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ABSTRACT 

To study immune reactions and the mechanism of 
anergy induced by recombinant enterotoxin A (rSEA) 
of Staphylococcus aureus. The gene encoding SEA 
was cloned from standard strain of S. aureus and 
high efficiently expressed in E. coli. After immuniza-
tion with purified rSEA, mice were examined for 
production of specific antibody, subtype of IgG, cyto-
kine mRNA levels such as IFN-γ, IL-2 secretion and 
T-cell surface PD-1 expression. Results showed that 
high levels of specific antibodies were produced in 
two weeks of primary immunization shot. During this 
time, humoral immune reactions prevailed (IgG2a/ 
IgG1 < 1). During the early phase, Th1 type cytokine 
mRNA is expressed at a higher level than Th2 type, 
indicating cellular immune reaction prevailed. Splen- 
ocyte IFN-γ secretion was significantly decreased af-
ter boosting immunization. The PD-1 expression was 
detected by a flow cytometry examination in the sur-
face of T- lymphocytes which were induced by rSEA, 
and the expression of PD-1 molecules increased along 
with the number of boosting and the time after im-
munization. 
 
Keywords: Staphylococcus Aureus; Enterotoxin A; Im- 
mune Respose 

1. INTRODUCTION 

Superantigens are distinguished from ordinary antigens 
by the ability that activates multiple T-cell clones. A very 
small amount can very effectively initiate the activation 
of immune system. Thus, superantigens have been con-
sidered to be widely applicable in tumor immune therapy. 
Their efficacy has also been considered superior to ex-
ogenous cell factor. With the development of relevant 
theory, superantigens have attracted much attention of 
studies [1,2]. Earlier studies applied superantigens inde-
pendently in anticancer therapy. Later, they were used 

after modification with targeted monoclonal antibody, or 
as an enhancer of tumor vaccine, or gene vaccine or in 
combination with other therapy. In the United States, a 
superantigen Fab-SEA has been tested for anti-cancer 
ability in phase I clinical studies. In China, superantigens 
have been used to promoted leukocytes [3,4]. 

Most currently known exogenous superantigens are 
toxins from bacteria. For example, the antigen studied in 
the currently report, enterotoxin A of Staphylococcus 
aureus, is one of these toxins. Superantigens that pro-
duced by bacteria upon infection may cause shock, fever, 
dehydration, skin eruption, organ failure, even death. 
The pathogenesis is that toxin superantigens stimulate 
large number of T-cells to proliferate, induce the secre-
tion of cytokines from T-cell and APC cell, which result 
in immune system disorder. Superantigens induced dis-
ease may occur through several ways: 1) Superantigen is 
the directly cause of the disease, such as toxic shock and 
food intoxication. 2) Superantigen enhances the effect of 
the other infectious factors. 3) Superantigen induces 
autoimmune reaction by activating large number of T 
and B cells [5]. Up to date, there is no proof on the rela-
tionship between superantigen and some disease. How-
ever, the effects of superantigens in food intoxication, 
toxic shock and some infectious disease are very clear 
[6]. An understanding of the mechanism by which bacte-
rial superantigens activate T-cell and pathogenesis is 
theoretical bases for the application of superantigens in 
cancer immunotherapy. To this end, we studied the hu-
moral and cellular immune reactions to recombinant 
SEA protein (rSEA), explored the relationship between 
inhibitory lymphocyte receptors and anergy induced by 
rSEA. 

2. EXPERIMENTS 

2.1. Materials and Methods 

2.1.1. Materials 
Staphylococcus aureus was provided by Shenzhen Cen-
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tre for Diseases Control and Prevention. Two strains of E. 
coli, DH5α, BL21(DE3) and pET-28a were the collec-
tion in the author’s laboratory. Cloning vector pGEM-T 
easy was purchased from TaKaRa. 

Antibody FITC-CD3, PE-PD-1 and corresponding 
negative control were purchased from BD Company. 
ELISA kit was purchased from Shenzhen Biotech Lim-
ited. Trizol and reverse transcription kit were pur-
chased from TaKaRa Bio Inc. 1640 media, Lym-
pho-Spot TM serum-free media and mice IFN-γ 
ELISPOT kit were purchased from Dakewei Biotech 
Ltd. One hundred and eight BALB/c mice were pur-
chased from Guangdong Center of Experimental Ani-
mal, maintained according to standard clean protocol. 
The mice used in the experiment were 15-20 g of body 
weight, 6-8 weeks of age. 

2.1.2. Preparation of rSEA 
Primers were derived from GenBank SEA sequence 
(AY827552): sea F: 5’GCC GCT AGC ATG AAA AAA 
ACA GCA TTT ACA TTA C 3’ (underlined is NheI di-
gestion site); sea R: 5’CGC CGT CGA CTT AAC TTG 
TAT ATA AAT ATA TAT CAA 3’ (underlined is Sal I 
digestion site). 

DNA template was from SEA producing standard 
strain. PCR product was prepared with sea F and sea R 
primers, separated with 1.5% agarose gel electrophoresis. 
After purification, the PCR product was inserted in 
pGEM-T easy vector. The recombinant plasmid was 
propagated in DH 5α, selected with ampicillin on LB 
plate. 

An expression vector of SEA was constructed by sub-
cloning of the gene in pET-28a plasmid with E. coli 
BL21 (DE3) host. A recombinant clone was cultured in 
shaking incubator and induced by IPTG (final concen-
tration 1 mmol/L) for 6 hours. Bacteria were centrifuged, 
lysed with ultrasound. After centrifugation, rSEA was in 
the pellet. Subsequently, the pellet was resuspended in 
8.0 mol/L urea, and purified by Ni2+ affinity chromatog-
raphy. The elution solution was imidazole (500 mmol/L). 
The rSEA protein was refolded and further purified to a 
high purity. 

2.1.3. IgG Level Determination by ELISA Assay 
Twenty BALB/c mice were assigned to either experi-
ment group or control group at random. Lyophilized 
rSEA was resuspended in PBS and diluted to targeted 
concentration, mixed with equal volume of adjuvant, 
and injected subcutaneously into mice. The first injec-
tion was 100 µg, the second and third injection was 50 
µg each at 2 weeks interval. Tail blood was collected 
each week before and after injection for 8 continuous 
weeks.  

rSEA protein was diluted in embedding buffer to   
10 µg/mL, aliquoted to multi-well plate (100 mL/well). 

The plate was incubated at 4℃ overnight, and then 
washed with PBST (PBST containing 0.05% Tween-200) 
three times, blocked with blocking solution for 1 h at 
37℃. Subsequently, serum from each experiment groups 
were diluted 1:1000 in blocking solution, added to the 
plate, incubated at 37℃ for 1 hour. The plated was then 
washed with PBST for 3 times. HRP conjugated Rabbit 
anti-mouse IgG (1:5000) was added to the plate and in-
cubated for 1 hour at 37℃, washed with PBST three 
times. Finally, diaminobenzene substrate solution con-
taining hydrogen peroxide was added to the plate and 
allowed to develop for 10 min in dark. The reaction was 
stopped by addition of 2 mol/L H2SO4. Absorbance was 
determined with spectrometry at 450 nm. 

2.1.4. Subtype Antibody Level Determination with 
ELISA 

Serum antibody subtypes were determined at 3, 5 and 7 
weeks after immunization. The method was the same as 
described above, except the secondary antibody was 
replaced by HRP conjugated mice IgG1 (1:1000) and 
mouse IgG2a (100 µL/mL). 

2.1.5. RT-PCR Analysis of Spleen Cytokine      
Expression 

Sixty BALB/c mice were assigned to two groups and 
immunized with rSEA. Splenocytes were collected 
from 5 mice in each group at 0 h, 2 h, 12 h, 24 h, 2 w 
and 3 w post immunizations. Spleen total RNA was 
extracted with Trizol according to manufacturer’s in-
struction. The mRNA levels of IL-2, IL-4 were deter-
mined with RT-PCR using specific primers. IL-2 prim-
ers were 5’- CTT CAA GCT CCA CTT CAA GCT-3’ 
(forward) and 5’-CCA TCT CCT CAG AAA GTC CAC 
C-3’ (reverse). The amplicon was 198 bp. IL-4 primers 
were 5’-CAT CGG CAT TTT GAA CGA GGT CA-3’ 
(forward) and 5’-CTT ATC GAT GAA TCC AGG CAT 
CG-3’ (reverse). The IL-4 amplicon was 203 bp. The 
expression of β-actin was used as internal control. The 
primers for β-actin were 5’-CAT CCG TAA AGA CCT 
CTA TGC CAA C-3’ (forward) and 5’-ATG GAG CCA 
CCG ATC CAC A-3’ (reverse). The β-actin amplicon 
was 238 bp. The thermal cycles of PCR were: pre de-
naturation at 94℃ for 5 min, 30 cycles of amplification 
(94℃ 30 s, 55℃ 30 s and 72℃ for 1 min). RT-PCR 
product was analyzed by 1% agarose gel electrophore-
sis [7]. 

2.1.6. Relative Quantification of Cytokine Expression 
Gel image was scanned with UVI system, and bands 
were quantified with UV band software. Band intensities 
were determined using β-actin as internal control. The 
relative expression levels (Ling, R.Y., et al.,) of cyto-
kines were determined by: 

Relative expression level = (test gene band inten-
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sity)/(β-actin band intensity)×100%. 

2.1.7. IFN-γ Detection by ELISPOT Assay 
Twenty four mice were assigned to either control group, 
or single immunization group or boost group (n = 8), 
injected intraperitoneally with rSEA (100 µg/animal) or 
PBS (control group). Mice were sacrificed by cervical 
dislocation 24 h after the last injection, and splenocytes 
were isolated with sterile procedure. 

Lymphocyte preparation: spleen tissue was pressed 
against 200 micron mesh, filtered and spun. The second 
layer low density cells were collected and washed with 
1640 medium. Cells were resuspended in Lympho-Spot 
TM serum-free medium. Cell concentration was adjusted 
to 2 × 106/mL and examined with trypan blue exclusion 
assay. Cell viability was greater than 95%. 

IFN-γ detection with ELISPOT pre-embedded kit: 1) 
plates were seeded with splenocytes (1 × 105 cells/well), 
which were stimulated with 5 µg/mL rSEA antigen. 
Each sample was done with triplicates. ConA (5 µg/mL) 
or medium was added to the positive or negative control 
wells respectively. Cells were cultured at 37℃ for 36 h. 
After wash, biotinated anti mouse IFN-γ was added to 
the wells (100 µL/well), and the plate was incubated for 
1 h at room temperature. 2) After washed, streptoavidin- 
HRP was added to each well (100 µL/well) and incu-
bated for 1 h at room temperature. 3) Upon wash, HRP 
substrate AEC was added to the plate. Color was devel-
oped in dark. The plate was washed with water and dried. 
4) Spots were counted. The unit was defined as spots/105 
spleen cells. Negative control has less than 10 spots/105 
splenocytes. Test wells that had greater than 2-fold the 
spot number of the negative control well was counted as 
positive. 

2.1.8. PD-1 Expression Determination by Flow     
Cytometry 

Sixty mice were assigned to either single immuniza-
tion group or boost group or control group (n = 20) and 
injected with rSEA or PBS. Animals were sacrificed at 
2 h or 24 h post last immunization. Splenocytes were 
isolated as described above. Cells were stained with 
FITC- conjugated anti-CD3 and PE-labeled PD-1. Af-
ter fixation, cells were examined with flow cytometer. 
Cell concentration was adjusted to 2 × 106 cells/mL. 
500 µL of the cell suspension was loaded to each of 
two flow tubes. FITC Anti-Mouse CD3 (5 µL), PE 
Anti-Mouse PD-1 (5 µL) or equal volume of respec-
tive control solution was added to the tubes. After mix 
by shaking, the tubes were set in dark for 45 min at 
room temperature. Cells were spun, washed with PBS 
once and resuspended in 200 µL PBS, fixed with 500 
µL paraformaldehyde (4%) and examined with flow 
cytometry. 

M      1       2   

bp 

      

100 

 

800 

 

Figure 1. Amplification of SEA gene from Staphylococcus 
aureus genomic DNA. M was 100 bp DNA Ladder, lane 1, 2 
was PCR product of SEA gene. 
 
2.1.9. Statistical Analysis 
Data were analyzed with SPSS 11.5 software. Results 
were presented as mean ±s. Comparisons between 
groups were analyzed with ANOVA. Statistical signifi-
cances were inferred when p < 0.05 or p < 0.01. 

3. RESULTS AND DISCUSSION 

3.1. Cloning of SEA Gene 

With the specific primers, we identified 2 strains, out of 
10 wild type S. aureus, to be positive for producing en-
terotoxin A (Figure 1). The PCR product was inserted 
into pGEM-T easy vector and propagated in DH5α. The 
plasmid insert was sequenced, which confirmed that the 
insert sequence was identical to AY827552. The size was 
786 bp encoding 261 residues. 

3.2. Expression, Purification and Refolding of rSEA 

The recombinant plasmid pET-28-SEA was transformed 
into E. coli BL21 cells and the transformants were in-
duced with IPTG for 6 h. Bacterial cells were disrupted 
with ultrasound. Upon centrifugation, the recombinant 
protein was identified in the precipitate, demonstrating 
that rSEA was expressed as inclusion body. During Ni2+ 
affinity chromatography, rSEA was eluted at 500 mmol/L 
imidazole. After purification and refolding, high purity 
rSEA was obtained (Figure 2(a)). 

Immunobloting analysis showed that the refolded SEA 
was reactive with specific polyclonal antibody and the 
molecular weight was as expected 31 kD. This result 
demonstrated that the recombinant SEA has similar an-
tigenicity as the natural one (Figure 2(b)). 

3.3. Humoral Immunity Induced by rSEA 

In order to study the process of humoral immunity in-
duced by SEA, we examined specific IgG production in 
sera from mice immunized three times with conventional 
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Figure 2. (a) SDS-PAGE analysis of recombinant SEA(rSEA)  
preparation by affinity chromatography. M was molecular 
weight markers, lane 1 was cell extract from pET28a-rSEA 
transformed E.coli, Lane 2,3 was recombinant SEA of affinity 
chromatography; (b) Western-blot analysis of purified rSEA 
protein. M was molecular weight markers, lane 1 was negative 
sera act as control sera, lane 2 was anti-rSEA sera act as first 
antibody. 
 
protocol. Results showed that specific antibody level in 
the immunized mice (OD450 = 2.492 ± 0.082) was mark-
edly higher than that in the control mice (OD450 = 0.054 
± 0.032) three weeks after the first immune shot (P < 
0.01). There were no significant changes in antibody 
levels before and after the second (week 3, 4) and third 
shots (week 5, 6) in the immunized mice (P > 0.05). Two 
weeks after the last shot, the antibody level was slightly 
reduced, but not significantly (P > 0.05). 

To evaluate the immunogenicity of rSEA as a candi-
date of cancer therapeutics, we assessed specific serum 
antibody in immunized mice, investigated the process of 
rSEA induced humoral immunization. The key steps of 
humoral immunization are the activation and prolifera-
tion of B-lymphocytes, which require the stimulation of 
secreted factor or exogenous antigen and the assistance 
of CD4+ T cells. We performed ELISA analysis on the 
mouse sera collected at different time point, discovered 
that specific immunoreactions were strongly induced 
within two weeks of immunization. (The immunized 
animals produced significantly higher antibody levels 
than the control animals and) the high antibody levels 
were maintained for a long time. Compared with a single 
shot immunization, boost immunization did not increase 
rSEA specific antibody levels (Specific IgG induced by 
rSEA can be used to destroy cancer cells through the 
activation of complement and superantigen-dependent 
cell-mediated cytotoxicity) [7]. 

