment types. The top displays
results derived from IDV-based treatment, and the bottom plot
displays those derived from NFV. Clearly, the different treat-
ments induce quite different <A, A> covariation patterns in the
sliding window curves. The different treatments do not seem to
significantly affect the <A, S> or <S, S> curves.
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We also found that, in agreement with previous results
[1], <A, A> covariation increased when subjected to any
form of treatment. In Figure 3, we can see the changes
made by specific drug treatments, both before and after
treatment. There is a clear pattern of increase in the <A,
A> category.

There were instances where <A, S> or <S, S> co-
variation was decreased, and other instances where the
<A, S>or <S, S> covariation was increased.

To ensure that these were typical results that were
caused by treatment of HIV, we retrieved a dataset from
Stanford that contained sequences from the same set of

patients, 470 sequences of both before and after treatment.

Numerical analysis revealed the treatment both increased
the amount of <A, A> covariation from an average value
of 0.278 to 0.308 and increased the overall separation of
the curves. Before treatment, the average difference be-
tween <A, A> and <A, S> covariation was a value
0f0.085 from 0.278 to 0.193, and the average difference
between <A, S> and <S, S> was 0.051 from 0.193 to
0.142. After treatment, the difference between <A, A>
and <A, S> was 0.104 from 0.308 to 0.204, and the

Figure 2. Treatment specific RT. These graphs display the
analysis of B-type RT before and after treatment. The top plot

displays the results from the analysis of untreated B-subtype RT.

The middle plot displays the results derived from any RT se-
quences which have received any NRTI treatment whatsoever,
and the bottom plot displays the results derived from those
sequences treated only with the specific drug AZT. Clearly, the
AZT-specific treatment had a different effect than the overall
treatment. The curves for the overall treatment are very well
separated, whereas the AZT-specific curves are not as well
separated, but still somewhat distinct. The average values of the
three curves are seperated. <A, A> has an average of 0.359, <A,
S> has 0.326, and <S, S> has 0.284.

Copyright © 2010 SciRes

San
AZT.

Treatment Received

Figure 3. Before and after treatment for different drug treat-
ments. This chart shows the effects of specific treatments on
B-subtype protease and reverse transcriptase. The values here
are averaged from the three curves in the sliding window plots
we generated. In each group, the first column is <A, A> co-
variation, the second is <A, S>, the third is <S, S>. The gray
portions represent the average D’ before treatment. The black
portions represent the change in D’ from the treatment. If they
are above the gray, the D’ value increased with treatment. If
they are below the gray, the D’ decreased. The column labeled
‘Same Patients’ is the dataset containing the exact same group
of patients, both before and after treatment.

difference between <A, S> and <S, S> 0.066 from 0.204
to 0.138. These results, and the typical trends these re-
sults show, can be seen in Figure 4.

We also analyzed <A, A> mutation pairs according to
their codon positions, rather than physical distance. This
analysis can be seen in Figure 4.

The top plot shows a control analysis of generally
treated subtype B protease. In this plot, we show the
thirty positions which were most significantly affected
by the treatment, and what their total D’ value was prior
to and after treatment. This plot shows that, in almost all
significantly affected positions, there was an increase in
<A, A> covariation. In addition, we can see that several
of the most affected positions are also medically signifi-
cant, according the Stanford HIV database.

The second plot shows a comparison between the IDV
and NFV treated datasets. Again, we can see that the two
treatments cause different patterns in the covariation
pattern. Certain codon positions have roughly the same
amount of covariation after treatment, but others, in-
cluding several medically significant positions, seen in
the bottom plot, have significantly different covariation
values, such as positions 20, 46, and 82.

3.2. D’ Results from Treated/Untreated Datasets
of Different Subtypes

For this portion of the study, we did not distinguish
based on treatment type, but rather only invested in dis-
tinguishing between ‘treated” and ‘untreated’ sequences.
Selecting a specific treatment type limited the larger
treated datasets into subsets too small for proper analysis.
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General Treatment <<A, A> Covariation Comparision

LAY

Position

Figure 4. Site-specific Analysis for B-subtype Protease. The top plot shows the thirty postitions who’s covariation was most affected
by the application of generic treatment ot B-subtype protease. The positions with * or ” next to them are the major or minor positions
respectively that are associated with drug resistance according to the Stanford HIV Database. The bottom plot contrasts the difference
between the IDV- and NFV-treated datasets on medically significant sites.

For use in the analysis of protease and RT, we selected
HIV-1 subtypes A, B, and C, as well as recombinant
subtypes AE, and AG. Subtype AG was only analyzed
for protease, and subtype A was only analyzed for RT,
due to lack of data.

With the treatment-specific datasets, we analyzed all
datasets, and generated sliding window curves for all of
them, mapping the relationship of D’ values of mutation
pairs and their physical distances.

Our results showed that different subtypes yield dif-
ferent patterns of covariation, and that once again the
typical trends were maintained on average. There was a
clear seperation of <A, A>, <A, S> and <S, S> covara-
tion, both before and after treatment, although treatment
in most cases improved the separation. There was one
exception to this: subtypes A and C RT displayed a sig-
nificant increase in<A, A> covariation, but similar in-
creases in <A, S> and <S, S> covariation lead to them
having less-separated curves after treatment.

There was also increase in <A, A> covariation after
treatment in all datasets. While this increase in <A,
A> covariation is consistent for all datasets, we did
notice that subtype-B protease and RT had a consid-
erably larger increase in covariation than any other
subtype. Figure 5 shows a summary of the findings in
this section.

Copyright © 2010 SciRes

3.3. Pair-Wise Mutation Analysis and Clustering

Results of the pair-wise analysis revealed that there is a
clear-and-distinct difference between the position-based
covariance of <A, A> mutation pairs, <A, S> mutation
pairs, and <S, S> mutation pairs.

There tended to be far greater <A, A> covariance at
certain positions than <A, S> or <S, S> covariance in
general. Additionally, these peaks of high <A, A> covari-
ance tended to be close to one another, creating clusters or
areas of high <A, A> covariance within the genome. By
contrast, <A, S> covariation was less clustered, and <S,
S> not clustered at all. This can be seen in Figure 6.

Figure 5. Before and after treatment for different subtypes.
This chart shows the effects of treatment on different subtypes of
protease and RT. For the most part, data followed expected pat-
terns. Subtype A RT does not have a clear distinction between <A,
A>, <A, S>and <S, S>, but beyond that, plots behave normally.
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Position

Position

Protease <CA. S>> Covariation Comparison

Protease <<S, S> Covariation Comparison

Position

Figure 6. Treated/Untreated covariation comparison for protease. These three plots show the thirty positions whose covariation was
most effected by treatment. These positions were selected because they had the largest difference in their total D’ values between
treated and untreated. The <A, A> mutation show that frequently D’ values were higher after treatment, trend that was not as clear in
<A, S>and <S, S> plots. D’ values for <A, A> covariation are higher than those of <A, S> covariation, and much higher than those
of <S, S> covariation. <S, S> covariation seems not to have been effected by treatment very much: the highest difference between

before and after was less than 6.5.

Casting these histograms into a 2D contour plot re-
vealed further information about the relationships be-
tween specific positions: we can see that covariation
between positions is clearly related to the amount of
covaration at a specific position. Two positions having
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high D’ values will very likely have a high correlation.
Both the histogram and the contour mapping of generi-
cally treated protease are shown in Figure 7.

Based on the position-covariation histogram of gener-
ally-treated subtype B protease as in Figure 4, we
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Position X

Treated B Protease <CA.A> Covariation Histogram

Position

Figure 7. Treated B Protease. The top plot is a position relationship chart, with bright colors showing positions which are highly
correlated with one another, and dark colors showing positions which are not. The shade of the grid at the left is representative of
total D’, the sum of the covariance values for all mutation pairs at that position. The bottom plot is a histogram of D’ values for gen-
erally-treated B-subtype protease. Each column in the histogram is the sum of all values for a particular position in the 2D chart.
These charts were generated from the statistically significant mutation pairs with a Fisher Test P value less than 0.05 and a ChiSQ

Test P value less than 0.05.

selected the 20 most correlated statistically significant
<A, A> positions according to D’ value, which are: 10+",
13+, 20+7, 33+7, 34, 36+", 46+*, 48+*, b4+* 62+,
63+, 67, 71+7, 72, 73+, 82+*, 84+*, 89, 90+*, and 95,
with + positions having also been found in [1] using the
0 value, and positions with * or ” being sites of major or
minor drug resistance respectively according to the
Stanford HIV database. The D’ analysis has an advan-

Copyright © 2010 SciRes

tage of being able to find negative correlation effectively.
We also found the negatively correlated positions: 3, 30+,
64, 88+, 96. We find clusters of covariation to occur near
positions 10, 20, 37, 50, 73, and 90.

We also found top statistically significant correlated
mutation pairs in our Treated Protease dataset. In order
to do this, we sorted all <A, A> pairs according to the
Fisher Test P value followed by the ChiSQ Test P value,
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giving us the most statistically significant pairs. Then we
chose the top thirty according to the highest D” value.
Fisher’s Exact Test and Pearson’s Chi-Squared Test are
done by calling the functions in R: fisher.test and
chisq.test with their default values, such as the confi-
dence interval = 95% in Fisher test and Yates’s correc-
tion applied in Chi-Squared Test.

We selected the 34 most correlated position pairs from
our Treated Protease dataset, which are: (10, 46), (10,
79), (12, 19), (13, 20), (13, 89), (15, 20), (20, 34), (20,
73), (20, 90), (33, 34), (33, 89), (34, 36) (34, 54), (34,
62), (34, 71), (36, 82), (47, 73), (48, 54), (48, 82), (54,
61), (54, 71), (54, 73), (54, 82), (63, 67), (63, 72), (63,
82), (71, 72), (71, 82), (72, 73), (72, 90), (73, 90), (79,
84), and (90, 95). The correlation of these positions is
not reliant on a specific mutation, but all mutations asso-
ciated with these positions. A list of the most correlated
mutation pairs can be seen in Table 1.

Table 1. Top 30 highly covaried <A, A> mutation pairs.