3.4. IgG Subtype Induced by rSEA 

Changes in specific IgG subtype levels were shown in 
Figure 3. IgG1 levels were significantly different between 
control group (C group) and test group (T group) three 

weeks after immunization (P < 0.05). The differences 
were even more pronounced 5 and 7 weeks after immuni-
zation (P < 0.01). IgG2a levels were different between the 
two groups only at three weeks after immunization (P < 
0.05). In the test group, specific IgG1 levels continuously 
increased along with time and the number of immune 
shots (Figure 3(a)). In contrast, IgG2a levels decreased 
during the same period (Figure 3(b)). The ratio of 
IgG2a/IgG1 did not change in the control mice at 3, 5 and 7 
weeks (data not shown). However, this ratio showed a 
trend of decrease in the test group (Figure 3(c)), which  

 

 

(a) 

 

 

(b) 

 

 

(c) 

Figure 3. Specific IgG subtypes induced by rSEA from mice 
immunized. (a) IgG1; (b) IgG2a; (c) IgG2a/IgG1 
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was significantly different from that of control group at 
5 and 7 weeks (P < 0.05). 

IgG1 (Th2) and IgG2a (Thl) are type markers of im-
munoreactions. The ratio of IgG2a/IgG1 indicates whether 
the humoral immunoreactions are dominated by Th1 or 
Th2. In the current study, we selected peripheral serum 
from mice two weeks after immunization, assessed lev-
els of IgG1 and IgG2a with ELISA. Results showed that 
IgG1 level was higher than IgG2a level after initial im-
munization, and that IgG1 exhibited a trend of increase 
along with time and the increase in the number of shots 
(Figure 4(a)), while IgG2a level showed a trend of de-
crease (Figure 4(b)). Thus, the ratio of IgG2a/IgG1was 
always smaller than 1, and exhibited a trend of decline 
(Figure 4(c)). These data indicated that rSEA-induced 
immunity was dominated by Th2 reaction and the domi-
nance tends to be enhanced by boost shots. 

3.5. Effects of rSEA on Splenocyte Cytokine 
mRNA Levels 

Messenger RNA levels of IFN-γ, IL-4 and β-actin in  
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Figure 4. (a) RT-PCR results of cytokine in  spleen of immu-
nized mice with rSEA, PBS acted as control of immunization, 
and fragment of -action was as a RT-PCR control; (b) Analy-
sis of Cytokine mRNA expression in spleens of immunized 
mice at different time. 

splenocytes were analyzed with RT-PCR. The PCR 
products were the expected sizes 198 bp, 203 bp and 
238 bp (Figure 4(a)). Before immunization (0 h), IFN-γ, 
IL-4 mRNA was not detectable. After immunization, 
mRNA levels increased. Levels of mRNA in immunized 
groups were significantly higher than that in PBS group 
at 2, 12 and 24 h (P < 0.01). There was no significant 
difference between the two groups in the mRNA levels 
24 h after immunization. At 2 and 12 h after immuniza-
tion, IFN-γ mRNA levels were higher than IL-4 in the 
immunized grouping (P < 0.01). In contrast, at 24 h after 
immunization, IL-4 mRNA level was higher than IFN-γ 
mRNA (P < 0.05) (Figure 4(b)). 

We investigated mRNA levels of two cytokines after 
immunization with semi-quantitative RT-PCR. Results 
showed that both cytokines were greatly increased after 
induction with rSEA. At 2 h post immunization, IL-2 
mRNA was higher than IL-4 mRNA level and reduced 
soon after. In contrast, IL-4 mRNA was low at 2 h after 
immunization and gradually increased, peaked at 12 h 
and then gradually decreased. Therefore, during immune 
reaction, Th1 type cytokine proliferated earlier than Th2 
type cytokine, but the level rapidly reduces to become 
lower than Th2 cytokine level. This kinetic process is 
consistent with the change in serum IgG subtype [8,9]. 
Microphages (MΦ) are very important immune cells 
with unique anti-cancer effect. They provide immune 
surveillance, antigen presentation and effector functions. 
Through antigen presentation, MΦ activates T-cell and 
enhances specific anti-cancer immunity. MΦ also non- 
specifically destroys cancer cell upon contact. Activated 
MΦ releases many cytokines and bioactive factors that 
regulate cancer immunity [10]. IFN-γ secreted by T cells 
and NK cells is the most potent MΦ activator. However, 
IFN-γ production during tumor genesis is insufficient, 
leading to insufficient MΦ activation. Superantigens 
have powerful immune activation ability that can induce 
the release of large amount of cytokines. This point has 
been proven by previous experiments [11,12]. To further 
study the relationship between rSEA and IFN-γ secretion, 
we analyzed splenocyte IFN-γ secretion in immunized 
mice with ELISPOT technique. Our results showed that 
splenocyte can secret IFN-γ at high frequency after pri-
mary immunization, (which is significantly different 
from the control splenocytes). This cellular immune re-
action is rSEA specific, because splenocyte stimulated 
by other antigens produced little IFN-γ. Boost shot did 
not enhance antibody production (P > 0.05), suggesting 
rSEA as a superantigen may induce anergy after primary 
immunization [13]. 

3.6. Effects of rSEA on Splenocyte IFN-γ 

To further explore immunoreactions to rSEA, we as sessed 
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changes in IFN-γ secretion by splenocytes with ELIS-
POT assay. As shown in Figure 5, little specific IFN-γ 
were produced without stimulators. In contrast, IFN-γ 
was produced in the three groups of mice stimulated 
with rSEA or ConA. Mice in single shot group and 
boosted group produced more IFN-γ than that in control 
group (P < 0.01). There were no differences in IFN-γ 
levels between the single shot group and the boost group 
(P > 0.05). 

tion of immune reactions. The mechanism has been 
widely investigated. Studies have shown that interaction 
between PD-1 and its complementary PD-L leads to the 
inhibition of T-cell proliferation and the attenuation of 
IL-2, -10 and IFN-γ secretion. This mechanism is very 
important for organ transplant, autoimmune disease and 
cancer immunity. An examination of splenocyte IFN-γ 
secretion with ELISPOT assay revealed that boost shot 
did not enhance cellular immunity, suggesting possibility 
of anergy after rSEA immunization. Regulation of immunity includes initiation and termi-

nation of immune reactions, dependent of internal and 
external signal. External signal is transmitted through 
surface receptors. There are stimulatory and inhibitory 
receptors that positively or negatively regulate cell acti-
vation. Inhibitory receptors of the B7 family include 
cytotoxic T lymphocyte associated antigen 4 (CTLA-4), 
programmed death-1 (PD-1) and B and T lymphocyte 
attenuator (BTLA) [14]. These three inhibitory receptors 
belong to the CD28 family. Upon binding with different 
members of B7 family, these receptors can inhibit activa- 

3.7. T-Cell PD-1 Expression Induced by rSEA 

PD-1 expression in T-cell was examined 2 h and 24 h 
after a single shot immunization or boost immunization. 
Splenocytes were stained with FITC-anti-CD3 and PE- 
anti-PD-1, fixed and examined with flow cytometer. 
Results showed that T-cell surface PD-1 expression in 
the rSEA immunized mice were significantly higher than 
that in the control mice (P < 0.01). Significant differ-
ences were observed between 2 h and 24 h in the expres-
sion of PD-1 in the single shot and boost shot immuniza-
tion. Also, significant differences were also observed in 
PD-1 expression between single shot and boost shot (P < 
0.91) at 2 h and 24 h (Figure 6). 

PBS control

rSEA stimulation

ConA stimulation

  First  

immunization 

    Before 

 immunization 

  Second  

immunization 

 

 

We examined the expression of PD-1 in immunized 
splenocytes with flow cytometry to interrogate its rela-
tionship with immunized time and the number of shots. 
Results showed rSEA immunized mice had higher PD-1 
expression and boost shots further enhanced PD-1 ex-
pression. PD-1 levels in boosted group were higher than 
that in the non-boosted group. Also PD-1 levels at 24 h 
after immunization were higher than that at 2 h. This 
reaction was rSEA-specific, since the PD-1 level in con-
trol group did not change over time. These results ex-
plained unresponsiveness of IFN-γ level to boost shots, 
suggesting that inhibitory receptor PD-1 attenuated 
T-cell proliferation and IFN-γ secretion [15]. 

Figure 5. ELISPOT analysis of IFN-γ in mice spleen immu-
nized with rSEA at different stage of immunization. 
 

 

Figure 6. Expression of PD-1 molecular on spleen T cells of mice immunized with rSEA, FCM showed different expres-
sion of PD-1 molecular on 3d ,6d and 9 d.after immunized. 
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4. CONCLUSIONS  

Superantigens are powerful activator of T-cell. Distinct 
from ordinary antigens, superantigens can directly attach 
to the outer groove of MHC-II and Vβ domain of TCR 
on T-cell surface, without the processing by antigen 
presentation cells. Even a trace amount of superantigen 
can activate 5%-20% of T-cells. Therefore, superanti-
gens have been tried in cancer immune therapy to pro-
mote internal anticancer immunity. Good results have 
been obtained from these trials. However, it has also 
been found that superantigen may induce apoptosis and 
inability after activating T-cells, leading to the attenua-
tion of response to additional stimulation. This property 
of tolerance induction limits the efficacy of superanti-
gens. Therefore, we have used rSEA to immunized mice, 
studied the characteristics of rSEA induced specific hu-
moral immunity and cellular immunity and the mecha-
nism of anergy. These studies could provide foundations 
for further studies of superantigens as tumor suppressors.  

rSEA has superantigen properties and that it can in-
duce powerful humoral and cellular immune responses. 
However, boosting immunization with rSEA caused an-
ergy through PD-1 mediated inhibition. 
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ABSTRACT 

Short interfering RNA (siRNA) is a powerful tech-
nique that can suppress gene expression in a variety 
of cells including mammalian cells. Endothelial pro-
genitor cells (EPCs) are bone marrow—derived 
haematopoietic progenitor cells that have been im-
plicated in vasculogenesis. We demonstrated for the 
first time that gene silencing of endothelial E-selectin 
using siRNA transfection in human umbilical vein 
endothelial cells (HUVECs) causes inhibition of EPC 
adhesion under flow conditions. Fluorescence im-
munobinding assay analysis showed that significant 
reduction of E-selectin surface expression in HU-
VECs (activated with IL-1β (10 U/mL) for 4 h) 
transfected with siRNA against E-selectin, but not in 
HUVECs transfected with LacZ siRNA (control). An 
EPC adhesion assay under flow conditions (shear 
stress = 1.0 dyne/cm2) then demonstrated that HU-
VECs transfected with E-selectin siRNA supported 
significantly less adhesion of EPCs than those HU-
VECs treated with control siRNA and no siRNA after 
activation by IL-1β (p < 0.05). Our experiments have 
shown the importance of E-selectin in EPC adhesion 
to HUVECs and the potential utility of gene silencing 
of E-selectin in EPC recruitment. 
 
Keywords: Endothelial Progenitor Cell; E-Selectin; Rnai 

1. INTRODUCTION 

The vascular endothelium is a vital border zone between 
the circulatory system and the tissues it supplies. It is a 
monolayer of endothelial cells (EC) that has pivotal roles 
in coagulation, inflammation, vasodilatation and vaso-
constriction through substances such as nitric oxide and 
prostaglandins [1]. 

Recently identified vascular progenitor cells from 
bone marrow (BM) and non-BM origin have been shown 
to contribute to neovessel formation [2]. Upon inflam-
matory conditions, the vascular endothelium was acti-

vated to capture progenitor cells in regions where endo-
thelium regeneration is needed.  

Though ischemia is believed to be the physiological 
stimulus for EPC mobilisation from the bone marrow, 
the mechanisms of EPC recruitment are less well under-
stood.  

Little is understood concerning the molecular mecha-
nisms of EPC adhesion to endothelial cells. In contrast, 
extensive studies have been conducted regarding leuko-
cyte-endothelial interactions. Previous experiments have 
demonstrated that P-selectin and E-selectin are involved 
in leukocyte rolling, whilst intercellular adhesion mole-
cule-1 (ICAM-1) is associated with leukocyte firm adhe-
sion [3]. The molecular players involved in leukocyte 
transmigration have been found to be molecules such as 
platelet–endothelial-cell adhesion molecule-1 (PECAM-1), 
junctional adhesion molecules (JAMs), vascular endothe-
lial-cadherin (VE-cadherin) and CD99 [4].  

Chavakis et al had implicated roles for β2-integrins in 
the homing and revascularisation of EPCs [5]. Vajcokzy 
et al had carried out in vivo experiments with mice to 
demonstrate that E-selectin is involved in adhesion of 
embryonic EPCs [6]. 

We recently reported an important role of endothelial 
E-selectin in mediating endothelial progenitor cell (EPC) 
recruitment [7]. 

In this study, we used a flow chamber system to 
mimic the in vivo circulation. The major advantage of 
this set-up is that conditions can be much more tightly 
controlled, so that the effect of individual molecules can 
be better ascertained than with an in vivo procedure. 

RNA inhibition has allowed us to silence genes for a 
variety of purposes. Short interfering RNA (siRNA) is a 
useful technique to define the function of a given mole-
cule [8].  

In this study we look at the role of E-selectin in EPC 
adhesion to endothelial cells using double stranded short 
interfering RNA (siRNA), in conjunction with the in 
vitro flow assay system. Knowledge of this study will 
allow us to better understand the process of EPC re-
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cruitment to endothelial cells, which will give greater 
insight into the process of vasculogenesis and its clinical 
implications.  

2. MATERIALS AND METHOD 

2.1. Cell Culture and Reagents 

Human umbilical vein endothelial cells (HUVECs) were 
cultured on 0.1% gelatin-coated tissue culture dishes as 
described previously [9,10]. The following antibodies 
were used in this study; H18/7 [11] (anti-human 
E-selectin mAb), Hu5/3 [12] (anti-human ICAM-1 
mAb). Recombinant human IL-1β was a gift from Bio-
gen Inc (Cambridge, MA). The HL60 cell lines were 
obtained from the American Type Culture Collection and 
cultured in RPMI-1640 containing 10% FCS. For use in 
the flow-chamber apparatus, HUVECs were plated onto 
22 mm fibronectin-coated glass coverslips as has been 
described previously [13,14]. 

Preparation of endothelial progenitor cells was previ-
ously described in detail [7]. 

In brief, 25 mL of the blood was collected from hu-
man volunteers, to which 15 mL Histopaque®-1077 so-
lution (Sigma-Aldrich Japan, KK) was added. After cen-
trifugation for 20 minutes at 1600 rpm, the upper layer 
was collected and diluted in Dulbecco’s phosphate buff-
ered saline, then add 2 mM EDTA (DPBSE, Sigma) and 
centrifuged at 2000 rpm for 5 minutes. The residual pel-
let was resuspended in 10 mL ammonium chloride solu-
tion (Stem Cell Technologies Inc) to lyse red blood cells 
and centrifuged at 1000 rpm for 10 minutes. The pellet 
was resuspended in Endothelial Cell Basal Medium 
(EBM-2, Clonetics®) and cultured in each well of a C-6 
plate (coated with fibronectin). Media exchange of the 
EPC culture was carried out after 4 days, and EPCs were 
used for flow assay after 7 days. All experimental pro-
cedures were approved by the Experimental Research 
Review Committee of the Tokyo Medical and Dental 
University (No. 0090014). 

2.2. Flow Assay 

The parallel-plate flow chamber that was used in this 
study has been described previously in more detail 
[15,16]. In summary, the chamber was composed of 2 
aluminium steel plates separated by a 200 µm thick si-
lastic gasket, and the flow channel was formed by re-
moval of a 5 × 20 mm rectangular section from the gas-
ket. Defined levels of flow were applied to the HUVEC 
monolayer by drawing the flow media (see above) 
through the channel with a syringe pump (model 44 
Harvard Apparatus). A plastic heating plate (Tokai Hit 
Co) was attached to the stage of an inverted microscope 
(IX50, Olympus) to maintain the temperature at 37℃. 
Using this set-up, the channel flow could be modelled as 

a two-dimensional fully developed laminar flow with a 
simple parabolic velocity profile.  