Mut X Mut Y D' Fisher ChisQ

Test P Test P
<I62V(A) 166L(A)> 0.818621  5.47E-08 1.01E-07
<L63P(A) G73S(A)>  0.820203  1.66E-66 1.17E-50
<E35G(A) M361(A)>  0.829569  2.01E-17 2.77E-18
<L10I(A) I154T(A)> 0.835171  4.23E-32 5.05E-31
<L10F(A) P79N(A)>  0.841458  5.91E-06 1.14E-09
<T4A(A) 184V (A)> 0.844762  6.99E-05 1.02E-05
<K20R(A) M361(A)>  0.846462 0 0
<L38W(A) 162V(A)>  0.847875  5.81E-10 1.30E-09
<I13A(A) M461(A)>  0.850174  0.000136 8.07E-05
<E35N(A) M361(A)>  0.851419  2.58E-14 7.05E-15
<T12P(A) G68D(A)> 0.85259 5.58E-09 7.51E-31
<I66V(A) L90M(A)> 0.85367 2.77E-21 2.13E-19
<I54V(A) Q61R(A)> 0.861101  7.84E-05 5.91E-05
<T4A(A) L10F(A)>  0.861276  6.62E-07 1.35E-11
<NB83S(A) 184V(A)> 0.862011  4.14E-10 8.92E-13
<GT73S(A) 90M(A)> 0.868072 5.87E-239 3.71E-218
<I72K(A) L90M(A)> 0.881701  1.20E-12 2.27E-11
<I13M(A) L9OM(A)>  0.88433 5.17E-09 4.38E-08
<P79A(A) 184V(A)> 0.8871 3.05E-42 6.05E-56
<L90M(A)  C95F(A)>  0.890186  9.91E-44 3.35E-39
<L63P(A) 166V(A)>  0.905986  1.46E-08 2.09E-06
<L63P(A) 172L(A)> 0.908414  5.33E-21 5.82E-15
<L63P(A) 172E(A)> 0.913298  2.44E-09 5.93E-07
<G73T(A) L90OM(A)> 0.913535 6.34E-89 1.12E-78
<I72L(A) L90OM(A)>  0.926688  4.36E-65 4.96E-57
<G48A(A) 154V(A)>  0.926895  1.50E-09 4.67E-10
<D30N(A)  K45Q(A)> 0.92856  4.25E-16 2.85E-38
<G73A(A) LI90OM(A)> 0.931959 1.91E-16 2.09E-14
<I66L(A) L90OM(A)>  0.933267  6.96E-09 8.29E-08
<C67F(A) L9OM(A)>  0.985661  3.68E-44 1.14E-36
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4. DISCUSSION

4.1. Biological Significance of <A> Type
Mutations Versus <S> Type Mutations

Throughout the study, we can see a marked difference
between the <A, A> category mutation pairs, the <A, S>
category, and the <S, S> category. This is trend is con-
sistent and universal. <A, A> pairs are, on average, the
most covaried, <A, S> pairs are less so, and <S, S> pairs
have even less covariation. This can be clearly seen in all
plots which include the three different types of mutation
pairs, but is most clearly seen in Figure 6.

We suggest the reason for this is that <A> mutations
necessarily lead to greater covariance. Because an <A>
mutation will have a more significant impact on an or-
ganism, it is more likely to be related to other changes
within the genome. This is why <A, A> mutation pairs
have such high covariance. However, an <A> type mu-
tation might just as likely be related to a synonymous
mutation as well. Thus <A, S> mutation pairs will also
have a relatively high covariance, as opposed to <S, S>
mutation pairs. <S> type mutations have a lesser impact
on the organism at large, because the amino acid types are
preserved.

We can further see this confirmed when we look at the
general covariance of mutations at specific positions, as
seen in Figure 7. <S> type mutations have a much higher
occurrence frequency than <A> type mutations. The
covariation of <A, A> and <A, S> pairs, however, is
much higher than that of <S, S> pairs. This seems to
imply that <A> type mutations have a greater effect on
the genome itself.

4.2. Biological Importance of Individual
Mutation Sites in Relation to Specific
Treatments

We can see in Figure 7 the effects which treatment has
on the different mutation types. <A, A> mutation pairs in
general have a dramatic increase of covariation after
treatment. The mutation correlation patterns we dis-
covered in the bottom plot of Figure 6 are consistent to
the single mutation patterns in [7]. We find that in [7],
IDV-treated datasets negatively weight in positions 30
while NFV leads to highest positive weight among all
the other weights. Similarely, Position 76 in IDV has the
highest weight of all the other weights, while the NFV-
treatment gives that position a negative weight. This is
consistent with the findings of our plot. Note the distinct
difference between IDV and NFV at positions 30 and 76
in the bottom plot of Figure 7.

Position 30 is an interesting case, as the overall corre-
lation is negative, which seems to point out that other
mutations are frequently absent when this mutation is
present. However, we know that position 30 hosts a mu-
tation, D30N, which is correlated with other mutations
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when the specific Pl treatment is neflinavir. This seems
to hint that other treatment types have a steep inverse
correlation at this mutation site. At the very least, we see
that the treatment IDV gives a negative correlative
weight at position 30 [7].

4.3. Differences in Covariation in Different
Treatments and Subtypes

While the general trends we found were largely consis-
tent throughout our comparison between the different
treatments and subtypes, we found the differences in the
covariation patterns between the subtypes and treatments
interesting.

In Figure 4, we see that the increase in covariation
between the untreated sequences and the the sequences
which received any treatment whatsoever is far larger
than the increase in covariation present in those se-
quences only treated with individual drugs. For example,
the two drugs, NFV and IDV, have the most data within
the Stanford database. In spite of this, neither the co-
variation increase from NFV or IDV alone is enough to
cause the dramatic increase we see from generic treat-
ment of B-subtype protease. The same is true of AZT-
treated RT compared with generically treated RT. The
generically treated datasets accounts for sequences
treated with single drugs, such as NFV or IDV or AZT,
as well as those treated with combinations of drugs. Our
results, then, suggest that combinations of treatments
lead to greater covariance than single treatments. This is
further supported by the results of the RT treated with
the combination of drugs, AZT, 3TC, and EFV, which
have a greater increase in covariation than any single-

Copyright © 2010 SciRes

treatment, but still not as much as the generically-treated
sequences.
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ABSTRACT

The interaction of static magnetic field (SMF) with
living organisms is a rapidly growing field of investi-
gation. Recently, exposure to moderate intensity
SMFs (1 mT - 1 T) has attracted much attention for
its various medical applications. This study was de-
signed to show the microscopic effect of SMF on
erythrocytes in vitro. For this purpose SMF system
was constructed in my lab on basis of the idea of cell
tracking velocimetry system. The changes in eryth-
rocytes surface area, sphericity, and adhesion num-
ber for erythrocytes were calculated to quantify the
effect of SMF on erythrocytes characterizations. The
results showed that SMF increased erythrocytes sur-
face area and reduced their sphericity. The adhesion
number of erythrocytes under the influence of SMF
showed the tendency of erythrocytes to adhere with
each other. These findings indicate that more study
on microscopic scales must be carried out in order to
investigate the effect of SMF on erythrocytes.

Keywords: Static Magnetic Field; Erythrocytes;
Surface Area; Shericity, Adhesion

1. INTRODUCTION

During the last few years there has been an increasing
interest in the influence of magnetic field on biological
cell [1]. Many attempts have been made to measure the
magnetic effects. Historically, there are several signifi-
cant studies in the field of erythrocyte rheology [2].
Reports from in vitro research indicate that low level
high frequency fields may alter membrane structural and
functional properties that trigger cellular responses. It
was hypothesized that the cell membrane may be sus-
ceptible to low level high frequency fields, especially
when these fields are amplitude modulated at extremely
low frequencies [3]. There are abundant data on the ef-
fects of weak physical signals on cell functional activity.
However cell targets for these signals are not established
yet. Since water is the main component of biological
systems and all metabolic processes take place in aque-
ous medium it was supposed that even minor changes in

the physico-chemical properties of water could signifi-
cant modify cell functional activity. The data about the
effect of EMF on water specific electrical conductivity
and wheat sprouting serve as an additional evidence for
the hypothesis according to which the EMF-induced
water structure changing is an important pathway
through which the biological effect of EMF is realized
[4].

Most of the theories addressing the mechanism of in-
teraction between biological systems and MFs suggest
that the plasma membrane, by virtue of its bioelectrical
properties, is the site, where MFs exert their primary
effects [5]. To investigate the effect of static magnetic on
biological system, it is necessary to clarify interaction
mechanisms of magnetic field with biological systems.
Simple components of biological system, as cells, bio-
molecules, artificial membrane, are used in vitro studies
that allow reducing of biological variables and more
precisely defining and controlling the exposure parame-
ters, compared with in vivo exposure. Erythrocytes are
often used as model in exploring the structure and func-
tion of the biological cells as well as studying the effect
of different physical and chemical factors on the cell.
The present study was established to elucidate the
changes in biological cells interaction and morphological
characterization through in vitro exposure of human
erythrocytes to SMF.

2. MATERIALS AND METHODS
2.1. Samples Collection and Preparation

Twenty blood samples of 5 ml were collected from
healthy volunteers of the same age and gender. The
blood samples were centrifuged and erythrocytes were
separated. Erythrocytes were washed three times in
0.155 M NaCl (2,000 rpm for 10 min). After the final
centrifugation suspension were diluted to final erythro-
cytes concentration 2% in phosphate buffer slain (PBS).

2.2. SMF System

The SMF system was constructed in my lab. SMF sys-
tem is based on the idea of cell tracking velocimetry
system. In this system the movement of cells in a well
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defined magnetic field is videotaped [6]. Erythrocytes
suspension were placed in a glass sample holder and
viewed using an inverted optical microscope in conjunc-
tion with a computer linked via digital camera and image
capture software. Two rod of iron to produce a magnetic
field with large gradient, were placed on both sides of
sample holder. The iron rods were alternately magnet-
ized by solenoids controlled by a DC power supply.
When magnetized, the magnetic field produced by each
rod exerted a force on erythrocytes directed towards the
edge of the rod.

2.3. Erythrocytes Surface Area and Sphericity

Erythrocytes were suspended in phosphate buffer saline
(PBS) at concentration of 5%. The erythrocytes suspen-
sion was placed on the sample holder of SMF system.
Image of unexposed erythrocytes (control) was taken
then the magnetic field was turned on and the image of
exposed erythrocytes was captured. For each value of B
images of exposed erythrocytes were compared with
control by imaging processing software in order to cal-
culate the changes in erythrocytes surface area Ag, and
sphericity of each erythrocyte in the image.

The change in erythrocytes surface area was calcu-
lated as the following:

A=l &)
0
where A is the change in erythrocytes surface area, Agy
is the surface area of the erythrocytes after exposed to
SMF, and A, is the surface area of unexposed erythro-
cytes.

A, was calculated as the average of 100 erythrocytes
for each image. It was taken that if A, greater than one
there was an increase in erythrocytes surface area, and if
A smaller than 1 there was a decrease in erythrocytes
surface area.

The sphericity of an erythrocyte is a dimensionless
parameter first described by Canham and Burton [7] and
is a measure of how spherical a cell is, with values be-
tween 0 and 1, for a sphere and laminar disk, respec-
tively. It was calculated as the following:

Vi

Ex

Sphericity = 4.84 2
where V is the volume of erythrocytes and is taken to be
88.5 um°.

2.4. Erythrocytes Adhesion Number

Five volume fractions (0.00001, 0.00003, 0.00005,
0.00007, 0.00009) of erythrocytes suspensions in PBS
were prepared by further dilution of the main erythro-
cytes suspension. The erythrocytes suspension was
placed in sample holder of SMF system. For each sam-

Copyright © 2010 SciRes

ple counting of doublets erythrocytes (N,) and singlet
erythrocytes (N;) was performed. The plot of doublet to
singlet ratio versus particle volume fraction should yield
a straight line passing through the origin. The gradient of
the line is a measure of the adhesion number. The same
previous procedure was performed with SMF turned on
to calculate the adhesion number of exposed erythro-
cytes.

2.5. Statistical Analysis

The data was present as the mean = SD. For each plot,
correlation (R?) was calculated using Microsoft Excel.

3. RESULTS

The erythrocytes surface area increased as the value of
magnetic field intensity increased (Figure 1). A strong
correlation was found between Ay, and B (mT) (R? =
0.95). At low magnetic field the increased in erythro-
cytes surface area was slightly small. At higher values of
magnetic field the increased in erythrocytes surface area
raised.

The sphericity of the erythrocytes is inversely propor-
tional to the applied SMF (Figure 2). Under the influ-
ence of SMF, the sphercity of erythrocytes was reduced
by about 35 % in comparison with unexposed erythro-
cytes. The decrease in erythrocytes sphericity was re-
duced rapidly when SMF was applied. A small decrease
in sphericity was recorded at higher values of B.

As indicated in Figure 3, The adhesion number in-
creased under the influence of SMF. Acute increase in
adhesion number was indicated at 15 mT. A strong rela-
tion between adhesion number and B was pointed out (R? =
0.96).

4. DISCUSSION

It is generally known that morphological and structural
changes to the plasma membrane interfere with many
functional and structural features of the cells, leading,

Figure 1. Erythrocytes surface area increased as the values of
SMF intensity increased. Strong correlation between A, and B
was observed (R? = 0.95).
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Figure 2. Sphericity of erythrocytes decreased under the in-
fluence of SMF. The correlation between sphericity and B is
strong (R? = 0.765).

Figure 3. Sharp increase in erythrocytes adhesion number
according to increase in SMF intensity (B).

for example, to changes in cellular shape, cytoskeleton
arrangement, ion flux, receptor distribution, phagocyto-
sis etc. Modifications in cell shape and plasma mem-
brane as a consequence of exposure to MFs or EMFs
have also been reported in many different cells [8,9,10].
Moderate-intensity (6 mT) SMFs exert a strong and rep-
licable effect on cell shape and plasma membrane of dif-
ferent cell types [9]. In spite of the fact that this is not a
high-intensity magnetic field, it is nevertheless able to
produce changes in cell structure and function. Chionna
et al. [9] focused their research on cell shape and cell
surface modifications, providing evidence for time-re-
lated changes. As a general effect, cells growing in sus-
pension lost their round shape and became irregularly
elongated, while cells growing attached modified their
shape and orientation or detached themselves, becoming
freely suspended in the culture medium. Consistent with
the previous studies increased in surface area and de-
creased in sphericity of the erythrocytes were found in
the present study. The increased in erythrocytes surface
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area was at the expense of regular shape of the erythro-
cytes.

Dilek Ulker Cakir et al. [11] showed that long-term
exposure to ELF-EMF decreased the mean volume of
thrombocytes in the group of rats exposed for 50 days.
Sanjay Jayavanth [12] showed that erythrocytes were
monodisperse and with the formation and sedimentation
of erythrocytes aggregates. In agreement of the previous
studies our results showed that the adhesion of the
erythrocytes increase under the influence of SMF com-
pared to control.

From this study it can be concluded that studying the
effect of SMF on the microscopic scale give a clear vi-
sion about the mechanisms of interaction between living
cell and SMF. Also, it could be suggested that the SMF
my increase the erythrocytes adhesion hence erythro-
cytes aggregation. It must be take in a count the changes
of erythrocytes morphological structure when dealing
with SMF.
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ABSTRACT

Optical tweezers play an important role in many
domains, especially in life science. And optical gradi-
ent force is necessary for constructing optical tweez-
ers. In this paper, the optical gradient force in the
focal region of radial varying polarization Bessel-
Gauss beam is investigated numerically by means of
vector diffraction theory. Results show that the beam
parameter and vary rate parameter that indicates the
change speed of polarization rotation angle affect the
optical gradient force pattern very considerably, and
some novel force distributions may come into being,
such as multiple force minimums, force ring, and
force crust. Therefore, the focusing of radial varying
polarization Bessel-Gauss beam can be used to con-
struct optical traps.

Keywords: Optical Gradient Force; Bessel-Gauss Beam;
Radial Varying Polarization; Vector Diffraction Theory

1. INTRODUCTION

Optical tweezers technique has accelerated many major
advances in numerous areas of science, especially in life
science, since Ashkin developed optical tweezers system
1980s [1,2,3,4]. Optical tweezers can offer a very con-
venient, noninvasive, and non-contact access to processes
at the microscopic scale [5], and a number of approaches
have been proposed to constructing optical trap, such as
generalized phase-contrast technique and holographic
optical tweezers arrays [6,7]. In optical trapping system,
it is usually deemed that the forces exerted on the parti-
cles in light field include two kinds of forces, one is the
gradient force, which is proportional to the intensity gra-
dient; the other is the scattering force, which is propor-
tional to the optical intensity [8]. Therefore, optical gra-
dient force is necessary for constructing optical tweezers,
and the tunable focal intensity distribution predicts that
the position of optical trap may be controllable.

It is well known that Bessel beams provide valid solu-
tions to Helmholtz equation, and have attracted a lot of
attention [9,10,11] for their non-diffracting property.
And these beams are easily generated external to the
laser cavity by illuminating an axicon with a Gaussian
beam [12]. In this paper, the optical gradient force in the
focal region of radial varying polarization Bessel-Gauss
beam is investigated numerically by means of vector
diffraction theory. The principle of the focusing this
non-spiral vortex Gaussian beam is given in Section 2.
Section 3 shows the simulation results and discussions.
The conclusions are summarized in Section 4.

2. PRINCIPLE OF FOCUSING RADIAL
VARYING POLARIZATION
BESSEL-GAUSS BEAM PRINCIPLE OF
THE FOCUSING GAUSSIAN

According the vector diffraction theory [13,14], the

electric field in focal region of the radial varying polari-
zation Bessel-Gauss beam can be written in the form as,

E(r.¢.z)=E& +E;& +Eg, €))
where €, €,,and €, are the unit vectors in the radial,
azimuthal, and propagating directions, respectively. E,,
E,, and E, are amplitudes of the three orthogonal
components and can be expressed as

E, (r.z)= Acos¢j:cos}/2 0P (0)sin(20)
-J, (krsin@)exp(ikzcos#)d o )
E, (r.2) = 2iAcos | cos™* 9P (6)sin’ (0)
-Jo (krsin@)exp(ikzcos@)do 3
E, (r.z)=2Asin ¢j: cos’? OP(0)sin(0)

-J, (krsin@)exp(ikzcos@)do 4
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where r and z are the radial and z coordinates of obser-
vation point in focal region, respectively. k is wave

number. Here P (&) is the pupil apodization function

[15],
P(a):Jl(zﬂi;\nej_exp{_[ﬂﬂej } -

a =arcsin(NA), which practically indicates the radius

corresponding to each section zone of the cylindrical
vector beam. ¢ is the polarization rotation angle from

radial direction. As the function of convergence angle
6,and ¢ isinthe form of,

sin(@
$=C-— ( ) (6)
sin(a)
where C is viable rate parameter that indicates the
change speed of polarization rotation angle. Based on
the optical intensity distribution in focal region, the gra-
dient force trap can be expressed as [1,16],

ot (m?-1)_ - 2
Fora _T'[m2+2 VIE(r,0.2)| @)
where r is the radius of trapped particles, n, is the

refraction index of the surrounding medium, and m, the
relative index of refraction, equals to the ratio of the
refraction index of the particle n, to the refraction in-

dex of the surrounding medium n, . Gradient force
points in the direction of the light intensity gradient
when the diffractive index of particles is bigger than that
of surrounding medium, i.e. n >n, . Therefore, the

gradient force pattern can be computed numerically by
substituting Eq. 1 into Eq. 6.

3. RESULTS AND DISCUSSIONS

Without losing generality and validity, it is supposed that
A=1, NA=0.95,and g, =1. It should be noted that
in this paper Vr and Vz denote radial and axial coor-
dinates, and the distance is k™, where k is wave
number of the incident BG beam. The intensity distribu-
tion and corresponding optical gradient force pattern for
B, =20 and C=1.0 are firstly calculated and illus-
trated in Figure 1. Arrows in this figure indicate the
force direction under condition of the diffractive index
of particles is bigger than that of surrounding medium. It
can be seen that the intensity distribution turns on the
focal ring, as shown in Figure 1(a), which can be used
to construct ring-shape focal trap, given in Figure 1(b).
Now the effect of the parameter 4, on optical gradient

is investigated. It is chosen that S, = 2.5 in the follow-
ing calculation. The corresponding intensity distribu-
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Figure 1. The (a) intensity distribution and
corresponding (b) optical gradient force pat-
tern for =20 and C=1.0, respectively.

Arrows indicate the force direction.

tion and gradient force pattern are given in Figure 2. We
can see that the focal ring extends along optical axis, and
there three weak on-axis peaks. From Figure 2(b), it can
be seen that there is one cylindrical crust trap, and mul-
tiple weak traps on axis. Therefore, parameter £, af-

fects the Bessel-Gauss beam, in turn can alter the optical
gradient force pattern considerably.

In order to get insight into the optical gradient force in
the focal region of radial varying polarization Bes-
sel-Gauss beam more deeply, different C is also con-
sidered in calculation. From Figure 3(a), it can be seen
that one optical intensity crust comes into being under
condition of C =0.2, namely, one local intensity mini-
mum occurs. Figure 3(b) illustrates the corresponding
optical gradient force pattern that is in practice force
crust pattern. So, the parameter C can be used to alter
optical gradient force pattern in focal region of the Bessel-
Gauss beam.

In our theoretical investigation, more values of

and C are studied. And many novel optical gradient
force patterns can occur. This paper only gives several
typical cases. Figure 4 illustrates the intensity distribu-
tion and corresponding optical gradient force pattern-
for 5, =35 and C =1.0. One intensity distorted cylinder
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Figure 2. The (a) intensity distribution and
corresponding (b) optical gradient force pat-
tern for B,=25 and C=1.0, respec-

tively. Arrows indicate the force direction.

10

Vz
(b)

Figure 3. The (a) intensity distribution and
corresponding (b) optical gradient force pat-
ternfor g, =25 and C=0.2, respectively.

Arrows indicate the force direction.

Copyright © 2010 SciRes

Vz

(b)

Figure 4. The (a) intensity distribution and
corresponding (b) optical gradient force pat-
tern for g, =25 and C=1.0, respectively.

Arrows indicate the force direction.

appears outside of center main center intensity peak. Fig-
ure 4(b) shows that center optical trap comes into being,
and simultaneously, more complicate force pattern also
occur outside of this main trap. From above all optical
gradient evolution process, it can be given that the beam
parameter and vary rate parameter can be used to alter
intensity and corresponding optical gradient force dis-
tributions in focal region of Bessel-Gauss beam re-
markably.

4. CONCLUSIONS

The optical gradient force in the focal region of radial
varying polarization Bessel-Gauss beam is investigated
numerically by means of vector diffraction theory.
Simulation results show that the beam parameter and
vary rate parameter affect the optical gradient force pat-
tern very considerably, and some novel force distribution
patterns may come into being, which indicates that the
focusing of radial varying polarization Bessel-Gauss
beam can be used to construct optical traps.
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ABSTRACT

In this paper, an index for evaluating Distance of a
healthy heart from Sino-Atrial Blocking Arrhythmia
(SABA) is presented. After definition of the main
pacemakers' model of heart, Sino-Atrial (SA) and
Atrio-Ventricular nodes (AV), the boundary of syn-
chronization, which demonstrates the boundary of
blocking arrhythmia, is obtained using perturbation
method. In order to estimate of healthy heart char-
acteristics, a parameter estimator is introduced. The
distance from SABA is calculated using Lagrange
method and Kohn-Tucker conditions. In addition, the
maximum admissible decrease in the coupling inten-
sity and the maximum admissible increase in the dis-
crepancy between the natural frequencies of two
pacemakers are determined in order to maintain the
synchronization between the two pacemakers.