HUVEC monolayers on coverslips were stimulated 
for 4 h using IL-1β (10 U/mL), mixed with RPMI and 
1% FBS, then positioned in the flow chamber. The 
monolayers were perfused for 5 minutes with perfusion 
medium (flow media), then examined carefully to estab-
lish the monolayer as confluent. HL60 cells or EPCs 
were then diluted in the flow media to 1 × 106 cells/mL. 
The cells were then drawn through the chamber at con-
trolled flow rates to achieve wall shear stresses of 1.0 
and 2.0 dyne/cm2 for 10 minutes. 

2.3. Fluorescent Immunobinding Assay (FIA) 

HUVEC monolayers in 96-well plates were incubated on 
ice with the indicated primary antibody in RPMI/1% 
FCS at 10 μg/mL for 45 minutes. These wells were then 
washed three times with RPMI/1% FCS, after which 
they were incubated with a FITC-conjugated goat 
anti-mouse polyclonal F(ab’)2 antibody (Caltag Labora-
tories) diluted 1:100 in DPBS on ice. After 45 minutes, 
the wells were washed with DPBS/20% FCS twice, fol-
lowed by teo washes with DPBS only. Cells were lysed 
with 0.01% NaOH in 0.1% SDS. The fluorescence was 
then measured using a CytoFluor II (Perspective Bio-
systems) fluorescent plate reader set at 485 (excitation)/ 
535 (emission).  

2.4. siRNA Transfection of E-Selectin 

Short interfering RNAs (siRNAs) were designed to tar-
get the coding sequence of human E-selectin cDNA. The 
target sequences were directed as described previously8. 
Briefly, the sequences were targeted to the single-strand 
region consistent with the predicted secondary RNA 
structure and sequences of the form (AA/CA)N19 with 
GC contents of less than 70% were isolated from this 
region. Nineteen RNA nucleotides followed by TT/TG 
were selected, then chemically synthesised, and finally 
gel-purified.  

In order to anneal the single stock strands of RNAi 
(JbioS) 20 μL 50 μM sense, 20 μL 50 μM antisense and 
10 μL 10 mM MgCl2 in DEPC-PBS was mixed together, 
giving a dsRNA concentration of 20 μM. This was then 
heated at 95℃ for 2 minutes, 70℃ for 1 minute, 20℃ for 
30 minutes, and then 4℃ before being stored at –80℃. 
Solutions of 120 µL Optimem® (Invitrogen), 6 µL dou-
ble-stranded siRNA for E-selectin (siE-01) (or control 
using LacZ (scE-01) or no siRNA (i.e. Lipofectin alone)), 
120 µL Optimem® (Invitrogen) and 5 µL Lipofectin® (In-
vitrogen) were prepared, and left for 30 minutes then 
combined and again left for 30 minutes. Optimem® was 
then added to make up a total volume of 1.2 mL. This 
solution was then added to HUVEC monolayers pre-
washed with Optimem®, then incubated for 4 h at 37℃, 
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after which the HUVEC media was changed to EBM-2. 
The cells were used 24 h after transfection. 

2.5. Western Blot 

Western blot analysis was performed using lysates pre-
pared from HUVEC, as described previously [7]. An 
equal amount of protein (10 μg) from each condition 
was subjected to 5-20% SDS-PAGE. I mmunoreactive 
proteins were detected using an enhanced chemilumi-
nescence (ECL) kit (Amersham Bioscience). 

2.6. Statistical Analysis 

Results are presented as mean ± standard deviation as 
indicated. Two-tailed Student’s t tests were performed 
using Microsoft Excel to analyse data. Probability values 
represent the results of these t tests with a value of p < 
0.05 considered statistically significant. 

3. RESULTS 

3.1. Activation of HUVEC with IL-1β 

First, we tried an adhesion assay using monocytic HL60 
cells over an activated HUVEC monolayer to validate 
our assay system. As shown in Figure 1, we found a 
time-dependent increase of HL60 rolling and adhesion 
when stimulated with IL-1β (10 U/mL), with a peak ac-
tivation after 4 h stimulation. 2 h IL-1β stimulation led 
to a dramatic increase in adhesion (13.3 ± 9.92 cells/HPF, 
p < 0.0005) and rolling (4.8 ± 3.34, p < 0.0005) of HL60 
cells when compared to those HUVECs without activa-
tion (adhesion, 1.8 ± 1.78; rolling, 0 ± 0). 4 h IL-1β 
stimulation led to a further increase in adhesion (25.8 ± 
12.1 cells/HPF, p < 0.00001) and rolling (3 ± 2.83, p < 
0.03) of HL60 cells. IL-1β stimulation for 6 h caused an 
increase in adhesion of HL60 cells greater than that with 
2 h IL-1β stimulation but not as significant as that with 4 
h IL-1β stimulation, when compared to the control sam-
ple (6 h, 16.5 ± 4.90 cells vs 0 h, 1.8 ± 1.78 cells, p = 
5.62 × 10-8). We then checked the surface expression of 
adhesion molecules after IL-1β activation using fluores-
cent immunobinding assay (FIA), as shown in Figure 2. 
To check the validity of the FIA analysis, intensity of 
negative controls (no primary antibody) and positive 
controls (W6/32, anti-HLA Class I antibody) were ex-
amined (negative control: 0 h, 4.8 ± 3.19 RFU vs 4 h, 
5.6 ± 3.29 RFU, p = 0.71; positive control: 0 h,17 ± 2 
RFU vs 4h, 21.2 ± 2.59 RFU, p = 0.02). E-selectin ex-
pression (detected using H18/7 Ab) was significantly 
upregulated after 4 h IL-1β stimulation compared to no 
stimulation (4 h, 25.2 ± 1.79 RFU vs 0 h, 9 ± 2.92 RFU, 
p = 5.52 × 10-6). ICAM-1 expression (detected using 
Hu5/3 Ab) was also significantly upregulated after 4 h 
IL-1β stimulation (4 h, 23.4 ± 3.05 RFU vs 0 h, 9.2 ± 
0.84 RFU, p = 8.23 × 10-6). 

3.2. Adhesion of EPC to Activated HUVEC  
under Flow 

Based on the preliminary experiment using HL-60 cells  
 

 
(a) 

 

 
(b) 

 

Figure 1. IL-1β induces a time-dependent rolling and adhesion 
of HL60 cells to HUVEC. (a) Representative micrographs 
taken from video recording during the flow assay. HL60 cells 
(white particles) were perfused over a HUVEC monolayer 
(grey background) that had been subjected to activation by 
IL-1β (50 U/mL) for four different time periods; (b) The num-
ber of rolling and adherent HL60 cells were measured as de-
scribed in Methods. (* = p < 0.05 vs 0 h IL-1β); data based on 
10 fields of observation for each condition. 
 

 

Figure 2. Cell surface expression of E-selectin and ICAM-1 in 
HUVEC after IL-1β stimulation. The expression intensity of 
each of the adhesion molecules was determined using a fluo-
rescent immunobinding assay as described in Methods. (* = p 
< 0.05 vs corresponding 0 h IL-1β); data based on 5 repeats for 
each condition. 
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(Figure 1), we used a condition of IL-1β (10 U/mL) for 
4 h in our following experiments. When EPCs, cultured 
ex vivo for 7 days, were perfused over activated HU-
VEC monolayer, adhesion of EPCs was dramatically 
increased compared to the control HUVEC monolayer 
(4 h, 4.4 ± 1.50 cells vs 0 h, 1.3 ± 0.9 cells, p = 8.97 × 
10-5), as shown in Figure 3. There was however no roll-
ing of EPCs observed both in the control and 4 h IL-1β 
stimulation. 

3.3. Gene Silencing of E-Selectin in HUVEC 

Having demonstrated that 4 h of IL-1β stimulation was 
optimal for adhesion, we looked at the effects of silenc-
ing E-selectin, using siRNA transfection, on the rolling 
and adhesion of EPCs. siRNA transfection on HUVEC 
monolayers was carried out 24 h prior to the adhesion 
assay under flow conditions (the time point was deter-
mined to optimize the effect of siRNAs in HUVECs, as 
previously described [8]). We utilized FIA assay to dem-
onstrate the level of E-selectin in these cells. As demon-
strated in Figure 4, positive controls (W6/32, anti-HLA 
Class I antibody) exhibited no significant difference be-
tween siRNA treatment groups, enhancing the validity of 
these results. However, there was a significant reduction 
of E-selectin surface expression in the E-selectin siRNA 
—treated HUVECs when compared to the LacZ siRNA 
—treated HUVECs after 4 h IL-1β stimulation (E-selectin, 
27.3 ± 5.40 RFU vs LacZ, 45.5 ± 7.37 RFU, p = 0.013) 
or no siRNA group (E-selectin, 27.3 ± 5.40 RFU vs no 
siRNA, 52.5 ± 10.4 RFU, p = 0.010).  

3.4. Effect of Gene Silencing of E-Selectin on 
EPC Adhesion to HUVEC under Flow 

Figure 5 showed results of the flow assay using IL-1- 
activated HUVECs after siRNA transfection. There was  

 

Figure 3. The number of rolling and adherent EPC to ac-
tivated HUVEC were measured as described in Methods. 
(* = p < 0.05 vs 0 h IL-1β); data based on 10 fields of 
observation for each condition. EPCs were perfused over 
a HUVEC monolayer (grey background) that had been 
subjected to activation by IL-1β (50 U/mL) for two dif-
ferent time periods (0 h IL-1β and 4 h IL-1β). 

 
Figure 4. Cell surface expression of E-selectin (H18/7) and 
positive control (W6/32) in HUVEC after siRNA silencing. 
The expression intensity of each of the adhesion molecules was 
determined using a fluorescent immunobinding assay as de-
scribed in Methods. (* = p < 0.05 vs corresponding 0hr IL-1β); 
data based on 5 repeats for each condition. 
 

 
Figure 5. The number of rolling and adherent EPC to activated 
HUVEC after siRNA transduction. Graph showing the effect of 
E-selectin siRNA transfection on rolling and adhesion of EPCs 
compared to control siRNA transfection and no siRNA treat-
ment. (* = p < 0.05 vs control); data based on 10 fields of ob-
servation for each condition. 
 
a significant decrease in EPC adhesion in HUVECs 
transfected with E-selectin siRNA compared to those 
treated with LacZ siRNA (controls) (E-selectin siRNA, 
2.7 ± 0.64 cells vs LacZ siRNA, 5.1 ± 1.22 cells, p = 
5.74 × 10-5). In comparison, there was no significant 
difference in rolling between those HUVECs transfected 
with E-selectin siRNA and the control HUVECs (E- 
selectin siRNA, 0.2 ± 0.4 cells vs LacZ siRNA, 0.5 ± 
0.67 cells, p = 0.26). There was also a significant de-
crease in EPC adhesion in HUVECs treated with 
E-selectin siRNA compared to those treated with no 
siRNA (Lipofectin® only) (E-selectin siRNA 2.7 ± 0.64 
cells vs no siRNA, 7 ± 1.26 cells, p = 3.74 × 10-8).  

4. DISCUSSION 

In this project, we have demonstrated that 1) 4 h of in-
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cubation with IL-1β induces adhesion of HL60 cells to 
HUVEC under flow; 2) 4 h of incubation with IL-1β 
induces expression of E-selectin and ICAM-1 in HU-
VEC; 3) 4 h of incubation with IL-1β induces adhesion 
of EPCs to HUVEC under flow; 4) siRNA against 
E-selectin reduces endogenous expression of E-selectin 
in HUVEC; 5) gene silencing of E-selectin resulted in 
reduction of EPC adhesion to HUVEC. These lines of 
findings point a predominant role for this molecule in 
neovascularisation. In previous work from our labora-
tory using siRNA transfection carried out by Nishiwaki 
et al (2003), we successfully silenced endogenous E- 
selectin expression in vascular endothelium using siRNA 
transfection, and demonstrated that this inhibition caused 
a significant reduction in leukocyte adhesion [8]. Current 
results compliment this work and emphasise the efficacy 
of siRNA in the field of vascular biology.  

We have also reinforced the work of Nishiwaki et al 
(using antibodies to downregulate E-selectin) and Va-
jkoczy et al (using an in vivo method to silence E-   
selectin expression) in demonstrating that E-selectin is 
important in EPC adhesion by using a different method 
(siRNA transfection) [6,7]. 

Using siRNA transfection to inhibit E-selectin expres-
sion, as demonstrated by our experiments, may have 
implications for its role in angiogenesis. Bischoff has 
reported that E-selectin is involved in angiogenesis 
through a series of experiments [17]. One of these ex-
periments showed that antibodies directed against E- 
selectin or sialylated fucosylated oligosaccharides (stru- 
ctures to which E-selectin binds) inhibit the formation of 
capillary-like tubes in vitro [18]. The presence of E-  
selectin in human infantile haemangioma tumours (en-
dothelial cell tumour of capillary blood vessels), as well 
as in tissues with on going growth of microvessels (such 
as human placenta and neonatal foreskin) has been 
shown in vivo [19]. Yu et al had also shown that endo-
thelial progenitor cells are present in infantile haeman-
gioma; 11 of 12 proliferating haemangioma specimens 
contained EPCs (determined by flow cytometry using 
CD133 and CD34 as markers for EPCs) [20]. This raises 
the possibility of using our method of silencing E-  
selectin expression in treating tumour angiogenesis, by 
preventing localised EPC adhesion to the endothelium, 
thus inhibiting angiogenesis in the tumour, reducing its 
growth. As described previously, we found that there 
was no significant reduction in rolling after E-selectin 
down-regulation. This could have been because of the 
low level of EPC rolling in general, as demonstrated in 
Figure 3. On the other hand, the binding characteristics 
of E-selectin (E-selectin has a greater role in adhesion 
than rolling) may have some effects. This speculation 
has been supported by the results from Mazo, et al.’s 

experiments [21]. They demonstrated that blocking E-  
selectin with antibodies resulted in a reduction of haema-
topoietic progenitor cells (HPC) rolling of 32% com-
pared to a reduction in HPC rolling of 58% when 
P-selectin was inhibited (measured using intravital mi-
croscopy). Therefore the other selectins (P- and L-   
selectins) are probably more important for HPC rolling. 

A limitation of this experiment is that we have only 
demonstrated that gene silencing of E-selectin expres-
sion reduces EPC adhesion in vitro, but not in vivo. 
Therefore future work could be aimed at seeing if siRNA 
transfection has similar effects in vivo. It would also be 
interesting to try similar experiments using siRNA trans- 
fection against other adhesion molecules such as ICAM- 
1 or P-selectin, and look at the effects on EPC recruit-
ment. 

In conclusion, we have demonstrated that E-selectin— 
short interfering RNA inhibits endothelial progenitor cell 
recruitment to vascular endothelium under flow condi-
tions. 
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ABSTRACT 

The electroencephalogram (EEG) signal plays a key 
role in the diagnosis of epilepsy. Substantial data is 
generated by the EEG recordings of ambulatory re-
cording systems, and detection of epileptic activity 
requires a time-consuming analysis of the complete 
length of the EEG time series data by a neurology 
expert. A variety of automatic epilepsy detection sys-
tems have been developed during the last ten years. 
In this paper, we investigate the potential of a re-
cently-proposed statistical measure parameter re-
garded as Sample Entropy (SampEn), as a method of 
feature extraction to the task of classifying three dif-
ferent kinds of EEG signals (normal, interictal and 
ictal) and detecting epileptic seizures. It is known 
that the value of the SampEn falls suddenly during an 
epileptic seizure and this fact is utilized in the pro-
posed diagnosis system. Two different kinds of classi-
fication models, back-propagation neural network 
(BPNN) and the recently-developed extreme learning 
machine (ELM) are tested in this study. Results show 
that the proposed automatic epilepsy detection sys-
tem which uses sample entropy (SampEn) as the only 
input feature, together with extreme learning ma-
chine (ELM) classification model, not only achieves 
high classification accuracy (95.67%) but also very 
fast speed. 
 