Keywords: Healthy Heart; Blocking Arrhythmia;
Perturbation method; Synchronization Boundary;
Optimization; Bifurcation

1. INTRODUCTION

The heart arrhythmias are the first cause of death ac-
cording to World Health Organization (WHO) reports
[1]. The lack of information about the health degree is
one of the many factors for this. In other words, if peo-
ple know their relative degree of health, the demise will
be decreased. Fortunately, the medical science has the
ability to measure the distance from illness in many is-
sues. For instance, the fat and glucose of blood can be
determined by some easy checks. The treatment could be
initiated if it was near dangerous zone. Many works have
also been done on cardiac arrhythmias' prediction to
reduce the cardiac sudden death. Most of them have
been done by physicians. The statistical methods are
often used in those researches. In statistical methods, the

QRS complex and QT interval and other segments of
Electro Cardio Graph (ECG) are investigated and car-
diac sudden death is predicted [2,3,4,5]. The nonlinear
features such as fractal dimensions of Heart Rate Vari-
ability (HRV) are used by other methods to determine
the risk of sudden death [6]. Finally, the General Regres-
sion Neural Network (GRNN), Learning Vector Quanti-
zation (LVQ) and wavelet transform are used to predict
the life-threatening Ventricular tachycardia (VT) and
Ventricular Fibrillation (VF) [7].

All of the works are based on signal processing and
their result is a number which demonstrates the prob-
ability of being prone to arrhythmia or death. Unfortu-
nately, signal processing based methods are not of
enough accuracy to predict life-threatening cardiac ar-
rhythmias (less than 70%) [6,7]. On the other hand, it
cannot evaluate the relative degree of health if the heart
is assumed healthy.

In this research, our goal is to evaluate the distance
from SABA by observing action potential signals of SA
and AV nodes. The blocking arrhythmias arise when two
pacemakers are not in synchrony. The main reasons for
asynchrony are either decreasing coupling intensity or
increasing the discrepancy of two pacemakers' natural
frequencies or both. For evaluation of distance from
SABA, four stages should be passed. At first, a proper
model should be considered for pacemakers. Then, the
synchronization boundary must be obtained based on the
model parameters. At the next stage, the model of pa-
rameters should be estimated from pacemakers' action
potentials. Finally, by defining a cost function for dis-
tance from SABA and using optimization methods, the
minimum distance is calculated.

Many models have been proposed for pacemakers and
heart cells till now. Among the most well-known of
them are Van der Pol [8,9,10,11], Fitzhugh-Nagumo
[12,13,14], Hodgkin-Huxley [15], Beeler-Reuter [16]
and Lou-Rudy [17] model. In this research, the Van der
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Pol model is used as the model of SA and AV nodes for
its simplicity and sufficiency for synchronization issues.
Synchronization and its boundary have dedicated
many works of engineers and physicists to itself from
the past decades. Synchronization can be divided into
complete synchronization, lag synchronization, func-
tional synchronization, phase synchronization and fre-
quency synchronization [18,19]. The output signal of the
oscillators must be exactly equal for complete synchro-
nization. In other words, two signals should be identical
in amplitude and frequency. The lag synchronization is
similar to complete synchronization except that the out-
put of one oscillator should be coincided on the delayed
signal of another one. The complete and lag synchroni-
zation are accessible only for two identical oscillators. In
functional synchronization, the output signal of one os-
cillator is a function of another one. This type of syn-
chronization is defined for those oscillators whose pa-
rameters are related together. Any type of the aforemen-
tioned synchronization types will not be occurred if two
oscillators are non-identical. However, most of the cou-
pled oscillators are non-identical in nature. In this case,
the phase and frequency synchronization is defined in
which, the coincidence of the output signals of two os-
cillators is not necessary. In phase synchronization, the
phase difference of signals should be fixed for all the
time and for frequency synchronization, it is enough that
the phase difference of two oscillators to be bounded.
The heart pacemakers are in phase synchrony in normal
mode. When they tend to asynchrony, they pass fre-
quency synchronization at first and then become asyn-
chrony. Therefore, the boundary of synchronization is
determined by frequency synchronization, but since it is
difficult to find the frequency synchronization boundary
(it can only be obtained by simulation [20]) and on the
other hand, its distance from phase synchronization
boundary if very tiny [20,21], the phase synchronization
has been taken as arrhythmia boundary in this research.
Perturbation methods, specially averaging method and
bi-variant expansion are more applied in synchronization
boundary determination [20,21,22]. The dynamical equa-
tions of two coupled oscillators are mapped to polar
space using perturbation method. In polar space, the
phase difference of two oscillators is a state variable.
Therefore, the stability of new dynamical system is suf-
ficient for phase synchronization because, in this case,
the phase difference tends to a fixed point.
Unfortunately, there is not any background about
measuring distance from arrhythmia. Our goal in this
research is to evaluate this distance using synchroniza-
tion boundary and pacemakers' parameters. In addition,
we will answer to two questions: 1) How much the cou-
pling intensity can be decreased subject to synchroniza-
tion? 2) How much the natural frequency difference of
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two pacemakers can be increased subject to synchroni-
zation?

The paper is organized as follow: After introduction in
Section 1, the synchronization boundary is obtained us-
ing perturbation method in Section 2. A state and pa-
rameter estimator is introduced in Section 3 for two cou-
pled pacemakers system. The distance from SABA is
evaluated in Section 4 and the maximum permitted value
of natural frequency difference and minimum permitted
value of coupling intensity are calculated in Section 5.
Simulation results are demonstrated in Section 6 and the
conclusion is discussed in Section 7.

2. THE PACEMAKER MODEL AND
SYNCHRONIZATION BOUNDARY

The asynchrony between two vital pacemakers, SA and
AV nodes, is the basic reason of blocking arrhythmias. In
a healthy heart, the relationship between these two
pacemakers is unidirectional coupling (from SA node to
AV node) according to physicians' opinion; however,
some physiologists suggest that the relationship is bidi-
rectional but the effect of AV node on SA node is very
smaller than vice versa [23]. According to the feedback
of automatic nerves, the second idea is more acceptable.
Here, we take the coupling as bidirectional, which is the
general form. To change bidirectional case to unidirec-
tional case, it is sufficient to equate the correspondence
coefficient to the effect of AV node on SA node to zero.
The model of two coupled pacemakers using Van der Pol
Equations are,

% =14 (1=X7 )% + 0% = o (¥, = %) @)

yt_ﬂz(l_ytz)yt+w22yt=a2'(xt_yt) (2)
were gz and u, are damping coefficients, , and
@, are natural frequencies, and «jand a5 are cou-

pling coefficients which demonstrate coupling intensity.
Assume Eqgs. 1 and 2 are the SA and AV nodes' model
respectively. According to relation between two coupled
pacemakers, we take ¢ =de, , & <<1. For using per-
turbation method, the system should be transformed to
perturbation standard form. By scaling the time as
Cdx dxdt 1

t=et, which results x=—
dt dt, dt ¢ *

X= izxtl the Egs. 1 and 2 change as,
&

®)
Y, — &t (1_ ytl2) Y, +(1+&A)y, =sa, (th -V, )
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where &l =1, &’w) =1+eA and «a,=ea) . Sup-
pose @, >>1 therefore ¢ <<1. On the other hand,
0 =ke <<1.

Remark: the natural frequency of SA node is greater
than AV node in the healthy heart. Since our goal is the
measurement of the distance of healthy heart from
SABA, therefore A <0 according to 3.

Consider variables x and y linear versus & as
X=X, +&X, Y=Y, +¢Y,. By bi-variant expanding of
Eqg. 3 versus time in the form of &=t,n=¢t, and
eliminating higher order terms (O(s°) and higher
terms) we have,

%X
6520 +% =0 4)
*x, o X,
Ly =-2—"2 1-x2 )=~ 5
PR | 0)85 5)
82
~ fy +Y,=0 (6)
0¢* ogon T TToE
+a2 %_% _Ayo
o8&
Considering xq and yq in periodic forms,
X, = A(77)cos & +B(r7)sin& -

Yo =C(n)cos&+D(n)siné

By substituting X, and vy, at the right hand of Egs. 4
and 6 and equating secular terms (coefficients of sin&

and cos¢&) to zero we have,

2d—A:,ulA—£,ulA(A2+Bz)
dn 4
dB 1 ®)
2— = 4B—= 1B(A* + B?
dn # 4'ul ( i )
2d—C=uZC—3ﬂ2c(c2+DZ)+a2(D—B)+AD
dn 4
(10)
2P, p-t, D(C*+D*)+a,(A-C)+AC
d77 2 4 2 2
Define A, B, C and D as follow,
A=R,(n)cos,(n) . B=R (n)siné,(n) )

C=R,(n7)cosb,(n), D=R,(n)sind,(n)
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Therefore, xo, and y, are,
X (&.17) =R (1)cos(£-6,(n))
Yo (£:7) =R, (m)c0s(& -6, (n))

By substituting A, B, C and D in 9 and 10 and rear-
ranging them,

(12)

2R = ﬂl&(l_%&zj

2R6, =0
(13)
2R, = 1,R, (1—%R§J—%Rlsin(91—92)
2R,0, = —A—a, +a,R, cos(6, - 6,)
where R, :d—R1,R2 :d&,él =ﬂ,49'2 _9%  assume
dz dn dn dn

® =6, -6, , the slow flow dynamical Equations are,

: 1
2R1:MR1(1—ZRfj
. 1, .
2R, = R, | 1~ R} |- a,R,sin@ (14)
2®:A+a2—{az&Jcos®
RZ

where @& = . The synchronization boundary

d(6,-6,)
dn

is achieved by determining the Saddle-Node (S-N) and
Hopf bifurcation condition curves of 14 [20]. The first
step is to find the equilibrium points curve. Equate the
left hand of 14 to 0,

lel(l—%RfJ:o: R =2 (15)

,quz[l—%Rj)—alesincbzo

1
1R, (1_4 Rzzj

a,R,

(16)

=sind =
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A+a, —(az &Jcosd) =0
R,
7)
A R
= cos D :%
R

By summing the square of 16 and 17 and substituting
R;=2 we have,

[,quz(l—%R;D +((A+a,)R,) =4a?  (18)

Replace R?=p and rearrange 18 according to
power of p,

2 P (A ) ) e =0.19)
Eq. 19 shows the curve of equilibrium points vs. the
system's parameters. Using Descartes’ rule of signs we
see that (19) has either one or three positive roots for p.
At bifurcation, there will be a double root which corre-
sponds to requiring the derivative of (19) to vanish:

3
5 ((Ara) +ug)=0  (20)

Eliminating p from (19) and (20) gives the condition
for S-N bifurcation as,

AA° +24N°ar, +(60a; +844 ) A" + (3245, +80ar; ) A°
+(60az; +4u; +12u30] ) A?

2

+(8,u§a2 +24a; —40,uza§’)A+4a§ —a; =0
(21)
Eq. 21 plots as two curves intersecting at cusp points

in the(a,,A) plane. At the cusp point, a further degen-

eracy occurs and there is a triple root in Eq. 19. Deriva-
tion from 20 gives,

== 22

P=3 (22)

By substituting p from (22) to (19) and (20) gives
cusp points.

(a3 =0.544, , A} =0.0334,) 23
(a; =0544p, , A, =-1122y1,)

Next we look for Hopf bifurcations in the slow flow
system 14. Let R, R, @, be an equilibrium point.
The behavior of the system linearized in the neighbor-

hood of this point is determined by the eigenvalues of
the Jacobian matrix.
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[ 3RZ-4
ek B 0 0
i
3RE-4
4

1 .
J:E -, sin(®,) 1, —Rya,cos(D,)

—ﬁcos(tbo) a;—ljwcos(tbo) a;—Rwsin(cDO)

20 20 20

_ (24)
Substituting sin(®,),cos(®d,),R, from (15-17) in
24 and after simplification,

=21 0 0
1} 1 1 3
J :E _Eﬂsz(l_ZRzzj (1_ZR220J/12 _(A+a2)Rzo
A+ A+
_( a,) (A+ay) m (1_1R220j
2 Ry 4

(25)
For Hopf bifurcation, it is necessary that matrix J con-
tains 2 pure imaginary and 1 real eigenvalue.

|41-J|=0=

1
(/1"':“1)(12 +(E:qu220 _ﬂzjﬂ""]zz‘]ss _‘]23‘]32] =0

(26)
It can be seen from 26 that the coefficient of 4 must
be 0 for Hopf bifurcation.

1

Exquzzo_/“z:OZ> szzzo=2 (27)
Substituting p from 27 in Eq. 19 gives the Hopf bi-

furcation condition curve.

A + 2052A+%,u22 -l =0 (28)

Egs. 21 and 28 identify the phase synchronization
boundary. A typical sample for synchronization bound-
ary is brought in Ex. 1.

Synchronization boundary Equations show that the
boundary depends on coupling coefficients, damping
coefficients and discrepancy of two pacemakers’ natural
frequency. Therefore, they should be estimated in prac-
tice for distance evaluation from SABA.

3. THE STATE-PARAMETER ESTIMATOR

Measurement of all states and parameters of the cardiac
pacemakers is impossible in practice but the measure-
ment of only their action potentials is practical using two
implantable leads. In this section, a state-parameter es-
timator (adaptive observer) is introduced which is able to
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estimate necessary parameters from pacemakers' action
potentials for distance evaluation. This estimator uses
the high-gain method. The high-gain method is very
effective in state estimation [24]. When the parameters
are unknown in addition to states, the estimator is modi-
fied which is called adaptive observer. An adaptive ob-
server is introduced in [25] which can estimate parame-
ters and states simultaneously. We use an adaptive ob-
server which is introduced in [25] in this research. The
system form is as follow,

A O ¢ (x(t).u(t))
x(t) = x(t)+
0 A é (x(t),u(t))

+ 0 (29)

0 C,

wherex e R", yeR?, and 8 R are the state vector,

output vector and the unknown parameters vector re-
spectively. The matricesC, ,i; ,A,1=1, 2 are,

0 1 0]
A = :
1
0 0]
i 0 0 7
¥i (X,U) = (30)
_V/ini,l(x’u) l//ini,q (X,U)_

Copyright © 2010 SciRes

The adaptive rules are,

(1) = A(A-KC)T(t)+ 2y (X(t),u(t))
X(t) = AR(t)+g(R(t).u(t) +w (%(t),u(t))d(t)

+A(4)[AK+T ()T ()CT [y (t)-Cx(1)]
(31)

o(t)=1,I" (1)CT [y (t)-Cx(1)]

x=%if |[%|<X, iX otherwise.

1%

0=0if “éu <0, H%“G otherwise.
where ©,X arethe 6(0),x(0) upper bound,
K, 0
K =
0 K,

and K, are selected such that the A —K,C, matrix be
stable.

A%, (2)=diag (14,47, 4" ) (4> 0),

and

0 A"l

For using the introduced adaptive observer, the

system 1 and 2 must be mapped to state space rep-
resentation.

X(t) = Ax(t)+g(x(t),u(t))+w(x(t),u(t))o
(32)
y(t)=Cx(t)

where,
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[0 1 0 0]
1000 0 00O
.
C= , A= () =[x (1) %) x(t) x(1)]
0010 0 001
|0 0 0 0]

6:[;11 o o W @ aé]T,qﬁ(X,u): (33)
[ 0 0 0 0 0 0 ]
(=% (1)) %, (1) =% (t) =% (t)+x(t) 0 0 0

v(xu)=

0 0 0 0 0 0
L 0 0 0 (1_X32(t))x4(t) _Xs(t) Xl(t)_xs(t)_

The performance of introduced estimator is demon-
strated in Ex. 2.

4. DISTANCE EVALUATION FROM SABA

In this section, our goal is to evaluate the distance from
SABA using synchronization boundary and pacemakers'
parameters. As it was mentioned in Section 2, the
boundary is determined by S-N and Hopf bifurcation
conditions. If —1.122., <A <0, the boundary is de-

termined by S-N bifurcation condition curve. Otherwise,
the synchronization boundary is identified by Hopf bi-
furcation condition curve. For distance evaluation, at
first, the pacemakers' parameters should be mapped from

(o', ., @,) spaceto («,p,A) space.
g:i,Azg(a)zz—a)lz),azzgaz’
@

(34)

The second step is to find a point on synchronization
boundary in which has the minimum distance from

(e, u1,A) . Assume the point (a;,z1;,A") is the desired

point. By inverse transformation of this point using (35),
the minimum distance from SABA can be obtained.

1 1
2 2 * 1% *
Oy = +—A 0, =—a,
& &

(35)
Min. Dist. from Blocking Arrh. =

\/(wz ~ Dymin )z +(0!£ _az'* )2 +(/uz —,U; )2

The crucial point is how to find the desired point. The
Eq. 21 contains two curves that one of them pass through

(36)
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origin point (0, 0, 0) and forms the first part of synchroniza-
tion boundary. For simplicity, we approximate this curve by
a line which passes from origin and cusp point.

a, = —0.48485A (37)

Therefore, the synchronization boundary is defined by
Eqgs. 28 and 37. Suppose P =(a,p,tp,A,) is the

pacemakers' parameters which is transformed to
(a,u,A) space. Define the distance of a point on

boundary Q =(a,u,A) fromPas,

Dis” = (0‘2 — Q% )2 +(:U2 — Hap )2 +(A_AP )2 (38)

By minimizing 38 subject to 37 and again subject to
28 individually and taking into account their minimum

value, the desired point (o;,4;,A") is achieved.
Therefore, two minimization problems should be solved.
Minimize Dis’
ST. f(ay t,,A)=a,+0.48485A =0
11224, <A<0

(39)

Using Lagrange coefficient and Kohn-Tucker method
for considering inequality constraints we have,

L, = Dis’ = Af, (@, 4y, A) +0,A v, (A +1.12241, ) (40)

Vit =0
Vil =0 (41)
vA=0
—0, (A+1.12241,) =0
JBIiSE
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The parameters (a,,u,, A A,0,0,) are gained by
solving 41. If conditions 42 and 43 are satisfied, the dis-
tance is evaluated from obtained (a,,x,,A), otherwise,

the extremum of those parameters which do not satisfy
the conditions is substituted to evaluate distance.

A<0 "
_(A+11224,)<0 (42)
and
v, 20
(43)
v, >0

In second time, the desired point is sought on the (37)
surface.

Minimize Dis’
S.T. fz(az,,uz,A):Az+2a2A+%,u22—0522:O(44)
A<-1122p,

Again, using Lagrange coefficient and Kohn-Tucker
method, (a,,,,A) values are obtained and distance is

evaluated. By comparing the two evaluated distance and
considering the minimum value, the desired point is
identified. By inverse transformation of this point to
(o', 1, a)l,a)z) space according to Eq. 35, the minimum

distance from SABA is evaluated using (36). The distance
evaluation is illustrated in Ex. 3 for a typical sample.

5. IDENTIFICATION OF MAXIMUM
ADMISSIBLE VARIATION OF
PACEMAKERS' PARAMETERS

In this section, our goal is to evaluate the maximum
variation of a parameter subject to remaining synchroni-
zation whiles other parameters are fixed. For instance,
how much the coupling coefficient can be decreased
whiles two pacemakers remain in phase synchrony or
how much the discrepancy of two natural frequencies
can be increased and the synchronization remain un-
changed.

5.1. Maximum Admissible Decrease of Coupling
Coefficient

For identification of maximum admissible variation of
coupling coefficient, at first, we transform the pacemak-
ers' parameters to same usable form in synchronization
boundary equations using Eqg. 34. Now, we consider
coupling coefficient as unknown parameter and obtain it
from Eq. 37. If the condition (42) is satisfied, the ob-
tained value is the desired coefficient otherwise we will
compute it from Eq. 28. In any way, assume the desired

coefficient isa, . Therefore the maximum admissible
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decrease of coupling coefficient is,

@ = a; - (45)

5max
In other words, the minimum of coupling coefficient
subject to remaining synchronization is,

Wy =2 (46)

5.2. Maximum Admissible Increase Discrepancy
between Two Pacemakers’ Natural
Frequencies

For identification of maximum admissible increase dis-
crepancy between two Pacemakers' natural frequencies,
like Section 5-1, at first, we transform the pacemakers'
parameters from (o', u,m,w,) space to (a,u,A)

space using Eq. 34. Now, we assume that A is the un-
known parameter and obtain it from Eq. 37. If the con-
dition (42) is satisfied, the obtained value is desired A
otherwise we compute it from Eq. 28. In any way, as-
sume the desired value is the A*. Therefore the maxi-
mum admissible increase of discrepancy between two
Pacemakers' natural frequencies is,

5maxa) = 0 — Oy

47
a)zzmin 20)12 +£A* ( )
&

The damping coefficient is one of the determinative
parameters for synchronization boundary but we ignore
to find its maximum admissible variation for its little
importance.

6. SIMULATION

The distance evaluation from SABA is completed in 3
steps: at first, the synchronization boundary is deter-
mined, and then the pacemakers' parameters estimated.
Finally, the minimum distance from boundary is com-
puted. In this section, the synchronization boundary is
obtained for a typical sample and plotted (Ex. 1). After-
ward, the performance of introduced adaptive observer is
illustrated in Ex. 2. Then the distance from SABA is
shown in Ex. 3. As a final point, the maximum admissi-
ble variation of parameters is calculated in Ex. 4.

Ex. 1. Assume u, =1, the synchronization boundary
is determined by (21) and (28). Figure 1 shows the syn-
chronization boundary and highlights the cusp points.

Ex. 2. Assume pacemakers' parameters as u, =2,

ol =64, 0/ =4, u, =10’ =25, a,=22. The para-
meters are chosen such that the synchronization fre-
quency is 70 per minute and the natural frequency of

pacemakers equal to 76 and 47 per minute for SA and
AV nodes respectively. Figure 2 illustrates the state-

JBISE



H. Gholizade-Narm et al. / J. Biomedical Science and Engineering 3 (2010) 308-316 315

SN and Hopf Bifurcation Condition Curves
Synchronization Boundary
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Figure 1. Phase synchronization Boundary. a. small discrepancy
of natural frequency b. big discrepancy of natural frequency.

parameter estimator performance.

Ex. 3. Suppose pacemakers’ parameters as Ex. 2
for using synchronization boundary to evaluate dis-
tance from SABA, we should transform parameters
at first.