Keywords: Epileptic Seizure; Electroencephalogram 
(EEG); Sample Entropy (SampEn); Backpropagation 
Neural Network (BPNN); Extreme Learning Machine 
(ELM); Detection 

1. INTRODUCTION 

Epilepsy, the second most common serious neurological 
disorder in human beings after stroke, is a chronic con-
dition of the nervous system and it is characterized by 
recurrent unprovoked seizures. Approximately one in 
every 100 individuals worldwide are suffering from epi-

lepsy [1]. Electroencephalography (EEG) is an important 
clinical tool, monitoring, diagnosing and managing neu-
rological disorders related to epilepsy. In comparison 
with other methods such as Electrocorticogram (ECOG), 
EEG is a clean and safe technique for monitoring the 
brain activity. 

In spite of available dietary, drug and surgical treat-
ment options, currently nearly one out of three epilepsy 
patients cannot be treated. They are completely subject 
to the sudden and unforeseen seizures which have a 
great effect on their daily life, with temporary impair-
ments of perception, speech, motor control, memory 
and/or consciousness. Many new therapies are being 
investigated and among them the most promising are 
implantable devices that deliver direct electrical stimula-
tion to affected areas of the brain. These treatments will 
greatly depend on robust algorithms for seizure detection 
to perform effectively. Because the onset of the seizures 
cannot be predicted in a short period, a continuous re-
cording of the EEG is required to detect epilepsy. How-
ever, analysis by visual inspection of long recordings of 
EEG, in order to find traces of epilepsy, is tedious, time- 
consuming and high-cost. Therefore, automated detec-
tion of epilepsy has been a goal of many researchers for 
a long time. With the advent of technology, the digital 
EEG data can be input to an automated seizure detection 
system, allowing physicians to treat more patients in a 
given time because the time taken to review the EEG 
data is greatly reduced by automation. 

In recent years, there has been an increasing interest in 
the application of pattern recognition (PR) methods for 
automatic epileptic seizure detection. Several methods 
have been developed for handling EEG signals classifi-
cation, and among these methods, Multi-layer Percep-
tron Neural Network (MLPNN) [2-7] and Support Vec-
tor Machine (SVM) [8-10] are two widely-used classifi-
cation paradigms. Most of the automatic epileptic sei-
zure detection system is built by time-frequency domain 
based feature extraction followed by a variety of classi-
fication models. It has been found that the classification 
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performance of these automatic detection systems totally 
depends on the feature extraction of the EEG time series 
[6,11,12].  

As an effective tool for detection and characterization 
of signals, deterministic chaos plays a key role. Many 
chaos-producing mechanisms have been created and 
applied for recognizing the behaviour of the dynamics of 
the system. The physiological time-series signals are 
considered chaotic. Recently studies on the basis of 
measuring entropies have been employed for biomedical 
studies [13]. The randomness of non-linear time series 
data is well embodied by calculating entropies of the 
time series data and it can supply recognizable variation 
for normal and abnormal physiological signals. Entropy 
is a measure of uncertainty. The level of chaos can be 
measured by applying entropy of the system. Higher 
entropy stands for higher uncertainty and a more chaotic 
system. X. L. Li, et al. [14] investigated permutation 
entropy as a tool to predict the absence seizures of ge-
netic absence epilepsy rats by applying EEG recordings. 
H. Ocak [15] presented a new scheme on the basis of 
approximate entropy and discrete wavelet transform to 
detect epileptic seizure from EEG time series data that 
was recorded from normal subjects and epileptic patients. 
K. S. Pravin, et al. [16] had shown some initial investi-
gations on wavelet entropy for epileptic seizure detec-
tion. 

In this study, we proposed a new method for epileptic 
seizure detection by using feature extraction based on 
sample entropy (SampEn) followed by two non-linear 
classification models, namely, back-propagation neural 
network (BPNN) and extreme learning machine (ELM) 
which is a recently-proposed classification model [17]. 
The proposed scheme was tested using clinical electro-
encephalogram (EEG) signals obtained from five healthy 
subjects and five epileptic patients during both interictal 
and ictal periods. The results showed that the proposed 
scheme (SampEn + ELM) was capable of detecting epi-
leptic seizures not only with a high accuracy but also 
with a very fast speed, which demonstrates its potential 
for real-time implementation in an automated epilepsy  

 EEG data acquisition 

Feature extraction 
(SampEn) 

Classification models 

Diagnosis decision by the 
neurologist 

 

Figure 1. Schematics of the pro-
posed diagnostic expert system. 
 

detection and diagnosis support systems. Up to now, to 
the best of our knowledge, there is no study in the lit-
erature related to the assessment of classification per-
formance using sample entropy based feature extraction 
followed by ELM classification model when applied 
specifically to the normal/interictal/ictal discrimination 
problem. Figure 1 shows the schematics of the proposed 
diagnosis expert system. 

2. DATA ANALYZED 

In this study, a publicly-available database introduced in 
[18] has been used. The EEG data considered in this 
work is composed of three different sets, each containing 
100 single-channel EEG data of 23.6 s duration. The 
first data set includes surface EEG recordings that were 
acquired from five healthy volunteers using a standard-
ized electrode placement scheme. The subjects were 
awake and relaxed with their eyes open (normal periods). 
The data set for the last two sets was taken from five 
epileptic patients experiencing pre-surgical diagnosis. 
The second data set was composed of intracranial EEG 
recordings during seizure-free intervals (interictal peri-
ods) from within the epileptogenic zone of the brain. The 
EEG signals in the third data set were recorded during 
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Figure 2. Intracranial electrode placements. 
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Table 1. Summary of the clinical data. 
 

 Data set 1 Data set 2 Data set 3 

Subjects Five healthy subjects Five epileptic patients Five epileptic patients 

Electrode type Surface Intracranial Intracranial 

Electrode placement International 10-20 system Within epileptogenic zone Within epileptogenic zone 

Patient’s state Awake and eyes open (Normal) Seizure-free (Interictal) Seizure activity (Ictal) 

Number of epochs 100 100 100 

Epoch duration (s) 23.6 23.6 23.6 
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Figure 3. Sample EEG recordings. (a) Normal EEG; (b) Inter-
ictal EEG; (c) Ictal EEG. 

seizure activity (ictal periods) using depth electrodes 
placed within the epileptogenic zone of the brain. All 

EEG signals were recorded with the same 128-channel 
amplifier. The data were digitized at 173.6 samples per 
second at 12-bit resolution. Band pass filter was set to 
0.53-60 Hz. The total number of EEG signals is 300 
(100 normal signals, 100 interictal signals and 100 ictal 
signals). Each data set has 4096 sampling points. Figure 2 
describes the electrode placement for recording of EEG 
signals. A summary of the data set is given in Table 1. 
Figure 3 describes example of EEG signals of each of 
the three data sets. 

3. THEORY AND MODEL 

3.1. Sample Entropy 

Entropy is a concept handling predictability and ran-
domness, with higher values of entropy always related to 
less system order and more randomness. In recent years, 
a variety of estimators have been proposed to quantify 
the entropy of time series. These methods can be roughly 
divided into two categories, embedding entropy and 
spectral entropy [19]. Embedding entropy supplies in-
formation regarding how EEG time series signals change 
with time, by comparing each time series signal with a 
lagged form of itself [20]. In [13], a new family of statis-
tics called Sample Entropy (SampEn) was introduced 
and characterized. This measure is embedding entropy 
quantifying the complexity in time series data without 
the weaknesses that widely utilized non-linear ap-
proaches have. The SampEn is less sensitive to noise and 
can be applied for short-length time series data [13]. Ad-
ditionally, it is resistant to short strong transient inter-
ferences (outliers) such as spikes. These characteristics 
make Sample Entropy an appealing tool for nonlinear 
analysis of physiological signals.  

In spite of its advantages over other non-linear esti-
mators, the SampEn is not widely used. In [20], sample 
entropy was used to analyze the electroencephalogram 
background activity of Alzheimer’s disease patients for 
testing the hypothesis that the regularity of their EEGs is 
higher than that of age-matched controls. M. Aboy [21] 
conducted a characterization study of SampEn for sup-
plying additional insights about the interpretation of this 
complexity metric in the context of biomedical signal 
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analysis. Moreover, this entropy measure has been used 
to evaluate the signal complexity of the cyclic behaviour 
of heart rate variability (HRV) in obstructive sleep apnea 
syndrome [22]. In this study, SampEn is investigated for 
the first time as a feature extracted in the automatic de-
tection of epilepsy. 

For calculating the SampEn, the embedding dimension 
(m) and vector comparison distance (r) must be specified. 
It is common to set the embedding dimension parameter 
m to be m = 1, 2 or 3 and to set the vector comparison 
distance r to be some percentage of the standard deviation 
of the time series so as not to depend on the absolute am-
plitude of the signal [13]. SampEn(m,r,N) is the negative 
logarithm of the conditional probability that two se-
quences similar for m points remain similar at the next 
point, where self-matches are not included in calculating 
the probability. Thus, a larger value often corresponds to 
more irregularity or complexity in the time series data. In 
the proposed automated epileptic seizure detection system, 
the value of the SampEn is determined as shown in the 
following steps: 

1) Given N data points from a time series {x(n)} = 
x(1), x(2),...,x(N), take m vectors (1),..., ( 1)m mX X N m 

( 1)],x i m  1 i
 

defined as m for ( ) [ ( ), ( 1),...,X i x i x i     
These vectors stand for m consecutive x val-

ues, starting at the ith sample. 
1.N m 

2) Let r denote the noise filter level which is defined 
as 

0.1,0.2,...,0.5r g Std for g      (1) 

where Std represents the standard deviation of the data 
sequence X. 

3) The distance between vectors ( )mX i and ( )mX j , 
 is defined as the maximum absolute 

difference between their scalar components: 
[ ( ), ( )],m md X i X j

0,..., 1
[ ( ), ( )] max (| ( ) ( ) |)m m

k m
d X i X j x i k x j k

 
    .  (2) 

4) For a given ( )mX i
,i

, count the number of j 
such that (1 , )j N m j    [ ( ), ( )]m md X i X j r.  

This number is represented as , Then, for 
 

iB
1 ,i N m  

1
( )

1
m

iB r B
N m


  i

,

             (3) 

Here, note that only the first  vectors of length 
m are considered in order to ensure that for 

 the vector 

N m

( )1 i N m   1mX i  is also defined. 
5) Define  as ( )mB r

1

1
( ) ( ).

N m
m

i
i

B r B r
N m






  m          (4) 

6) We increment the dimension to m + 1 and compute 

iA  as the number of 1( )mX i  within r of 1( )mX j , 
where j ranges from 1 to . We then define 

 as  
( j i )N m

( )rm
iA

1
( ) .

1
m
i iA r A

N m


 
           (5) 

7) We define ( )mA r  as  

1

1
( ) ( ).

N m
m

i
i

mA r
N m






  A r         (6) 

Thus, represents the probability that two se-
quences will match for m points, whereas 

( )mB r
( )mA r  re- 

pressents the probability that two sequences will match 
for m + 1 points. 

The sample entropy is defined by  

( )
( , ) lim{ ln[ ]}

( )

m

mN

A r
SampEn m r

B r
       (7) 

Since the time series length is finite, SampEn is esti-
mated as 

( )
( , , ) ln[ ]

( )

m

m

B r
SampEn m r N

A r
         (8) 

3.2. An Example of the Computation Procedure 
of SampEn 

Assume that the sequence NX  is composed of 50 sam-
pling points (i.e., N = 50). 

NX = {51,52,53,54,55, 51,52,53,54,55,51,...,55} 

The total sequence is periodic of 5. Let us choose m=5 
and r = 2, so we have:  

5 (1) {51,52,53,54,55}X   

5 (2) {52,53,54,55,51}X   

5 (3) {53,54,55,51,52}X   

5 (4) {54,55,51,52,53}X   

5 (5) {55,51,52,53,54}X   

and so on. Firstly we want to find the number of X5(i) 
which is similar to X5(1). Because we have chosen r = 2 
as the threshold parameter, which means each of the five 
elements of X5(i) has to be within ±2 units of the corre-
sponding element of X5(1). For instance, X5(2) is not 
similar to X5(1) because the last elements in these two 
sequences (51,55) differ by more than two units. The 
conditions of similarity to X5(1) are satisfied only by 
X5(6), X5(11), X5(16), X5(21),..., X5(41) (excludes X5(1) 
since j ≠ i and also excludes X5(46) since only the first 
45 elements of the X5(i) are considered in terms of the 
definition of SampEn). Thus, we get B1 = 8. Because the 
whole number of X5(i) is  so 
we have  

1 50 5 1 44,N m     
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5 1
1

8
(2) .

1 44

B
B

N m
 

 
 

The above steps are repeated for determining the num-
ber of X5(i) which are similar to X5(2), X5(3) and so on. 
By using the same inference, X5(2) is similar to X5(7), 
X5(12), X5(17),..., X5(42). Thus, we also get B2 = 8. Gen-
erally, in this example, we have Bi = 8 for  
Therefore,  is 8/44 and we can get the mean 
value of all 45 of : 

1 i N m   .
5 (2)iB

B 5
i

5

8
45 844(2) 0.1818

45 44
B


    

In order to get SampEn(5,2,N), the above-mentioned 
computation procedure needs to be repeated for m = 6. 
Doing so, we get 

6 (1) {51,52,53,54,55,51}X   

6 (2) {52,53,54,55,51,52}X   

6 (3) {53,54,55,51,52,53}X   

and so on. By the same reasoning steps as that with m = 
5, we find that: 

For  
7 if i=5 modulo 5

1 ,  A
8 otherwiseii N m


    


6Therefore,  is either 7/43 or 8/43, depending 
on , and the mean value of all 44 elements of the 

 is: 

(2)iA

iA
(2)6

iA

6

7 8
8 36 843 43(2) 0.1818

44 44
A

  
    

Finally, we compute the value of SampEn as follows: 
5

6

(2)
(5, 2, ) ln[ ] ln1 0

(2)

B
SampEn N

A
  

2

 

This is the smallest value of SampEn, which indicates 
that the original time series data is highly regular and 
predictable. 

3.3. Levenberg-Marquardt Algorithm 

Artificial neural network training is often regarded as a 
nonlinear least-squares problem and the Levenberg- 
Marquardt algorithm is a least-squares estimation algo-
rithm utilizing the maximum neighbourhood idea, and it 
appears to be the fastest method for training feed- for-
ward neural networks. Let  be an objective error 
function composed of n individual error terms  as 
follows: 

( )E w
2 ( )je w

2

1

( ) ( ) || ( ) ||
n

j
j

E w e w f w


            (9) 

where j  and dj  is the desired value 
of output neuron j,  is the actual output of the neu-
ron.  

2 ( ) ( )j dje w y y 
jy

2 y

The objective of the Levenberg-Marquardt algorithm 
is to calculate the weight vector w so that is 
minimized. By utilizing the LM algorithm, a novel 
weight vector wp+1 can be obtained from the previous 
weight vector wp as follows: 

( )E w

1p pw w WP                  (10) 

where s is defined as  

1( ( ))( )T T
p p p p pw J f w J J I              (11) 

In Equation (10), pJ  is the Jacobian of f assessed at 

p , γ is the Marquardt parameter, and I is the identity 
matrix. The Levenberg-Marquardt algorithm can be de-
scribed as follows: 1) Calculate . 2) Begin with 
a small value of γ (

w

( )pE w
0.01  ). 3) Solve equation (11) for 

pw  and calculate p pE w( )w . 4) If ( )p pE w w , 
( )pE w

E w
 increment γ by a factor of 10 and go to step 3. 5) 
If ( )p pw (E w )p 

:
, decrement γ by a factor of 10, 

update p p pw pw w w   and go to step 3. 

3.4. Extreme Learning Machine (ELM) 

The general trend in current study of automatic epileptic 
seizure detection has focused on high accuracy but has 
not considered the time taken to train the classification 
models, which should be an important factor of devel-
oping an EEG-based detection device for epileptic sei-
zures because the online device will need to update its 
training during use. Therefore some classification mod-
els with high classification accuracy may not be satis-
factory when considering the trade-off between the clas-
sification accuracy and the time for training the classifi-
cation models. In our study, in addition to exploring the 
potential of a nonlinear feature of the EEG signal called 
sample entropy for electroencephalogram time series 
classification and epileptic seizure detection, we also 
investigate the use of a novel paradigm of learning ma-
chine called Extreme Learning Machine (ELM) [17], in 
order to obtain a balance between high classification 
accuracy and short training time. In recent years, Ex-
treme Learning Machine has been increasingly popular 
in classification tasks due to its high generalization abil-
ity and fast learning speed. In [23], a classification sys-
tem is built using ELM to classify protein sequences 
with ten classes of super-families obtained from a do-
main database, and its performance is compared with 
that of Back-propagation Neural Networks. The results 
show ELM greatly outperforms BPNN in terms of both 
training time and classification accuracy. R. Zhang, et al. 
[24] developed an ELM for multi-category classification 
in three Cancer Microarray Gene Expression datasets, 
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and the results reveal that ELM can not only obtain high 
classification accuracy but also avoid problems such as 
over-fitting, local minima, and improper learning rate. In 
addition to the field of Bioinformatics, Extreme Learn-
ing Machine has also been successfully applied to 
Biosignal Processing. N. Y. Liang, et al. [25] proposed 
an ELM-based classification scheme to classify five 
mental tasks from different subjects using EEG signals 
available from a Brain Computer Interfaces (BCIs) da-
tabase. Performance of ELM is compared with a 
Back-propagation Neural Network (BPNN) and also 
Support Vector Machine (SVMs). Experimental results 
show that ELM needs an order of magnitude less train-
ing time compared with SVMs and two orders of mag-
nitude less training time compared with BPNN, and the 
classification accuracy of ELM is similar to that of 
SVMs and BPNN. In [26], a classification scheme based 
on ELM and Principle Component Analysis (PCA) was 
developed for arrhythmia classification, and finally 
achieved 97.5% in average accuracy, 97.44% in average 
sensitivity, 98.46% in average specificity, and 2.423 s in 
learning time. The idea behind ELM is presented as fol-
lows: 

Suppose learning N arbitrary different instances 
( , )i ix t , where 1 2[ , ,..., ]T

i i i in
nx x x x R  , and it   

1 2i i im , standard Single-layer Feedforward 
Networks with N hidden neurons and activation function 
[ , ,t t

( )

..., ]Tt  mR

g x  are mathematically modelled as a linear system 

1

( ) , 1,...,
N

i i j i j
i

g w x b o j N


   


       (12) 

where 1 2  denotes the weight vector 
connecting the ith hidden neuron and the input neuron, 

1 2  denotes the weight vector con-
necting the i-th hidden neuron and output neurons, and 

 represents the threshold of the i-th hidden neuron. 

i j  represents the inner product of i  and j

[ , ,..., ]T
i i i inw w w w

, ,..., ]T
i i i im 

w

[ 

ib
w  w x . If 
the Single-layer Feedforward Network with N hidden 
neurons with activation function ( )g x

( , )i i

 is able to ap-
proximate N distinct instances x t  with zero error 
means that  

H T                   (13) 
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1 1 1 1

1 1

( ,..., , ,..., , ,..., )

( ) (

( ) (

Nh Nh N

Nh Nh

N Nh N

H w w b b x x

g w x b g w x b

g w x b g w x b

       
 
 
    
 
 
       

1 1
T T

T T
Nh NNh m N m

w t

w T

w t
 

   
   
   
      
   
   
   
   

 

H is the hidden layer output matrix of the SLFN. 
Hence for fixed arbitrary input weights i  and the 
hidden layer bias s, training a Single-layer Feed-forward 
Network equals to discovering a least-squares solution 

w




 of the linear system ,H T   †H T 


 is the 
best weights, where †H  is the Moore-Penrose general-
ized inverse. In terms of [17], Extreme Learning Ma-
chine utilizes such Moore-Penrose inverse approach for 
obtaining good generalization performance with ex-
tremely fast learning speed. Unlike some conventional 
methods, for example Backpropagation algorithm, Ex-
treme Learning Machine is able to avoid problems in 
tuning control parameters (learning epochs, learning rate, 
and so on) and keeping to local minima. 

The procedure of ELM for single-layer feedforward 
networks is expressed as follows: 
1) Choose arbitrary value for input weights  and 

biases  of hidden neurons.  
iw

i

2) Calculate hidden layer output matrix H. 
b

3) Obtain the optimal 


 using † .H T


  
Figure 4 shows the structure of ELM. 

4. EXPERIMENTS AND RESULTS 

4.1. Performance Evaluation Parameters 

All the simulations were based on a 2.27 GHz 2-core 
CPU with 2 GB memory. In order to compare the per-
formance of ELM classifiers, we also implemented a 
backpropagation neural network (BPNN) based on a 
Levenberg-Marquardt back-propagation (LMBP) learn-
ing algorithm which is thought of as the fastest method 
for training moderate-sized feed-forward neural net-
works according to [27]. For the BPNN and ELM, all of 
the input values were normalized in the range of [–1,1]. 
The performance of the BPNN and ELM algorithms was  
 

)

)Nh 

 

β1 

β2 

βNh 

 
Figure 4. The structure of ELM. 
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evaluated by the following measures: 
1) Learning time: A measure of the time spent in train-

ing classification models; 
2) Sensitivity (seizure free epileptogenic zone seg-

ments): Number of correct classified seizure free epilep-
togenic zone segments/Number of total seizure free epi-
leptogenic zone segments; 

3) Sensitivity (epileptic seizure segments): Number of 
correct classified epileptic seizure segments/Number of 
total epileptic seizure segments; 

4) Specificity: Number of correct classified healthy 
segments/Number of total healthy segments; 

5) Total classification accuracy: Number of correct 
classified segments/Number of total segments; 

4.2. Training and Testing: 10-Fold 
Cross-Validation 

There are a variety of methods of how to divide the EEG 
dataset into training and testing datasets. To reduce the 
bias of training and testing data, a 10-fold cross-valida-
tion technique is used. 10-fold cross-validation is a 
method to improve over the holdout method. This tech-
nique will be implemented during the training periods, 
for estimating how well the classification models that 
learn from the training data will operate on future data 
not seen during the testing period. Generally, with 10- 
fold cross-validation, the data set is divided into 10 sub-
sets, and the holdout approach is re-iterated 10 times. 
Each time, one of the 10 subsets is utilized as the testing 
dataset and the other 9 subsets are put together for 
forming a training dataset. Then the average error across 
all 10 trials is calculated. According to [28], the result 
obtained from one 10-fold cross validation may not be 
dependable. In order to get low mean square error and 
bias, the 10-fold cross-validation procedure is performed 
10 times. All the simulation results were averaged over 
ten repetitions of 10-fold cross validation. 

4.3. Experiment Results and Discussion 

Although the pattern length parameter m, the threshold r 
and the number of sampling points of the time series 
data play an important role in determining the outcome 
of SampEn, there are no guidelines to set the values of 
these parameters. In essence, the accuracy and confi-
dence of the entropy estimate improve when the number 
of matches of length m and m + 1 increases. The number 
of matches can be increased by choosing small m and 
large r. However, if r is too large, some fluctuations of 
the signal are not detected, and if r is too small, noise has 
effect on the SampEn measure [29]. In this study, Sam-
pEn values are calculated for selected combinations of m, 
r, and N. The values of m, r, and N that are employed in 
the experiments are described as follows: 

1) m = 1, 2, 3; 
2) r = 10%-50% of standard deviation of the EEG data 

sequence in increases of 10%; 
3) N = 256, 512, 1024, 2048, 4096. 
Values of SampEn are calculated for all normal 

(healthy segments), interictal (seizure free epileptogenic 
zone segments) and ictal (epileptic seizure segments) 
EEG signals, and are fed to two classification models. 
Using rectangular-window with different sizes, data 
frames with different sizes (256, 512, 1024, 2048, 4096) 
are formed and the values of SampEn are computed for 
each data frame. Figure 5 demonstrates the sample plots 
of the SampEn having clear distinction among normal, 
interictal and ictal EEG signals. The values of SampEn 
demonstrated in Figure 5(a) and Figure 5(b) are com-
puted with N = 2048 and 1024, respectively. From Fig-
ure 5, one can see that the value of SampEn is small for 
ictal EEG signals (between 0.5 and 1.5) compared to 
normal EEG signals (larger than 1.5). The value of 
SampEn of interictal EEG signals (less than 0.5) is 
smaller than that of ictal EEG signals. Figure 6 demon-
strates the sample plots of the values of SampEn accord-
ing to N = 1024 and 512 which have a partial overlap 
among normal, interictal and ictal EEG signals. From 
these figures, we find that the capability of the SampEn 
for classifying normal, interictal and ictal EEG signals 
totally depends on the parameter values of m, r, and N.  

From these figures, it can be noted that utilizing a 
simple linear discriminator may not achieve good results 
since SampEn demonstrates clear distinction among the 
normal, interictal and ictal EEG signals only for several 
particular parameter combinations of m, r and N. For 
example, a simple linear discriminator would be ineffi-
cient for the SampEn values, as demonstrated in Figure 6, 
because a clear partial overlapping among the normal, 
interictal and ictal EEG signals can be seen.  

Figures 7-12 demonstrate the whole classification ac-
curacy achieved by neural network and extreme learning 
machine by employing SampEn as the input feature. 

It can be observed from Figures 7-12 that BPNN 
shows good average accuracy in the range of 94.25%- 
95.33%, only for several combinations of m, r, and N 
(for example, m = 2, r = 0.3*Std, N = 2048; m = 3, r = 
0.1*Std, N = 1024 and m = 2, r = 0.2*Std, N = 2048). 
The BPNN achieves the best average accuracy of 
95.33% with m = 2, r = 0.2*standard deviation of the 
time series and N = 2048. For ELM, high average classi-
fication accuracy in the range of 94.97%-95.67% are 
obtained for some combinations of m, r, and N (for ex-
ample, m = 2, r = 0.1*Std, N = 1024; m = 2, r = 0.2*Std, 
N = 2048 and m = 3, r = 0.1*Std, N = 1024). The ELM 
obtains the best average accuracy of 95.67% with m = 3, 
 = 0.1*standard deviation of the time series and N = r      
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Figure 5. Sample figures of SampEn showing clear discrimination among normal, interictal and ictal EEG signals 
 

 
(a) 

 
(b) 

 

Figure 6. Sample figures of SampEn showing partial overlap among normal, interictal and ictal EEG signals. 
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Figure 7. Average classification accuracy achieved by BPNN 
with m = 1. 
 

 
Figure 8. Average classification accuracy achieved by ELM 
with m = 1. 
 

 
Figure 9. Average classification accuracy achieved by BPNN 
with m = 2. 
 
1024. The average accuracies achieved by ELM for 
other parameter combinations range from 91.19%- 
94.83%, which are also acceptable for clinical diagnosis. 
From the results, it can be concluded that, generally, 
ELM outperforms BPNN for most of the parameter 
combinations. 

Tables 2 and 3 show the classification results with the 
highest accuracies of the BPNN (95.33%) and the ELM 
(95.67%), respectively, by two confusion matrices. In 
terms of the confusion matrix for BPNN, all healthy 
segments were classified correctly by the BPNN, 2 sei-
zure-free epileptogenic zone segments were classified  

incorrectly as healthy segments, 3 seizure-free epilepto-
genic zone segments were classified incorrectly as epi-
leptic seizure segments and 2 epileptic seizure segments 
were classified incorrectly as seizure-free epileptogenic 
zone segments. In terms of the confusion matrix for 
ELM, all healthy segments were correctly classified, 2 
seizure-free epileptogenic zone segments were classified 
incorrectly as healthy segments, 3 seizure-free epilepto-
genic zone segments were classified incorrectly as epi-
leptic seizure segments and 2 epileptic seizure segments 
were classified incorrectly as seizue-free epileptogenic 
zone segments. 

The values of statistical evaluation parameters intro-
duced in Subsection 4.1.1 are given in Table 4. As can be 
 

 
Figure 10. Average classification accuracy achieved by ELM 
with m=2. 
 

 

 
Figure 11. Average classification accuracy achieved by BPNN 
with m = 3. 
 

 
Figure 12. Average classification accuracy achieved by ELM 
with m = 3. 
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Table 2. Confusion matrix (BPNN). 
 

Output/desired Set A: healthy Segment 
Set D: seizure-free Epilep-
togenic zone Segment 

Set E: epileptic Seizure 
segment 

Set A: healthy 
Segment 

40 0 0 

Set D: seizure-free 
Epileptogenic  zone 
Segment 

0 38 2 

Set E: epileptic seizure 
Segment 

0 3 37 

 
Table 3. Confusion matrix (ELM). 

 

Output/desired Set A: healthy Segment 
Set D: seizure-free 
Epileptogenic zone 
Segment 

Set E: epileptic Seizure 
segment 

Set A: healthy Segment 77 0 0 

Set D: seizure-free Epi-
leptogenic zone Segment 

2 72 3 

Set E: epileptic seizure 
Segment 

0 2 84 

 
Table 4. Performance comparison of ELM and BPNN. 

 

Classification 
Model 

Average Learning 
Time(Seconds) 

Average Sensitivity 
(seizure free epilepto-
genic zone segments)

Average Sensitivity 
(epileptic seizure 

segments) 

Average 
Specificity

Average Classification 
Accuracy 

ELM 0.0250 91.06 97.26% 98.77% 95.67% 

BPNN 86.4807 92.91% 95.81% 7.54% 95.33% 

 
seen, the BPNN discriminated healthy segments, sei-
zure-free epileptogenic zone segments and epileptic 
seizure segments with the average accuracies of 
97.54%, 92.91% and 95.81%, respectively. The 
healthy segments, seizure-free epileptogenic zone 
segments and epileptic seizure segments were classi-
fied with the average accuracy of 95.33%. The average 
accuracies of the ELM were 98.77% for healthy seg-
ments, 91.06% for seizure-free epileptogenic zone 
segments, and 97.26% for epileptic seizure segments. 
The healthy segments, seizure-free epileptogenic zone 
segments and epileptic seizure segments were classi-
fied with an average accuracy of 95.67%. Hence, the 

average accuracy of the ELM classifier is slightly 
higher than that of the BPNN classifier. In addition, in 
Table 4, we find that the learning time of the ELM 
classifier is 0.0250 seconds while the learning time of 
the BPNN classifier is 86.4807 seconds. The ELM 
classifier can run 3459 times faster than the BPNN 
classifier. Thus, in the case of real-time implementa-
tion of epilepsy diagnosis support system, ELM classi-
fiers are more appropriate than BPNN classifiers. 

In Table 5, we present a comparison in classification 
performance achieved by different methods. We have 
quoted results from our present proposed method and 
also from recently reported in [30] and [31]. The datasets 
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Table 5. Comparison of classification accuracy obtained by our approach for the detection of epileptic 
seizures compared to the classification accuracy obtained by other researchers. 

Authors Method Accuracy 

Sadati et al. [30] Discrete wavelet transform-Adaptive neural fuzzy network 85.90% 

Übeyli [31] Discrete wavelet transform-Combined neural network 94.83% 

This work. Sample entropy-Extreme learning machine 95.67% 

 
used in these experiments are the same. It is shown in 
the table that the result obtained from our approach is the 
best presented for this dataset, indicating an improve-
ment ment from 0.84% to 9.77% from other approaches 
proposed in the literature. 