£=0.125,5 =0.05,

P =(ay =¢ay, ttp,Ap ) =(2.75,1,-4.875)

Since A, =-4.875<<-1.122 , therefore the desired
point is on Hopf bifurcation condition curve. By solving (44)
we have, o, =2.1409, g, =1.0214, A" =-5.1252 . We

see that condition (44) is satisfied. The distance from
SABA is,

Copyright © 2010 SciRes
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Figure 2. System's parameter estimation.

@’ . =64-8x5.1252 = 22.9284,
a, =8x2.1409=17.1272, 1, =1.0214
Min. Dist. from Blocking Arrh.

- \/(a)z Oy )+~ ) (1, 113) =23.7894

Ex. 4. The maximum admissible variation for Ex. 3 pa-
rameters are,

a,=203714 = a) = la;
£
=16.2992 = ¢,,,,a, =5.7008
A" =-661=> 5, A=-17318,0"
~11.1456=> 5, @, = @, — @, =1.6615
7. CONCLUSIONS

The evaluation of distance from SA blocking arrhythmia
for a healthy heart was investigated in this paper. To do
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this, the synchronization boundary was obtained using
perturbation method. The synchronization boundary de-
fines the illness boundary approximately. To compute
the distance from this boundary, an estimator was intro-
duced which can estimate SA and AV nodes’ parameters
from their action potential signals. Using optimization
methods, the minimum distance from SABA was evalu-
ated. This value can be considered as an alarm when it is
very small. The coupling intensity and discrepancy of
natural frequency of two pacemakers play a crucial role
in synchronization of two basic pacemakers. Hence, a
method was proposed to evaluate the maximum admis-
sible variation of these parameters. The maximum varia-
tion value demonstrates the confidence margin.
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ABSTRACT

One of the mostly used methods for estimating the
false discovery rate (FDR) is the permutation based
method. The permutation based method has the
well-known granularity problem due to the discrete
nature of the permuted null scores. The granularity
problem may produce very unstable FDR estimates.
Such instability may cause scientists to over- or
under-estimate the number of false positives among
the genes declared as significant, and hence result in
inaccurate interpretation of biological data. In this
paper, we propose a new model based method as an
improvement of the permutation based FDR estimation
method of SAM [1] The new method uses the
t-mixture model which can model the microarray
data better than the currently used normal mixture
model. We will show that our proposed method
provides more accurate FDR estimates than the
permutation based method and is free of the
problems of the permutation based FDR estimators.
Finally, the proposed method is evaluated using
extensive simulation and real microarray data.

Keywords: FDR; T-Mixture Model; Microarray; Genes
1. INTRODUCTION

Genome-wide expression data generated from the mi-
croarray experiments are widely used to uncover the
functional roles of different genes, and how these genes
interact with each other. A key step to achieve this is to
identify the differentially expressed (DE) genes under
different experimental conditions. Such information can
be used to identify disease biomarkers that may be im-
portant in the diagnoses of different types of diseases.
Earlier statistical approaches for detecting DE genes
focused mostly on parametric methods which are easily
subject to model misspecification problems. Some of the
well-known parametric methods for detecting DE genes
include the two sample t-test [2], the analysis of variance
approach [3], a regression approach [4], the regularized

t-statistic method (Bayes-t test) [5,6]), the semi-
parametric hierarchical mixture method [7], and the pa-
rametric EB method [8]. Recently, the availability of
replicated microarrays has made it possible to use the
nonparametric methods to detect the DE genes. The
nonparametric methods require much less stringent
dis-tributional assumptions, and thus can provide more
robust results than the parametric methods. Some of the
well-known nonparametric methods for analyzing mi-
croarrays include the Significance Analysis of Mi-
croar-ray (SAM) of [1], the nonparametric EB method
[9,10], the non-parametric t-test with adjusted p-value
[11], the Wilcoxon Rank Sum test [12], samroc [13] and
the normal mixture model method (MMM) of [14].

In this paper, we will focus our attention on SAM, one
of the most popular methods in microarray data analysis.
SAM indentifies DE genes by computing a modified
t-statistic as the test score of a gene and finding the
genes with test scores exceeding an adjustable threshold.
The false discovery rate (FDR) was then estimated by a
permutation based method. More specifically, the num-
ber of false positive (FP) genes among the significant
genes is estimated as the median of the numbers of scores
exceeding the cutoffs in each permuted set of null scores.

Since the permutation based approach estimates the
FDR by counting the number of FP genes exceeding
some cutoffs, we will call it the empirical method in this
paper. Due to its nature, there are two drawbacks with
the empirical method: 1) the granularity problem — the
FDR estimates based on the counted number of FP genes
tend to be unstable when the actual number of FP genes
is small; 2) the zero FDR problem — the estimated FDR
may be zero when the range of the permuted null scores
is smaller than that of test scores and when the cutoffs
are more extreme than the endpoints of permuted null
scores. These two drawbacks are illustrated in the Fig-
ures 1, 2 and 3.

In this paper, we will propose a t-mixture model based
approach as an improvement of the empirical FDR esti-
mation method of SAM. Our method aims to solve the
two aforementioned drawbacks of the current empirical
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Figure 1. Comparison of true FDR, the empirical FDR estimator

FDR and the model based FDR estimator FDR; for two sample
microarray data. 5 replicates are listed. Total number of significant
genes is decreasing from 100 to 1 (left to right) for each replicate.

Figure 2. Comparison of true FDR, the empirical FDR estimator

FDR and the model based FDR estimator FDR; for two sample
microarray data. 5 replicates are listed. Total number of significant
genes is decreasing from 150 to 1 (left to right) for each replicate.

FDR estimation method: the granularity and the zero
FDR problems. The performance of our method is as-
sessed by applying them to simulated and real microar-
ray data.

2. METHODS

2.1. SAM

2.1.1. SAM algorithm
Let Y; be the expression levels of genes i under array j

Copyright © 2010 SciRes

Figure 3. Comparison of the empirical FDR estimator FDR

and the model based FDR estimator FDR; for Leukemia
microarray data.

@i=1,...,n; j=1,...j,, L+*l..., j,+]j,=J), and the
first j, and last j, arrays are obtained under two

conditions. We need to test if gene i has differential ex-
pressions under the two conditions.
In SAM, the test statistic is defined as:

7 - Yiw ~Yi)
@ gL )8 s,

where Y, Y, are the sample means under two con-

ditions; s is the pooled sample variance; s, is the
fudge factor. The null score z is then computed by

applying the test statistic to the b-th set of permuted data.
In the SAM manual [15], the following algorithm is
given to detect DE genes. First, all genes are ranked by

the magnitude of their test scores Z; so that Z,, is

the largest test score and Z;, is the i-th largest test
score. For the b-th set of null scores, the same procedure
is applied so that z(bi) is the i-th largest null score in the
b-th set of null scores. The expected relative difference

B
is then defined as z, = Zzz) / B . After that, a scatter
b=1

plotof Z, vs. zj isplotted. In the scatter plot, some

points are displaced from the Z, = zg line with a

distance greater than A, a pre-specified threshold. In
[16], the author pointed out that the estimated total
number of significant (TS) genes and FP genes obtained
using the SAM algorithm can be written as:

TS =#{i;Z, > &, orZ;, <4.}, and 1)
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B
Fp = ;#{i; 24y >3, 0rz <6} B, )

where ¢, and o, are the upper and lower cutoffs

decided by the pre-specified threshold A . For simplic-
ity, we only consider symmetric cutoffs (| &, |5/, |) in

this paper though extensions to asymmetric cutoffs are
straightforward. Under symmetric cutoffs, (1) and (2)
can be written as:

TS(6) = #{is| 2, > 5} ©)
Ew&=2ﬂm%p5y8 (4)

2.1.2. Empirical FDR Estimator of SAM
Given a gene-specific significance level « (0, 1] and

assume that we have obtained the p-values for all the
genes under consideration, the FDR of [17] is defined as:
N ()

: 5
TS(oz):I ©)

FDR = E[

where N(«) is the number of genes among the EE
genes whose p-values are less than or equal to « , and
TS(«) is the number of genes among all the genes
whose p-values are less than or equal to « (or it is the
total number of significant genes). Instead of controlling
gene-specific significance level «, SAM usually con-
trols the total number of significant genes by setting a
corresponding cutoff &, hence (5) can be re-written as:

N (5)
E[TM)] :

(6)

where N(&5) isthe number of EE genes with absolute value
of Z, greater than &, and TS(o) is the total number of
genes with absolute value of Z, greaterthan & .

It was shown in [18] that the FDR can be approxi-
mated by

r o EIN@OT
E[TS(4)]
Since N(J) is the number of false positive among

the EE genes, denote the proportion of EE genes by 7,
(7) becomes

()

R < TEIFP()]

E[TS(5)]
where FP(5) is the number of FP if all the genes are
EE. FP(o)and TS(o) can be estimated by EP(&)

and J@8(5) in (3) and (4), respectively. As a result, the
empirical FDR estimator of SAM is

(®)
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FoR - 7, EP(5)

= ) | ®)

As mentioned before, this empirical FDR estimator of
SAM has the granularity problem and the zero FDR
problem. In the following sections, we solve these prob-
lems by proposing a model based FDR estimation
method.

2.2. The T-mixture Model (TMM) Based FDR
Eestimation Approach

Let f be the probability density of the test score Z,

and f, be the density of null score z’. In TMM, it is
assumed that the data are from several components with
distinguished t-distributions. In other words, both f
and f, are considered to be a mixture of the t-distribu-
tions with probability density function:

NGy, =Y 7 .5 (10)

where ¢(z; 4,%;,v;) denotes the t-distribution density
function with mean g, variance X,, and degrees of
freedom v,. The coefficients =, are the mixing pro-

portions and g is the number of components, which can
be selected adaptively. y, denotes all the unknown
parameters (7z,, 4, %, v,) |i=1..g in (5). The
mixture model is fitted by maximum likelihood using an
expectation conditional maximization (ECM) algorithm
[19]. The final model is selected based on Bayesian In-
formation Criterion (BIC). More details on how to fit the
TMM to microarray data can be found in [20]. It was
reported in their paper that not only does the TMM ap-
proach provide more accurate estimates of the densities,
but also it enjoys computational efficiency since it was
demonstrated in [20] that one only needs to use one set
of permuted null scores to fit the t-mixture model. More
specifically, instead of using all z’s (size=n*B) to fit
the t-mixture model, a random sample with size n can be
B n
drawn from | J| Jz’ and used as the null statistics.
b=1i=1

Since the test statistic Z, and the null statistic z,
(because only one set of null score is used now, we will
denote the null statistic as z, instead of z’) have the
densities f and f,, respectively, it is easy to see from
(8) that

_ EIFP()/n]

FDR ~ 7,
E[TS(5)/n]
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E> I(lz] 28)/n
i=1

EZI(|Zi| >6)/n

__ P(zz9)
P(Z ]2 5)

jl s o0z
=y (11)
jl 1y D02

where ¢ is chosen such that a given number of sig-
nificant genes is detected. Equation (11) can be viewed
as the model based formula of FDR.

:7[0

Assume that we have available the estimators f and

@0 of f and f, from the TMM, respectively, then
the corresponding model based FDR estimator for (11) is

L . ') (2)dz
jl M@(z)dz '

The model based FDR estimator (12) has the follow-
ing advantages compared to the empirical FDR estimator
of SAM:

1) It does not have the granularity problem of the em-
pirical FDR estimator (9);

2) It provides non-zero FDR estimate for any o ,
while (9) only provides non-zero FDR when cutoffs are
within the two endpoints of the range of the permuted
null scores;

3) Unlike (9), the numerator and the denominator of
(12) are not subject to the sampling variability.