5. CONCLUSIONS 

This study presents an attempt to develop a general- 
purpose EEG epilepsy detection scheme that can be used 
for classifying different kinds of EEG time series signals. 
Diagnosing epilepsy is not an easy task, which needs 
acquisition of patients’ EEG recording and collecting 
additional clinical information. The proposed system 
employed a recently-proposed statistical parameter re-
ferred to as Sample entropy (SampEn), together with 
extreme learning machine (ELM) which is a recently- 
developed classification model, to classify subjects as 
normal subject, patients not having an epileptic seizure 
or patients having an epileptic seizure. This supplies a 
valuable diagnostic decision support tool for physicians 
treating potential epilepsy. Experimental results show 
that the proposed scheme achieves an excellent per-
formance with not only the accuracy as high as 95.67% 
but also with very fast learning speed (0.0250 seconds), 
which demonstrates its potential for real-time imple-
mentation in an epilepsy diagnosis support system. 
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ABSTRACT 

Improving the ability to assess potential stroke deficit 
may aid the selection of patients most likely to benefit 
from acute stroke therapies. Methods based only on 
‘at risk’ volumes or initial neurological condition do 
predict eventual outcome but not perfectly. Given the 
close relationship between anatomy and function in 
the brain, we propose the use of a modified version of 
partial least squares (PLS) regression to examine how 
well stroke outcome covary with infarct location. The 
modified version of PLS incorporates penalized re-
gression and can handle either binary or ordinal data. 
This version is known as partial least squares with 
penalized logistic regression (PLS-PLR) and has been 
adapted from its original use for high-dimensional 
microarray data. We have adapted this algorithm for 
use in imaging data and demonstrate the use of this 
algorithm in a set of patients with aphasia (high level 
language disorder) following stroke. 
 
Keywords: Ridge Penalized; Logistical PLS; Stroke 

1. INTRODUCTION 

Correlations between brain lesions and clinical symp-
toms have yielded valuable insights into brain function 
in the past. In individual patient care, these clinico-lesion 
correlations may play a role in predicting neurological 
deficits following stroke. More recently, attempts have 
been made to utilize the information obtained from brain 
imaging studies to aid prediction of neurological out-
come. Initial approaches depended upon measurement of 
infarct volume but volumetric approaches proved to be 
inaccurate predictors of neurological outcome. The cor-
relation between infarct volume and the National Insti-
tutes of Health Stroke Scale (NIHSS) is moderate at best 
[1,2]. One factor ignored in volumetric approaches is the 

information on stroke location available in the images. 
We have recently demonstrated that the relationship be-
tween tissue damage assessed at the voxel level and 
neurological disability can be predicted using a new 
method: Ridge Penalized Logistic Partial Least Squares 
(RPL-PLS). This method allows both stroke extent and 
location to be incorporated into the predictive model for 
neurological deficit. 

Previously, voxel-based statistical techniques have 
concentrated on the relationship between involvement of 
individual voxels or clusters of voxels and neurological 
deficit [3-5]. However, strokes often involve large en-
sembles of voxels and the task involved in prediction is 
to establish the relationship between involvement of 
ensemble as a whole and neurological deficit. The func-
tional inter-correlation between different groups of vox-
els is likely to mean that their contribution to outcome is 
not independent. One method of dealing with this kind 
of issue is principal components regression (PCR), 
which uses orthogonal linear combinations of the origi-
nal predictor variables as predictors in a multiple linear 
regression [6]. In PCR orthogonal linear combinations of 
the original predictor variables are first constructed as 
principle components (PCs) to maximize the variance of 
data. These PCs are then used as predictors in a multiple 
linear regression. Thus dimension reduction in PCR is 
achieved without regard the response variable. Partial 
least squares regression (PLS), as an alternative method, 
has the advantage over PCR in that it takes into account 
the response variable when performing the dimension 
reduction step [7,8]. 

Bookstein 1994 [9], McIntosh, et al. [10] and Leibo-
vitch, et al. [11] introduced a variant of the partial least 
squares (PLS) approach to the brain imaging community. 
Here singular-value decomposition (SVD) is applied to 
the cross-correlation matrix between dependent and in-
dependent variables to yield latent variables which are 
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linear combinations of the original variables, and which 
maximise the explained covariance. This characteristic 
of PLS makes it more suited to the purpose of prediction 
on the basis of involvement of functionally related en-
sembles of voxels. The reduction in dimensionality 
achieved may reflect the functional relationships be-
tween brain regions. 

There are several challenges in using the PLS tech-
nique to build a prediction model. First, there is a high 
degree of correlation among neighbouring voxels due to 
shared function and shared vascular blood supply. This 
leads to collinearity thus preventing stable estimates of 
regression coefficients. Second, the outcome variables 
are binary or ordinal and are correctly dealt with using 
logistic regression with the dependent variable being 
transformed into a logit variable describing the odds of a 
specific outcome. Thirdly, estimates of model coeffi-
cients using generalized least squares may still fail to 
converge. The solution of the first issue is the introduc-
tion of a ridge estimator to PLS and such analysis has 
recently been shown to provide stable estimate in mi-
croarray data analysis [12-14]. The solution of the sec-
ond issue is achieved by embedding the usual PLS steps 
within the iterative re-weighted least square (IRLS) [15]. 
In this setting, the binary variables were transformed to 
the continuous-valued pseudo-response variable by logit 
conversion. Variables from logistic regression are further 
constrained to be finite by penalizing with a ridge esti-
mator for overcoming the convergence issue before 
feeding to the PLS. Finally, standard PLS method has 
been extended to weighted partial least squares (WPLS) 
to further reduce noise effects and to improve the con-
vergence of the PLS. WPLS penalizes or regularizes 
PLS model by giving samples different weights (based 
on their relevance to the study). This additional weight 
determines how much each observation in the data set 
influences the final parameter estimates and the ‘disper-
sion matrix’, from logistical regression, can be severed 
as weights for the WPLS (detailed in methods section). 

We have successful demonstrated RPL-PLS in stroke 
deficit prediction study [16]. In this study we describe 
this modification of PLS method to take into account 
binary as well as ordinal outcome variables. To illustrate 
the use of this technique we describe its use in predicting 
stroke outcome using only knowledge of the location 
and extent of infarction. In Section 2 we describe the 
theory of the algorithm and its implementation; in Sec-
tion 3 we describe an application of the method to stroke 
data, in Section 4 is result and in Section 5 is discussion. 

2. METHODS 

2.1. Partial Least Squares Regression (PLS) and 
Weighted PLS 

PLS [7] is a dimension reduction technique, which ad-

dresses the issue of multiple regression when the number 
of variables are greater than the number of observations. 
The n observations described by p dependent variables 
are stored in a n × p matrix denoted Y, and the values of 
m predictors collected on these observations are in a n × 
m matrix X. PLS regression searches k number, with k 
<= m, of principle component scores and loadings (la-
tent variables) by performing an iterative simultaneous 
decomposition of independent data X and dependent 
data Y.  

In matrix form, PLS decomposes X and Y into the 
form:  

T X TP E               (1) 
T Y UQ F               (2) 

where the T and U are (n × k) score matrices, the (m × k) 
P and the (p × k) Q are matrices of loadings. E and F are 
matrices of residuals. The regression model is then step 
up between the scores: 

U BT                 (3) 

These matrixes are column centered and normalized 
(the symbol means “to normalize the result of opera-
tion”). The PLS regression method described here is 
based in the nonlinear iterative partial least squares 
(NIPLALS) algorithm [7], Iterative decomposition starts 
with random initialization the Y-score vector u, with 
initial E = X and initial F = Y, and iteratively go though 
the following steps until a stopping criterion is met or E 
becomes a null matrix. 

Step 1. w ∝ ETu (estimate E weights) 
Step 2. t ∝ Ew (estimate E scores) 
Step 3. q ∝ FTt (estimate F weights) 
Step 4. u  ∝ Fq (estimate F scores) 
Step 5. Check covariance, if t has not converged, goes 

to Step1, else go to Step 6. 
Step 6. b ∝ tTu (compute regression coefficient) 
Step 7. E = E – tpT (residual matrix of E) 
Step 8. F = F – btqT (residual matrix of F) 
By regressing E on t and F on u, the loading vectors p 

= (tTt)-1ETt and q = (uTu)-1FTu can be computed. In this 
way it finds the weight vectors, w, q such that 

2 2

2
| | 1,| | 1

[cov( )] [cov( )]

max [cov( , )]r s r s 





t,u Ew,Fq

E F
        (4) 

where the sample covariance between two variables are 
kept maximized through maximizing the sample covari-
ance between the two scores (components) at each de-
composition step. In such a way, it minimizes the norm 
of Y while keeping the correlation between X and Y by 
the inner relation Eq.3. Once the relationship has been 
built, the dependent variables are predictable using mul-
tivariate regression formula, the outer relation, as: 
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Y = TBQT = XBPLS           (5) 

with BPLS = (PT+)BQT (where PT+ is Moore-Penrose 
pseudo-inverse of PT). 

Least squares solution of linear regression is only ap-
propriate when the variances of the predictor variable are 
uniform [17]. When there are unreliable data or errors in 
the data measurement, unequal diagonal elements in the 
variance of the error matrix will lead to instability of 
parameter estimate for the least squares formula. Weig- 
hted partial least squares (WPLS) generalize PLS with 
an empirical weighted squared error in the same way 
that weighted least square regression generalized least 
squares regression. The main idea is to penalize or regu-
larize the coefficients of WPLS model and to facilitate 
model interpretation and further reduce noise effects of 
the samples: instead of weighting all samples equally, 
they are weighted such that samples with great weight 
contribute more to fit. WPLS defines k number of V 
weighted orthogonal scores tk, linear combination of X 
such that for all k,  and performs a V weighted 
least squares regression of Y through U on T. V is a 
symmetric positive definite matrix with vii is the weight 
assigned to each sample, is induced with the belief that 
observations with small variances provide more reliable 
information about the regression function than those 
with large variances. PLS is a special case of WPLS with 
V as identical matrix. In this study we will use WPLS to 
compensate the problem of possible unequal variance in 
the error matrix. The element vii of V is a probability of 
occurrence of sample i obtained from logistic regression 
step (detailed in following). 

T
n kv t

2.2. Ridge Penalized Logistic Regression 

PLS was originally designed for normal random re-
sponse variables. In the presence of binary response va-
riable, linear regression can result in regression coeffi-
cients, which cannot guarantee that response values only 
have two possible predicted values, 0 and 1. Logistic 
regression is one of the approaches to this issue. Let va-
riable yi indicates the class of sample i for response va-
riable y and πi the probability that yi = 1. Consequently, 
the probability of sample represents a class 0 is then 1 – 
πi. Let xij indicate the jth independent variable in the ith 
sample. The logistic regression model is: 

0
1

log
1-

m
i

i
ji

π
η β j ijβ x

π 

         (6) 

where ηi is called the linear predictor in the jargon of 
generalized linear model. It is connected to πi by so-called 
link function f with 

( ) log( )
1

f






             (7) 

In vector format ηi = β[1 ]. β is unknown parame-
ter and could be estimated by the maximum likelihood 
estimator (MLE),

T
ix

β̂ . The log-likelihood of the observa-
tions for the value β of the parameters L(β) is given by 

1 1

( ) log (1 ) log(1 )
n n

i i i
i i

L y y i 
 

   β    (8) 

If T[1 ]z x  is full column-rank and the configuration 
of n samples in the observation space is overlap, the so-
lution exists and is unique. This solution could be com-
puted by the literately reweighted least squares (IRLS) 
[18]. Let VT be the n × n diagonal matrix with 

T T T[1 ]
ii i i

at iteration t and β = βT. Each iteration 
divides into two steps, 

 v π π

TT T T 1[ ] ( )  g Zβ V y π          (9) 

T+1 T T 1 T T T( )β Z V Z Z V g          (10) 

where g is the calculated new response variables (de-
tailed in Appendix). 

Multicollinearity can still exist even after dimension 
reduction in the setting of our study: many voxels will 
show nearly identical patterns across the samples and 
they may supply no additional information to the model. 
This issue can be further addressed by introducing the 
ridge estimator, the regularization on sum of the squares 
of regression coefficients [19], into the logistic regres-
sion [20]. 

The ridge estimator, ˆRβ , is defined as the (unique) 
maximum of the penalized log-likelihood  

( )* ( )
2

TL L


 β β β Rβ          (11) 

where λ > 0 is the shrinkage parameter, the stronger its 
influence and the smaller the 2

j ’s are forced to be. ˆ Rβ , 
always existing, is unique. Ridge-IRLS (RIRLS) re-
places the weighted regression (Eq.10) in IRLS by a 
weighted ridge regression  

1 ( )t T t T  β Z V Z R Z V1 t tg        (12) 

where R is a diagonal matrix with entries
1,1 0R   and 

.,T
,

1

(
n

j
i j n

i

Z
Z

n

 R Π 2) ,  j  {2,…, m + 1}  (13)  

with Z.,j = [Z1j, Z2j, …, Znj].  
gT in Eq.12 is built as in Eq.9. λ can be chosen as the 

minimum, over a given range, of the Bayesian informa-
tion criterion (BIC) which gives the best balance be-
tween model complexity and the best fit to the data [21],  

2 1

2

ˆˆ2 ( ) log( ) [ ( ( ) )

4ˆ( )]
2

R T R

T R

L n trace

b b ac

a

   

  


γ Z Z V β Z R

Z V β
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2.3. Ridge Penalized Logistic Partial Least 
Squares Regression 

Embedding ridge penalized logistic regression into PLS 
procedure forms RPL-PLS. This method involves two 
steps. The first step, ridge penalty logistic regression 
(RIRLS), builds a continuous response variable g∞ and 
‘dispersion matrix’ [V∞]–1 for the input of the second step. 
Second step is weighted PLS (WPLS) [12].  

1) ( , ) ( , , )RIRLS   g V Y X  

2) ˆ ( , , , )PLS WPLS k β g X V  

There are two parameters, shrinkage parameter  and 
number of component k, to be determined in RPL-PLS. 
, as stated early, is determined by BIC in the first step. 
The optimal number k is empirically chosen by selecting 
the minimal number of components that give the mini-
mum leave-one-out cross-validation (LOOCV) error rate 
for the training data. RPL-PLS provides unique an esti-
mate ˆPLSβ  for given Y, X,  and k. 

Binary logistic regression can be easily extended to 
ordinal response variables by creating a sequence of bi-
nary response variables, one for each response category 
[18]: 

if ith sample response is category 1 1 1
{

0iy   
Otherwise 

if ith sample response is category 2 2 1
{

0iy   
Otherwise 

…
 

 

if ith sample response is category c 1
{

0
c
iy   

Otherwise 

The same technique can be applied to RPL-PLS to 
form more generalized multi- ordinal RPL-PLS. 

2.4. Choosing the Model 

The maximum number of components from RPL-PLS is 
equal to the number of samples in the dataset. Since 
these components are sorted in a descending order ac-
cording to the proportion of variance they explained, 
only the first of few components were needed and the 
rest were considered as noise. The number of compo-
nents could be made up to number of samples and opti-
mal number of components was determined by Leave- 
one-out cross-validation step and when the error rate 
became stable. These models were illustrated up to 6 
components which have already comprised most of va-
riance of the data. The optimal number of components 
for each model was selected by choosing the value of k 
minimizing LOOCV error rate in cross-validation of the 
training dataset. 

3. MATERIALS 

Patients were recruited if they had an ischemic stroke in 
the anterior circulation. 38 patients were used for devel-
opment of the model (training dataset) and 22 patients 
were used for the model validation (validation dataset). 
Neurological deficit from stroke was measured on an 
ordinal scale of the NIHSS and assessment was per-
formed immediately prior to MR imaging. The domain 
of interests for this demonstration was aphasia (higher 
language disorder). The NIHSS language component is 
rated 0 (normal), 1 (mild to moderate), 2 (severe) and 3 
(mute and global aphasia). In our ordinal model, a score 
of 1 correspond to NIHSS language score of 0, a score of 
1 correspond to NIHSS language score of 1-2 and a 
score of 3 correspond to NIHSS score of 3.  

MR scans were acquired within three months after 
stroke onset. Fast spin echo T2-weighted images were 
acquired on 1.5T scanner (GE, Milwaukee, WI) with 
thickness 6 mm/1.7 mm, matrix 256 × 256, and TR/TE/ 
ETL 2000 ms/102 ms/12. Images from different subjects 
were aligned to a standard brain template registration [22] 
by manual registration using 9-parameter linear trans-
formation [23]. Infarcts were manually segmented on 
standard space images using interactive mouse driven 
software. Due to memory limitations of the PC, binary 
images were resampled to 4 mm × 4 mm × 4 mm as the 
input of RPL-PLS. The computation scripts were im-
plemented in MATLAB (Mathworks, Inc., MA).  

4. RESULTS 

RPL-PLS is a robust method and has convergence for all 
three models. In LOOCV, the optimal number of the 
components, k, was 2 for aphasia (binary), and 3 for 
aphasia (ordinal). The algorithm correctly identified 37 
of 38 samples for aphasia (binary) using two compo-
nents and 37 of 38 samples for aphasia (ordinal) using 3 
components. In a model, the coefficients of each voxel 
in the components indicate the relative importance of 
that voxel (anatomical locations) to the associated neu-
rological deficit. The cross-validation results of models 
consisted different number of components were illus-
trated in Table 1. 

In external validation with new data set consist of 22 
samples. Binary aphasia model produced 4 errors (81.8% 
correct) and ordinal aphasia model produced 5 errors 
(77.3% correct).  

Figure 1 corresponds to the binary aphasia model. 
Since the optimal number of components for this model 
was 2, left column is the first component of the model 
wiliest the second column is the second component of 
the model. The brighter the voxel is, the higher the 
weighting of the voxel with respect to aphasia deficit. 

In Figure 2 we presented coefficient images of three 
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5. DISCUSSIONS Table 1. Number of errors in LOOCV of 38 training data sam-
ples. 

In this study, we developed novel approach of gener- 
alized regression method, RPL-PLS, for predicting 
neurological deficit from MRI image data. The method 
incorporates dimension reduction techniques and ridge 
penalized logistic regression for addressing the problem 
of large collinearity dataset with binary and ordinal re-
sponse variables. The PLS algorithm described in this 
paper is known as the ‘standard’ PLS algorithm and has 
been presented in detail elsewhere [7,8,24-26].  

Number of components Neuropsychological  
assessment 

1 2 3 4 5 6 

Aphasia (ordinal) 7 4 1 1 1 1 Number 
of errors Aphasia (Binary) 5 1 1 1 1 1 

 
components model of aphasia ordinal model. Images in 
the first the column of Figure 2 showed each voxel re-
late to the aphasia score = 1 when using a model com-
promise three components, the second column images 
related to aphasia score = 2, and the third column images 
relate to aphasia score = 3. 

The model built from the training dataset has pro-
duced encouraging results for predicting different neu-
rological domain following stroke for the new dataset. It 
only uses information presented in the MR image and has  

 

 
  

 

 

 

 

  

Component 1  Component 2  

Figure 1. Image representation of first 2 components of aphasia binary model (left side image 
corresponds to right side of the patient, radiological conversion). 
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Ordinal outcome =1  Ordinal outcome =2  Ordinal outcome =3  

Figure 2. Image representation of 3 components aphasia ordinal model (left side image corresponds to right side of the patient, ra-
diological conversion). 
 
no requirement from human expert observer. This novel 
approach of using infarct topography to describe neuro- 
logical deficit is an improvement of cruder volumetric 
methods. This study provides support of the concept that 
information presented in image can be used to predict 
the outcome of stroke. This concept paves way for the 
development of similar model for understanding the 
neuroanatomy of neurological deficits and determ ining 
the outcome of rehabilitation and acute stroke trial. 

For this proof-of-concept study we examined patients 
with well-defined infarcts on MRI scans acquired 3 
months after infarction to predict outcome at 3 month. In 
this aspects, the model described here does not conform 
to a typical definition of a prediction model which is to 
use early MRI scans (< 1 week) to predict long term 
outcome (at 3 months). Nevertheless, the concept dev- 
eloped here can be used to obtain the “holy grail” of 
prediction. We would anticipate that with the appropriate 

training set, the method would also perform well at other 
time points after infarction, for example in the acute 
stage (less than 1 week). To increase the homogeneity of 
the group for this proof of concept study, we restricted 
the analysis to patients with infarcts in the anterior cir-
culation. Future studies involving other infarct territories 
will be required to assess whether this method of corre-
lating infarct extent and location will perform as well for 
other brain regions.  
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APPENDIX 

Maximum likelihood (ML) estimate of logistic regression 
and Iterative reweighted least squares (IRLS) 

When response variable y1, y2, …, yn are binary, taking 
on the values 0 and 1 with probabilities and 1 – π, re-
spectively, with expect value E{y} = π, covariates xij{i = 
1, 2, …, n; j = 1, 2,…, m} are also available, the logistic 
regression model would construct by a canonical link 
function 

1
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1

m
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j j
j

x
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where β = [β1, β2, …,βm], x =[x1, x2,…xm]. Thus the 
probability distribution of y is 

1( ) (1 )yf y     y             (A.3) 

Since the yi observations are independent, their joint 
probability function is 
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It is often more convenient to work with the logarithm 
of the joint probability function to find the maximum 
likelihood estimate 
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If we substitute (A.2) to (A.5) and consider equation 
a1, we have 
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where xi is shorthand of [xi1, xi2, … xip] and L(α, β) re-
places h(y1, y2,…yn) to show explicitly that we now view 
this function as the likelihood function of the parameters 

to be estimated. Denote [1 ]T
i Z xi  and [ | ]γ β , 

we have 
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Taylor’s series tells us that an analytic function like 
(A.7) can be approximated as  
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where γ0 is an estimated initial value of γ0. To maximize 
( )γ  we can differentiate with respect to γ and solve for 
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This suggests that we can start with an initial γ0 and 
iteratively apply (A.10) until the algorithm reaches con-

vergence, at which point 0''( ) 0γ and (A.10) does not 

change. This is what called Newton optimization and in 
the linear modeling setting is a vector. Newton’s method 
has a generalization (Newton-Raphson) using the multi-
variate Taylor’s series. 
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The logistic log-likelihood for linear model becomes 
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where V is a diagonal matrix with element W(i, i) equal 
to (1 )i i  . We can plug these results into (A.11) 

0 1( ) (T T )  γ γ X VX X y π  
1 0 1( ) ( (T T  X VX X V Xγ V y π))        (A.15) 
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where 0 1( )  g Xγ V y π . This process is called 

iteratively reweighted least squares (IRLS). 
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ABSTRACT 

Early diagnosis of melanoma is essential for the fight 
against this skin cancer. Many melanoma detection 
systems have been developed in recent years. The 
growth of interest in telemedicine pushes for the de-
velopment of offsite CADs. These tools might be used 
by general physicians and dermatologists as a second 
advice on submission of skin lesion slides via internet. 
They also can be used for indexation in medical con-
tent image base retrieval. A key issue inherent to 
these CADs is non-heterogeneity of databases ob-
tained with different apparatuses and acquisition 
techniques and conditions. We hereafter address the 
problem of training database heterogeneity by de-
veloping a robust methodology for analysis and deci-
sion that deals with this problem by accurate choice 
of features according to the relevance of their dis-
criminative attributes for neural network classifica-
tion. The digitized lesion image is first of all seg-
mented using a hybrid approach based on morpho-
logical treatments and active contours. Then, clinical 
descriptions of malignancy signs are quantified in a 
set of features that summarize the geometric and 
photometric features of the lesion. Sequential for-
ward selection (SFS) method is applied to this set to 
select the most relevant features. A general regres-
sion network (GRNN) is then used for the classifica-
tion of lesions. We tested this approach with color 
skin lesion images from digitized slides data base se-
lected by expert dermatologists from the hospital 
“CHU de Rouen-France” and from the hospital 
“CHU Hédi Chaker de Sfax-Tunisia”. The perform-
ance of the system is assessed using the index area 
(Az) of the ROC curve (Receiver Operating Charac-
teristic curve). The classification permitted to have 
an Az score of 89,10%. 
 
Keywords: Melanoma; Computer Aided Diagnosis System; 

Segmentation; Feature Selection; Classification; Generalized 
Regression Neural Network 

1. INTRODUCTION 

Melanoma is the most deadly form of skin cancer. The 
World Health Organization estimates that more than 
65000 people a year worldwide die from too much sun, 
mostly from malignant skin cancer [1].  

The five-year survival rate for people whose mela-
noma is detected and treated before it spreads to the 
lymph nodes is 99 percent. Five-year survival rates for 
regional and distant stage melanomas are 65 percent and 
15 percent, respectively [2]. Thus the curability of this 
type of skin cancer depends essentially on its early di-
agnosis and excision.  

The ABCD (asymmetry, border, colour and dimension) 
clinical rule is commonly used by dermatologists in visual 
examination and detection of early melanoma [3]. The 
visual recognition by clinical inspection of the lesions by 
dermatologists is 75% [4]. Experienced ones with spe-
cific training can reach a recognition rate of 80% [5].  

Several works has been done on translating knowledge 
of expert physicians into a computer program. Computer- 
aided diagnosis (CAD) systems were introduced since 
1987 [6]. It has been proved that such CAD systems can 
improve the recognition rate of the nature of a suspect 
lesion particularly in medical centres with no experience 
in the field of pigmented skin lesions [7,8]. For these 
systems to be efficient, the shots of the suspected lesion 
have to be taken using the same type of apparatuses than 
the one used for the learning database [9] and with iden-
tical lighting and exposure conditions. This could be-
come very challenging in the majority of cases. 

In order to overcome the lack of standardization in 
stand alone CADs and to provide an open access to der-
matologists, web-based melanoma screening systems 
were proposed [10,11]. These systems have to consider 
the heterogeneity in databases collected in different cen-
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tres.  
This work describes an enhanced CAD system that 

addresses the problem of robustness of such tools under 
the use of different databases.  

2. PROPOSED CAD SYSTEM 

The proposed software combines automated image seg-
mentation and classification procedures and is designed 
to be used by dermatologists as a complete integrated 
dermatological analysis tool. CAD systems in melanoma 
detection are usually based on image processing and data 
classification techniques. Five steps are generally needed: 
data acquisition, pre-processing, segmentation, feature 
extraction and classification (Figure 1). 

2.1. Data Acquisition 

The main techniques used for this purpose are the 
epiluminence microscopy (ELM, or dermoscopy), tra- 
nsmission electron microscopy (TEM), and the image 
acquisition using still or video cameras. The use of 
commercially available photographic cameras is also 
quite common in skin lesion inspection systems, par-
ticularly for telemedicine purposes [12]. 

2.2. Segmentation of Lesion Images 

Image segmentation is the most critical step in the entire 
process. It consists of the extraction of the region of in-
terest (ROI) which is the lesion. The result of segmenta-
tion is a mask image. This mask is the base for the com-
putation of several shape and colour features. 

The computer has a great difficulty in finding lesion 
edge accurately. This task alone has formed the basis of 
much research [13]. The difficulty of segmentation is 
due to low contrast between the lesion and the sur-
rounding skin and irregular and fuzzy lesion borders. 
Artefacts (light reflections, shadows, overlapping hair, 
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analysis 
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Figure 1. CAD system in melanoma detection. 

etc) can also give a false segmentation result. Some 
works rely on the physician to outline the suspicious 
area [14]. 

We use a hybrid segmentation approach based on two 
steps. The first consists in applying morphological 
pre-processing filters to facilitate the extraction of the 
approximate region of the lesion from the safe skin. The 
second consists in applying active contour method on the 
approximate mask to have the final contour of the lesion 
[15].  

Active contours or snakes are curves defined within 
an image domain that can move under the influence of 
internal forces coming from within the curve itself and 
external forces computed from the image data. Snakes 
were introduced by Kass et al. [16]. Snakes are param-
eterized curves: 

   v(s) x(s), y(s) ,s 0,1           (1) 

This curves move through the spatial domain of an 
image to minimize the functional energy [17]: 

1

snake int ext
0

E E (v (s)) E (v (s)) ds 
       

(2) 

2

intE (v(s)) α v'(s) β v"(s)  2        (3) 

2

extE (x, y) I(x, y)              (4) 

where: 
 v(s) is a set of coordinates to form a snake contour.  
 v’(s) and v”(s) denote the first and second deriva-

tives of v(s) with respect to s .  
 α and β are weighting parameters that control re-

spectively the snake’s tension and rigidity.  
 (x, y)I is the gradient of grey-level image I. 
A snake that minimizes Esnake must satisfy the Euler 

equation. 

extαv"(s) βv""(s) E 0  
         

(5)  

The internal force Fint discourages stretching and 
bending while the external potential force Fext pulls the 
snake toward the desired image edges. 

To find a solution to (4), the snake v(s) is made dy-
namic by adding the parameter of time t to the equation 
of the curve that becomes: 

t ev (s,t) αv"(s,t) βv""(s,t) E xt        (6) 

indicating how the snake must be modified at the instant  
t+1 according to its position at the instant t. 

When v(s, t) stabilizes, we achieve a solution of (6). 

2.3. Features Extraction from Lesion Images 

To characterize the different types of lesions we consider 
a parametric approach. In such approach, the skin lesion 
is resumed in a vector of features which dimension de-
pends on the number of extracted primitives. We use 
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The SFS [21] is an ascending research method (bot-

tom-up) of the set of most discriminative parameters 
from an initial set of parameters (Ei) with:  

quantitative parameters from the descriptions of derma-
tologists based on the ABCD rule to model clinical signs 
of malignancy.  

The preliminary developed set of parameters under-
went a series of tests to evaluate their robustness when 
quantifying multiple shots of the same lesion acquired 
under different lighting conditions with different appa-
ratuses as is the case when using different slides from 
heterogeneous databases [18]. Our set of parameters was 
besides used by [19] to develop an automatic recognition 
of melanoma which reached a correct classification rate 
of 79.1%. 

The most important clinic signs that were kept to 
characterize melanoma and the different lesions are the 
irregularity of the contour, the asymmetry of colour and 
shape, as well as the heterogeneity of the colour. We 
classify parameters in two categories: geometric and 
photometric parameters.  

2.3.1. Geometric Parameters  
Geometric parameters are extracted from the binary 
shapes obtained after image segmentation. These pa-
rameters permit to characterize the shape of the lesion, 
its elongation and the regularity of its contour. All these 
parameters are standardized and independent of transla-
tion, zoom and rotation effects and therefore compensate 
for rigid transformations introduced by the optics condi-
tions and the scene selection and framing. 

2.3.2. Photometric Parameters   
Photometric parameters are calculated from true colour 
and binary images. These parameters permit to describe 
homogeneity and symmetry of the colour as well as the 
deviation between the mean colour of the lesion and the 
mean colour of the surrounding safe skin. We tested dif-
ferent colour spaces representations calculated from the 
red green blue components. We reflect the correlation 
between the level of a colour component of a pixel and 
its position on the digital image witch is supposed to be 
independent of lighting conditions and spectral ensiti- 
veity of the camera sensor. 

2.4. Feature Selection  

Feature selection allows choosing the most relevant pa-
rameter subset to perform the classification step. This 
subset must contain the more robust and the most dis-
criminative primitives [20]. Three criteria’s must be 
fixed: the assessment method of the variables set rele-
vance, the research procedure to follow and the stopping 
criteria of the selection. In this work we report the use of 
a sequential forward selection with a stopping criteria 
based on the minimum error generated by the classifier.  

2.4.1. Sequential Forward Selection 

Ei  pj, j 1,2, , N    

SFSnE Ei ,  n  N  

For this method one parameter pj is added at a time to 
the ESFS subset. If the assessment criterion is an artificial 
neural network, for each step, we insert one by one re-
maining parameters pj of Ei in ESFS and we calculate the 
corresponding classification error (Err) with:  

q
2

i i
i 1

1
Err (d a )

q 

              (7) 

with q: total image number of the training database.  
di: desired output.  
ai: real output.  