3. RESULTS
3.1. Simulated Data

FDR: =70 (12)

In the simulation, j, = j, =4 replicates and n = 5,000

genes are generated while 200 of them are assumed to be
differentially expressed. For the DE genes, the data un-
der condition 1 are generated from N(2,1) and the data
under condition 2 are generated from N(0,1). The EE
genes are generated from N(0,1) regardless of the condi-
tions. For the generated data, we calculate the true FDR
and estimated FDR for a grid of total number of signifi-
cant genes ranging from 100 to 1 (in decreasing order).
This procedure is repeated for five times. Figure 1
shows comparisons of true FDR, empirical FDR estima-

tor FDR defined by (9), and the model based FDR
estimator FDR;: defined by (12).

As we can see, the instability of empirical FDR in-
creases significantly as it decreases to 0, which shows its
granularity problem. Another fact worth noticing is that

Copyright © 2010 SciRes

FDR tends go to zero faster than the true FDR, which
is the zero FDR problem. It can be seen that the true
FDR strictly decreases as the total number of significant

genes decreases. However, the empirical FDR does

not show this characteristic. In contrast, FDR: captures
the decreasing trend very well and does not have the

erratic jumps of FDR. To check how well these two
FDR estimators approximate the true FDR, we calculate

the mean squared error for both of them. MSE for FDR

is 0.00045 and MSE for FDR: is 0.00021, which
shows that our method outperforms the empirical
method.

Next, we compare the performances of the two meth-
ods when the two populations for the DE and EE genes
are not so well separated. For this purpose, we conduct an-
other simulation which tries to mimic the real data. The
expression levels for the EE genes under the two conditions

are generated from N(u,,07) and N(g,,o7) with
=1, ~N(0,2) o~ Gamma(4,2). The expres-
sion levels for the DE genes are generated similarly as
the EE genes, except that g, and 4, are generated

from N(0,2) separately. In this case, the grid of total

number of significant genes ranges from 150 to 1 (in
decreasing order). Comparison results are displayed in
Figure 2.

It is seen from Figure 2 that FDR is very unstable
and approximates true FDR poorly, which makes the

estimates highly inaccurate. On the other hand, FDR;

has a much smoother curve than FDR and seems to be
able to capture the decreasing trend of the true FDR very

well. In addition, the fact that MSE for FDR is 0.025

and for FDR: is 0.015 shows that our method gives a
significantly better fit to the true FDR.

3.2. Real Data

The Leukemia data of [21] is one of the most studied
gene expression data sets. This data set includes 27 acute
lymphoblastic leukemia (ALL) samples and 11 acute
myeloid leukemia (AML) samples for 7129 genes. In
Figure 3, we estimate the FDRs for different number of
significant genes using both our proposed model based
FDR estimator and the empirical FDR estimator. As we
expect, the model based FDR estimator gives a more
stable estimate.

4. DISCUSSION

In this paper, we have proposed a t-mixture model based
approach to improve the performance of SAM’s empiri-
cal FDR estimator. We demonstrate that our method does
not have the granularity and zero FDR problems as the
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empirical method. The results also show that our esti-
mator provides more stable and accurate estimates of the
FDR. The advantage of our method is more evident in
the case when DE genes are not well separated with EE
genes and the variances of expression levels for every
gene are different. This is due to the fact that the permu-
tation FDR estimator is more easily affected by the sam-
pling variability.
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ABSTRACT

The purpose of this study to evaluate the effect of
mental task on gait coordination. The comparison
between two techniques Crosscorrelation and Cyclo-
gram has been performed. A set of gait experiments
was developed and conducted to evaluate the effect of
mental task on gait coordination. The perimeter derived
from the geometric figure, cyclogram perimeter (CP),
of the knee-knee cyclogram is the main descriptor
considered in this study. For crosscorrelation it is the
peak value of cross correlation coefficient (CCC) that
has been taken for comparison. The sensitivity of
both the techniques in terms of percentage has been
calculated. Crosscorrelation is highly sensitive
(mean=20.4 S.D.=2.3), towards the change in gait
coordination with mental task, in comparison to
cyclogram perimeter (mean=2.2 S.D.=1.2). The re-
sults have strength to assess the progress of rehabili-
tation among Parkinson patients.

Keywords: Gait Coordination; Cyclogram; Crosscorre-
lation; Mental Task

1. INTRODUCTION

It is no longer sufficient to consider gait as a mostly au-
tomatic motor activity, but rather one that requires the
integration of motor function with cognitive processes
such as attention, memory and planning. The evidence of
improvement in gait disturbance in Parkinson’s disease
patients after giving training in mental singing also sup-
ports this concept. A focus on high level gait performance
therefore requires a focus on cognition [1,2].

1.1. Dual Task Interference

Walking, Running, Swimming and other similar locomo-
tive activities involve gross motor skills and the coordi-
nation to perform this is gross motor coordination. Gross
motor coordination is left-right coordination, which re-

fers to the alternating left and right limb movement. The
basic neuronal circuits that generate this type of coordi-
nated activity are located in the spinal cord. Similar to
the lower limb there is left-right coordination in upper
limb as well e.g., playing piano, drumming. In walking
humans, arm to leg coordination is a well established
phenomenon. It could be derived from the intrinsic or-
ganization of the human CNS (central Nervous System),
but it could also consist of a movement induced epiphe-
nomenon [3]. Arm and hand movements are mainly con-
trolled by the motor cortical regions, whereas locomo-
tion is thought to be regulated mainly at brain-stem, spi-
nal, and cerebellar regions, with descending input from
the cortex. Gait consists of highly preprogrammed
movements, whereas some upper-extremity movements
are more novel and thought to require attention, visual
guidance, and somatosensory feedback to control their
performance [4]. Interference between cognitive tasks
and motor control activities such as gait is a problem in
neurological rehabilitation settings. Interference between
cognition and locomotor tasks may be important in as-
sessing a neurological patients’ ability to function inde-
pendently, and in designing therapies for both cognitive
and motor rehabilitation.

Figure 1. Cognitive aspects that affect knee joint motion.
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Quantification of the extent of interference between
gait and cognitive tasks after brain injury has been re-
ported. The walking speed of Alzheimer’s disease pa-
tients slowed more than that of elderly subjects during
the dual task. This may contribute to the risk of falls [5,
6]. People with chronic stroke incidence cope well with
the challenges of varied environments and can maintain
their gait speed while performing a secondary task. De-
spite moderate levels of gait impairment, gait automatic-
ity may be restored over time to a functional level [7].
So many gait parameters has been studied for assessment
of dual task interference. A recent research shows the
gait parameters velocity, step time, swing time, and
stance time have a significant interaction between com-
plexity of mental task and articulation, with articulation
having a greater effect at higher levels of complexity [8].
Very few researchers have taken the kinematic variables
for the assessment of same. Knee joint has its leading
role in most of the locomotion like walking, running
squatting and sitting crossed leg (SCL). So knee angle
can be the most affected parameter while monitoring
dual task assessment. Figure 1 shows the knee joint
cognition aspects. Time histories of neuromuscular and
mechanical variables of human motion are often com-
pared by using discrete timing events (onset, offset, time
to peak, zero crossing, etc.). The determination of these
discrete timing points is often subjective and their inter-
pretation can cause confusion when attempting to com-
pare patterns [9].

1.2. Crosscorrelation

Keeping in mind the matching of pattern of knee angle
trajectories for various locomotion tasks has been moni-
tored to assess the effect on mental task on locomotion
activity. Crosscorrelation is a well-known and elegant
method of detecting common periodicities between two
signals of interest. Crosscorrelation is a measure of
similarity of two waveforms as a function of a time-lag
applied to one of them. For discrete functions, the
crosscorrelation is defined as:

(-0 )= 3 1nlgloen] @)

where f and g are two time series, having m samples
each. The n variable corresponds to the lag (in number
of samples) by which the time series is shifted. The
crosscorrelation gives an indication of pattern similarity
between the two sets of data. In that sense Crosscorrelation
is an objective means of pattern recognition and com-
parison. Crosscorrelation has been used to quantify co-
ordination between joints of the same and different limbs
during spontaneous kicking in 7 to 8 week old infants
[10]. Study has been conducted to compare EMG signals
from different walking trails, different test sessions, and
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different individuals in able-bodies adults. The results
shows that crosscorrelation may be useful for evaluating
changes in an individual patient’s muscle activation pat-
terns [11]. Another potential application of crosscorrela-
tion was in monitoring the adaptations in interlimb and
intralimb coordination to asymmetric loading in human
walking. Changes in coordinative patterns were guanti-
fied utilization both crosscorrelation and root-mean-
square difference (RMS) measures. Crosscorrelation
measures were utilized to assess differences in the tem-
poral evolution between coordination patterns [12].

1.3. Cyclogram

A cyclogram is formed by ignoring the time axis angle
and directly plotting knee angle of one leg VS knee an-
gle of other leg (Figure 3). Cyclograms reflect the gait
kinematics during the total gait cycle which is different
from having other discrete measures such as the step
length, or walking speed, which are more common in
literature. The geometrical features of cyclogram have
been used to study the human walking in slope surface
[13]. Simple iterative algorithm has been proposed for
the computation of moments from a polygon approxima-
tion of the boundary, like in cyclogram. A discrete ver-
sion of Green’s theorem, which evaluates a double sum
over a two dimensional discrete object by a simple
summation along the discrete boundary of the object,
was implemented [14,15]. The cyclograms are readily
adaptable to clinical purposes by overlay of normal and
abnormal gait traces. In human the pattern is speed de-
pendent, highly predictable, and dramatically affected in
the case of gait abnormalities. Comparison between bi-
pedal and quadrupedal locomotion has been done by
cyclogram [16]. Neural network approach was used to
classify three gait patterns using the features of hip-knee
cyclogram. Three gait patterns were generated from
normal gait, a simulation of leg length difference, and a
simulation of leg weight difference [17]. Cyclogram is
also used for gait signature. If it is use as the signature in
gait recognition and verification, it could lead to an
automatic person recognition system using video footage
from security cameras. To compare the signatures be-
tween two gaits, the difference of shape and phase of the
cyclograms were calculated using the point projection
method and extreme points of curves [18].Hip range,
knee range, ratio of hip range/knee range, ratio of knee
range/hip range, area of cyclogram, circularity, eccen-
tricity, orientation, and cusp orientation [19]. No litera-
ture is available that reports use of cyclogram for as-
sessing the dual task interference. Authors used the pe-
rimeter of knee-knee cyclogram to see the eefect of
mental task on gait coordination. Further the results are
compared with the previous work of authors in which
the crosscorrelation between knee angles was used to
assess the effect of mental task on gait coordination [20].
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To compare the performance of both techniques the sen-
sitivity of both, for gait with mental task is calculated as
follows:

% sensitivity (CC) = {CCC (NW)-CCC (MT)}/CCC (NW)
)
% sensitivity (CP)) = {CP (NW)-CP (MT)}/CP (NW)} (3)

Where CCC- peak of crosscorrelation coefficient, CP-
Cyclogram Perimeter, NW-Normal Walk, MT-walking
with mental task, CC-Crosscorrelation.

Besides Crosscorrelation and Cyclogram, Artifical Neu-
ral Network (ANN) can be most powerful tool to evalu-
ate the coordination in different gait patterns [21,22].
Though ANN needs more computational power and is
quite complex to be calculated in comparision of Cross-
correlation and Cyclogram, in real time. So authors
compared the sensitivity of Crosscorrelation and cyclo-
gram for this study.

2. EXPERIMENTAL METHOD

Six male healthy subjects (mean age=26 years, S.D.
=4.6years) without any history of lower extremity injury
participated voluntarily for the experiment. All of them
provided written consent to participate. Subjects were
educated enough to carry out the mental task exercise.
Data was collected in a 3 D motion analysis system us-
ing six CCD Cameras. EVA 7.0 and Orhtotrak 6.2 soft-
ware were used for data recording and gait analysis re-
spectively. Twenty five Cleveland markers were placed
on the subjects.

2.1. Experiment Protocol

Subjects were introduced to the various locomotive tasks
initially, except walking with a mental task. This was
done to avoid any biasing to the mental state while only
walking. Data recording began 2-3 minutes after the
subjects began walking. This was done to habituate the
subjects to maintain constant speed. This speed was pre-
ferred speed. Seven to eight trials were performed for
each locomotive task to get sufficient amount of data for
comparison and analysis. After completing all locomo-
tive tasks, they were asked to perform a mental task ex-
ercise along with walking. The mental task assigned to
them was naming of months from December to January.
Subjects were instructed not to skip any month in be-
tween and if they commit any mistake they should im-
prove it. Thus difficulty level of the task was maintained.

2.2. Data Collection

Data was collected at the sampling frequency of 120 Hz.
The time duration to record the data for every trial was 3
seconds, except walking with mental task. Therefore the
total sample for a trial was 360. While having mental
task the subjects was instructed to walk until they com-
plete it. Some of the trials were not included for analysis
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as they were corrupted due to incomplete information or
noise. A low pass Butterworth filter with cut off of 6.0
Hz was used to remove the noise from data. The
Orthotrak software produced output in Excel format. The
data from Orthotrak was imported to Matlab 7.0 for
analysis. Out of 360 samples, data which completes a
gait cycle was taken for analysis i.e. heel strike to heel
strike. The data in different planes was analyzed. The
CCC between the knee angles was observed for every
trial in all the planes. The knee angle was considered
because the knee plays a leading role in walking.

2.3. Data Analysis

The maximum of CCC was calculated and noted down
for each trail. The CCC in the other two planes Frontal
and Transversal were also calculated. Figure 2.1 shows
the crosscorrelation coefficient profile for walking and
walking with mental task. The CCC in these planes var-
ied irregularly and was low too, thus, it was not possible
to reach a conclusion. Therefore their values were ig-

Figure 2 NW denotes Normal Walk and MT denotes walking
with mental task.
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nored. The CCC was calculated using Eq. 1 where f and g
are left and right knee angle time series, respectively.
Cyclogram was drawn as right knee angle vs. left knee
angle. Figure 3 shows the cyclogram for while walking
and walking with mental task. There was a possibility to
synchronize both lower limb gait events, using the lag
where peak CCC exists, to draw cyclogram. This
was avoided to get any bias of CCC in cyclogram. Cyc-
logram perimeter is calculated from following Equation:

Li ={ @u(i+1)- Bu(i))* + (@u(i+1)- Bu)’}?  (4)
where @ represents the angle of left knee and @y
represents the angle of right knee. i represents a particu-

lar instant of time. L=Zn:(Li) gives the value of cyclo-

i=1
gram perimeter.

The cyclogram perimeter is the total distance travelled
in their respective joint spaces. Cyclogram area was not
taken into consideration as it is more sensitive to noise
comparative to perimeter.
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Figure 3 NW denotes Normal Walk and MT denotes
walking with mental task.
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3. RESULTS

3.1. Crosscorrelation

The CCC with walking is 0.78 (mean) SD = 0.03 which
significantly decreases to 0.62(mean) SD = 0.01. The
CCC in the other two planes Frontal and Transversal
were also calculated. The CCC in these planes varied
irregularly and was low too, thus, it was not possible to
reach a conclusion. Therefore their values were ignored.

3.2. Cyclogram Perimeter

Cyclogram perimeter decreases with mental task. The
normal walk knee-knee cyclogram perimeter matches
with the range of hip-knee cyclogram (212.8 degree) cal-
culated at 0 degree slope of walking [13]. The Cyclogram
perimeter with walking is 268.2 (mean) SD = 13.2 which
significantly decreases to 261.9 (mean) SD = 16.9.

In contrast to cyclogram perimeter, Crosscorrelation
shows higher sensitivity (mean=21.5 S.D. =2.8) towards
the mental task along with gait. The sensitivity calcu-
lated for cyclogram perimeter was mean=2.9 S.D. =1.5.

4. DISCUSSION AND CONCLUSIONS

Methods have been proposed to assess mental task while
locomotion. CCC analysis in this research work shows
CCC as a good marker to assess mental state. CCC
decreases significantly as the walking goes along with
the mental task. The results also shows that CCC is
highly subjective but it follows the same decreases
pattern with mental task. Using Knee angle is more
direct measurement in comparision to EMG. Cross cor-
relation and Cyclogram are independent techniques.
Though both of them are well established technique to
quantify coordination, this study shows CCC is highly
sensitive to quantify the change in coordination of limbs,
while with mental task. This may be due to the fact that
in Crosscorrelation it is the strength of matching of sig-
nals to each other with respect to time irrespective of the
range the signal (knee angle) covers while in cyclogram
it is the sum of range covered by the knee angles trajec-
tories. In terms of implementation in real time in hard-
ware both are equal in terms of complexity. Finally, this
study involved a limited number of healthy subjects and
the level of education, of subjects, is not taken into
account. This work was performed in the 3 D motion
analysis lab, a portable , low cost embedded system can
be design to calculate CCC and cyclograms of knee
angles in the saggittal plane while walking and then can be
dedicated for the assesment/toughness of mental task only.
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ABSTRACT

The bionic arm is a prosthesis which will allow the
amputees to control it with the help of their own
brain instead of depending upon the mechanical
functions of the artificial limbs which are at present
available in the market. A complex design of control
systems is embedded in the bionic arm which will
receive and analyze the signals from the brain and
convert the electrical energy to mechanical energy,
making the bionic arm move.

Keywords: Neural Network; Bionic, Amputation;
Upper Limb

1. INTRODUCTION

Bionic arm is a revolutionary idea for amputees across
the globe. This is as close as we can get to our natural
limb. The fundamental point is to make the arm move
with our brain unlike previous prosthetic upper limbs. In
the case of bionic arm we take the nerve conduction sig-
nals from the brain and amplify it so that we can register
the signal and convert that electrical signal into me-
chanical energy so as to move the mechanical device i.e.
the arm. Prosthesis is being used and constantly being
perfected to suit human needs. Various types of prosthe-
sis have been made to suit many actions but not all. But
the bionic arm will be able to perform all kinds of
movements of the human upper limb even the most dif-
ficult actions like unscrewing the cap of bottle or picking
up a coin from the ground. This arm will also be able to
judge the correct pressure required for any movement.

2. METHODS

The electrodes placed near the chest region will detect
the strongest of the nerve impulses from the brain which
is then fed to the biopotential amplifier to amplify the
signals. The amplified signals are then routed to the
transducer to convert this electrical energy to mechanical
energy enabling the bionic arm to move as per the
strength of the signal. This can be further explained by
mathematics as given below.

This here is a mathematical model in order to simulate

the function of the brain. For this purpose the NARMA
L2 Controller has been used. To put it more generally
neural networks have been used [1].

2.1. Model Components

The Figure 1 above shows the arrangement of the circuit
components of the Model of Bionic Arm. [2,3]The uni-
form random signal goes to the brain that is the Narma
L2 Controller which goes to the subsystem of bionic arm
which consists of the biopotential amplifier and the
transducer, Figure 2 shown below. The graphical result
is viewed in the scope.

2.2. Narma L2 Controller

[4]1The neurocontroller described in this section is re-
ferred to by two different names: feedback linearization
control and NARMA-L2 control. It is referred to as
feedback linearization when the plant model has a par-
ticular form (companion form). It is referred to as
NARMA-L2 control when the plant model can be ap-
proximated by the same form. The central idea of this
type of control is to transform nonlinear system dynam-
ics into linear dynamics by canceling the nonlinearities.
Figure 3 represents the training to identify the Narma
L2 controller. This section begins by presenting the
companion form system model and demonstrating how
you can use a neural network to identify this model.
Then it describes how the identified neural network

Figure 1. Block diagram of bionic arm. [5]
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Figure 2. Circuit Diagram of Biopotential Amplifier and
Transducer. [5]

Figure 3. Neural Network Training to identify
the Narma L2 controller. [5]

model can be used to develop a controller. This is fol-
lowed by a demonstration of how to use the NARMA-
L2 Control block, which is contained in the Neural Net-
work Toolbox™ block set.

3. IDENTIFICATION OF NARMA-L?2
MODEL

As with model predictive control, the first step in using
feedback linearization (or NARMA-L2) control is to
identify the system to be controlled. You train a neural

network to represent the forward dynamics of the system.

The first step is to choose a model structure to use. One
standard model that is used to represent general dis-

Copyright © 2010 SciRes

crete-time nonlinear systems is the nonlinear autoregres-
sive-moving average (NARMA) model. The notation
MA (q) refers to the moving average model of order q:

p q
Xy =C+eg +Z:§0i)<t—i +Z‘,Hi'gt—i
i-1 i-1

Where the 64, ..., 8, are the parameters of the model, p
is the expectation of X; (often assumed to equal 0), and

the, €, &_,,... are again, white noise error terms. The

moving average model is essentially a finite impulse
response filter with some additional interpretation placed
on it. This is the identification procedure used for the
NN Predictive Controller.

The only problem with using this controller is that if
you want to train a neural network to create the function
G to minimize mean square error, you need to use dy-
namic backpropagation ([NaPa91] or [HaJe99]). This
can be quite slow. One solution, proposed by Narendra
and Mukhopadhyay [NaMu97], is to use approximate
models to represent the system. The controller used in this
section is based on the NARMA-L2 approximate model.

Figure 4. Testing the signals for the Narma
L2 Controller.

Figure 5. Training the signals for the Narma
L2 Controller.
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Figure 6. Validation of signals of Narma L2 Controller.

Figure 7. The final graphical result of the signal versus time of
the bionic arm.

4. RESULTS

Since the brain receives various signals to perform a
wide range of functions pertaining to different systems
of the human body any unknown system would require

Copyright © 2010 SciRes

training of the brain, in this case the NARMA L2 Con-
troller. We have to train it so that it can identify which
signals are exclusively for the movement of the upper
limb. The Figures 4, 5, 6 and 7 show us the various
stages the controller has to go through before we can
ascertain that the signals received are for the movements
of the upper extremity. Here, random uniform signals
have been taken as input data similar to the brain which
constantly receives and emits various types of signals for
different functions. The neural network will be able to
identify the upper limb action signals after this training
process has been completed.

5. CONCLUSIONS

The aim of this paper was to give a theoretical analysis
of a concept which can be implemented in practice. This
would also help to concentrate about the limitations of
the artificial upper limbs which can only perform a very
few actions making amputees all the more conscious of
their developed deficiencies.
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