Initially, the subset =SFS0E    ;  

For every step, parameter pj that will be selected is the 
one for which the new ESFS subset permits to minimize 
the classification error:  

p jSFS SFSErr(E U ) Err(E U ') p j        (8) 

Thus, the first selected parameter is the most dis-
criminative one of the initial set of parameters. The se-
lection of parameters stops when while adding a new 
parameter to ESFS, the classification error increases.  

2.5. Classification of Lesion Images  

After having summarized information contained in the 
different images of our databases in vectors of parame-
ters we use a classifier based on a general regression 
network (GRNN) [22]. GRNN network is much faster to 
train than a multilayer perceptron network (MPN). 
GRNN gave better recognition rates than MPN for 
melanoma classification [23]. The architecture of this 
network is illustrated on Figure 2. The GRNN is com-
posed of four layers: the input layer, the first intermediate 
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Figure 2. Architecture of the used GRNN. 
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layer constituted of radial units, the second intermediate 
layer constituted of summarized units and the output 
layer. 

3. ASSESSMENT OF THE 
CLASSIFICATION  

The performance of our CAD system is evaluated in 
term of sensitivity and specificity. These measures are 
defined as follow: 

# True Positives
Sensitivity =

#True Positives + #False Negatives
    

(9) 

   

 
# True Negatives

Specificity =
#True Negatives + # False Positives

 

                        (10) 

With #true-Positive and #False-Negative corresponds 
respectively to the number of malign lesions well classi-
fied and badly classified. #True-Negative and #False- 
Positive corresponds respectively to the number of be-
nign lesions well classified and badly classified. 

A ROC curve consists in representing the value of the 
sensitivity according to (1-specificity) [24]. The area 
under the ROC curve or area index (Az) represents the 
probability to correctly identify the image with anomaly 
when an image with anomaly and an image without are 
presented simultaneously to the observer. 

We use two databases of image lesions whose malign 
or benign nature is perfectly known after histological 
analysis. The first one has been collected in CHU Rouen 
France with the collaboration of the research laboratory 
PSI-INSA Rouen and has been supported by the French 
National League against Cancer. This database was digi-
tized in true colours by a 35 mms slides Nikon LS- 
1000S scanner. It was used in previous works [19,25] 
and [26,27]. We divide this database in a training (B0) 
and test (B1) sets used in the first assessment of classifi-
cation. 

The second image database has been collected in Tu-
nisia from the dermatology service of CHU Hédi 
CHAKER in Sfax. Images were digitized in true colours 
with a HP Scanjet 3570c scanner (cf. Table 1). 

Our approach for efficiency assessment of the devel-
oped tool has been achieved in three steps: 

3.1. First Assessment of the System  

For the first step, we evaluate the diagnosis results of our 
system while using two sets of images (B0 for training 
and B1 for test) from the same CHU Rouen image data-
base. 

Table 1. Distribution of images databases. 
 

Data-
base 

Set Class 
Nbr of 

BL 
Nbr of 

ML 
Total 

B0 Training 59 27 86 CHU 
Rouen B1 Test 34 15 49 

CHU 
Sfax B2 Test 31 20 51 

 Total  124 62 186 

3.2. Comparison of Our System’s Diagnosis with 
Dermatologist’s Visual Diagnosis  

This step consists in comparing diagnostic results of our 
system with the opinion of four expert dermatologists for 
the same test database (B1). Dermatologists are part of 
the dermatology service of the CHU Sfax. We asked 
every dermatologist to give his diagnosis for each lesion.  

3.3. Third Assessment of the System  

For this step, we evaluate our system while using the 
second image database (B2) collected at CHU Sfax. This 
test has been done while using the artificial neural net-
work having the best recognition rate according to the 
first assessment.  

4. RESULTS AND DISCUSSION  

4.1. Results of the Segmentation Step 

For image lesion segmentation, we propose a hybrid 
method that combines the advantages of morphological 
treatments, histogram thresholding and active contours 
techniques.  

First the contrast of the gray level original image is en-
hanced using top-hat and bottom-up filtering (Figure 3).  

The extraction of the image mask is based on the de-
tection of regional minima of the complementary image 
of the contrast enhanced image. The detection of these 
regions requires the application of a threshold. This 
threshold is obtained with histogram thresholding using 
Otsu method [28]. We apply then a morphological ope- 
ning on the obtained image. Lakes of the resulting image 
are eliminated by filling holes. The approximate zone or 
approximate mask of the lesion is finally obtained fol-
lowing a labelling, conservation of the biggest element. 

We initialize a snake at the approximate boundary of 
the safe skin (cf. Figure 4). The snake begins with the 
calculation of a field of external forces over the image 
domain. The forces drive it toward the boundary of the 
lesion. The process is iterated until it matches the con-
tour of the lesion. We superpose the obtained contour on 
the original color image.  

Figures 5 and 6 show some examples of segmentation 
results of lesions collected from both CHU Rouen and 

HU Sfax databases. C
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(a) original image                     (b) contrast enhancement               (c) Approximate mask of the safe skin 

Figure 3. Extracting the approximate mask of the safe skin. 

           
(a) Snake initialization                    (b) Snake progression              (c) segmented image 

Figure 4. Application of the active contour on the approximate mask. 
 

ferent subsets of selected variables.  

     

The chosen set of variables is the one that generates 
the minimal error. We pursued research until the selec-
tion of all parameters. Then we chose the smallest subset 
gotten with the minimal error. 

The result of this selection method is illustrated on 
Figure 7. It illustrates the variation of the classification’s 
mean square error (MSE) according to the number of 
included parameters, during trainings and tests of the 
GRNN.  

     According to the test curve, we note that the set of the 
 Figure 5. Segmentation results of lesions collected from CHU 

Rouen database.  

     

4.2. Results of Features Selection  

For features extraction, a set of 68 parameters are ex-
tracted for every lesion. Through correlation and ro-
bustness study, a set of 42 parameters have been kept. To 
find the most discriminative ones for the classification 
step, we apply the sequential forward selection (SFS) 
method. Training and test databases of images have been 
randomly selected. 

     For the SFS method, the assessment of parameter selection 
is based on the comparison of the error generated by the 
general regression neural network (GRNN) for the dif- 

Figure 6. Segmentation results of lesions collected from CHU 
Sfax database.  

 JBiSE 
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Figure 7. Parameter selection using SFS method.  

 

 
Figure 8. The ROC curve obtained using GRNN classifier and 
the selected parameters. 

 
Table 2. Order of the selected parameters using SFS method. 

Rg  N°  Description  

01 24 scG  symmetry of the green component

02 09 rmoyr  
mean of the normalized red in the 
lesion 

03 03 DeltaD  
expanse of the distance to the 
center 

04 35 Beta  spherical coordinate beta 

05 23 scR  symmetry of the red component 

06 01 comp  compactness of the shape 

07 39 RB  
Ratio between lesion and safe skin 
for the red 

08 29 gamma1B  Fisher coefficient for the blue  

09 16 sigmamoyLb  
Standard deviation of normalized 
bleu in the safe skin  

10 06 scB  symmetry of the blue component 

most discriminative parameters permitting to minimize 
the MSE of test database are gotten after the insertion of 
the first ten parameters (MSE = 0.1434).  

The selection by the SFS method permitted a reduc-
tion of 76.19% of the total number of parameters. The 
list of parameters selected is presented in Table 2.  

4.3. Results of the Classification Step  

The classification is based on parameters kept in features 
selection. Figure 8 illustrates results of the classification 
while using the 10 most discriminative parameters se-
lected by the SFS method. 

The performances of classification using B1 set of 
images extracted from CHU Rouen database are based 
on the comparison of the value of the area index (Az) of 
the ROC curve. We obtain a value of Az equal to 89.1%. 
The recognition rate of the system is 92.05%. 

To validate the efficiency of our system, we compare 
the obtained classification results with the diagnosis of 
four dermatologists from CHU Sfax. We asked every 
dermatologist to give his diagnosis for every lesion of 
the same test set B1. Results of their diagnoses are given 
in Table 3. 

According to these results, we notice that the mean 
value of sensitivity provided by dermatologists is equal 
to the mean percentage of visual recognition of the true 
positives by dermatologists that is 75% [4]. 

The recognition rate of our CAD system (92.05%) ex-
ceeds that obtained by dermatologists. It even exceeds that 
of experimented trained ones which is about 80% [5]. 

Results of the second assessment of the system are 
given in Table 4. We note that even when using a test set 
of image lesions selected randomly from a different da-
tabase the recognition rate our system is 90.15%. It re-
mains better than the one of the visual diagnosis of ex-
perimented dermatologists. 

5. CONCLUSIONS  

In this paper we have described the different steps used in 
the CAD system that we propose for melanoma detection. 
To make this tool useful by the dermatologist commu-
nity outside specialized centres, each stage of processing 
had to be automatic and robust to different conditions of 
acquisition and apparatus. The system segments and 
extracts parameters of description of the lesion. These 
parameters are normalized and used as inputs for the 
neural network classifier which decides if the lesion is 
suspicious. We have also described the different steps 
used for the evaluation of our system. This evaluation 
had proved the robustness of our system when using 
different databases in training and test. This property 
makes it a suitable and an efficient candidate for use in a 
context of a telemedicine dermatological application. 
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Table 3. Recognition rate dermatologists (D).  

RR / D D A D B D C D D 

FP 

VP 
FN 
VN 

12 
9 
6 
22 

0 
8 
7 
34 

12 
14 
1 

22 

8 
14 
1 
26 

mean 

Sensitivity 60 53,3 93,3 93,3 74,9 

Specificity 64,7 100 6 4,7 76,5 76,4 

RR 62,3 76,6 79,0 84,9 75,7 

- FP (False Positive) 
- TP (True Positive) 
- FN (False Negative) 
- TN (True Negative) 
- RR: Recognition Rate 
 
Table 4. Assessment of the system with database B2. 

TR  Base2 

FP 

VP 
FN 
VN 

03 
18 
02 
28 

Sensitivity 90 

Specificity 90,3 

Recognition rate 90,15 
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ABSTRACT 

The winter of 2009 witnessed the concurrent spread 
of 2009 pandemic H1N1 with 2009 seasonal H1N1. It 
is clinically important to develop knowledge of the 
key features of these two different viruses that make 
them unique. A robust pattern recognition technique, 
Random Forests, was employed to uncover essential 
amino acid markers to differentiate the two viruses. 
Some of these markers were also part of the previ-
ously discovered genomic signature that separate 
avian or swine from human viruses. Much research 
to date in search of host markers in 2009 pandemic 
H1N1 has been primarily limited in the context of 
traditional markers of avian-human or swine-human 
host shifts. However, many of the molecular markers 
for adaptation to human hosts or to the emergence of 
a pandemic virus do not exist in 2009 pandemic 
H1N1, implying that other previously unrecognized 
molecular determinants are accountable for its capa-
bility to infect humans. The current study aimed to 
explore novel host markers in the proteins of 2009 
pandemic H1N1 that were not present in those clas-
sical markers, thus providing fresh and unique in-
sight into the adaptive genetic modifications that 
could lead to the generation of this new virus. Ran-
dom Forests were used to find 18 such markers in 
HA,  15 in NA, 9 in PB2, 11 in PB1, 13 in PA, 10 in 
NS1, 1 in NS2, 11 in NP, 3 in M1, and 1 in M2. The 
amino acids at many of these novel sites in 2009 pan-
demic H1N1 were distinct from those in avian, hu-
man, and swine viruses that were identical at these 
positions, reflecting the uniqueness of these novel 
sites.  
 
Keywords: 2009 Pandemic H1N1; Host Switch; Influ- 
enza; Mutation; Random Forests 

1. INTRODUCTION 

In addition to the common seasonal H1N1 influenza 

virus, an antigenically novel swine-origin pandemic 
H1N1 influenza virus marked the flu season in 2009. It 
is likely that both 2009 pandemic H1N1 and seasonal 
influenza will coexist for some time. Elucidation of the 
characteristics of this new virus has become an impor-
tant part of the current flu research. The identification of 
molecular markers for drug resistance, virulence, viral 
transmission and replication, human adaptation, and 
evolution can shed new light into the nature of this virus.  

There are eight single-stranded RNA segments of the 
influenza A virus genome. They code 11 proteins: hema- 
gglutinin (HA), neuraminidase (NA), matrix 1 (M1), 
matrix 2 (M2), nucleoprotein (NP), non-structural pro-
tein 1 (NS1), non-structural protein 2 (NS2; also termed 
nuclear export protein, NEP), polymerase acidic protein 
(PA), polymerase basic protein 1 (PB1), polymerase 
basic protein 2 (PB2), and polymerase basic protein 1 – 
F2 (PB1-F2). Segments 1, 3, 4, 5, and 6 each encode a 
single protein, i.e., PB2, PA, HA, NP, and NA, respec-
tively, whereas segments 2, 7, and 8 each encode two 
proteins, i.e., PB1 and PB1-F2, M1 and M2, NS1 and 
NS2, respectively. The life cycle of influenza virus has 
the following steps with several proteins involved in 
each: entry into the host cell (HA, M1 and M2), entry of 
viral ribonucleoproteins (vRNP) into the nucleus (NP, 
PA, PB1 and PB2), transcription and replication of the 
viral genome (PA, PB1, PB2, NS1, and NP), export of 
the vRNPs from the nucleus (NP, NS2 and M1), and 
assembly and budding at the host cell plasma membrane 
(HA, NA, M1 and M2) [1].  

Besides mutations, viruses with segmented genomes 
can generate genetic diversity by exchanging gene seg-
ments between different viruses to produce a new virus. 
Comprehensive phylogenetic analysis suggested that the 
genes of 2009 pandemic H1N1 were derived from avian 
(PB2 and PA), human H3N2 (PB1), classical swine (HA, 
NP and NS), and Eurasian avian-like swine H1N1 (NA 
and M) lineages [2].  

The symptoms of the 2009 pandemic H1N1 flu are 
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similar to the 2009 seasonal flu with a possibility of ad-
ditional symptoms such as vomiting and diarrhea [3]. 
The Center for Disease Control and Prevention (CDC) 
and Mayo Clinic have developed several molecular tests 
to detect and discriminate the novel 2009 pandemic 
H1N1 virus and the 2009 seasonal virus [4]. The matrix 
(M) gene is highly conserved compared to other gene 
segments, which makes it an ideal target for RT-PCR 
assays used to detect the presence of influenza. A muta-
tion in the M gene of the 2009 pandemic virus could 
invalidate these tests [5]. 

Sequence survey suggested that there were two dis-
tinct evolutionary trends in antigenic drift of H1N1 HAs 
at two residues 190 and 225. The epidemic H1N1 HAs 
favor position 190 while the 1918 pandemic and swine 
HAs favor position 225 [6]. In contrast to these two 
trends, the 2009 pandemic H1N1 strains are highly con-
served at both HA 190 and 225 and possess the signature 
markers Asp190 and Asp225 that are known to confer 
specificity to the human α2-6 sialylated glycan receptors 
[7]. Further analysis indicated the 2009 pandemic H1N1 
HAs possess residues that can be positioned to bind to 
avian α2-3 sialylated glycan receptors as well [7,8]. By 
homology modeling of the HA structure, the antigenic 
similarity between the 1918 H1N1 and the pandemic 
2009 H1N1 viruses was confirmed, and the future amino 
acid substitutions on the antigenic sites of 2009 pan-
demic H1N1 HA were also predicted [9], raising the 
concerns that these two pandemic H1N1 viruses may 
share a similar evolutionary path. With informational 
spectrum method [10], a bioinformatics technique, highly 
conserved domains and mutations in the 2009 pandemic 
H1N1 HAs were identified and the contributions of these 
mutations to the changes of binding specificity of the 
2009 pandemic H1N1 HAs were quantified [11-13].  

Many 2009 seasonal H1N1 strains carry a NA muta-
tion H275Y that confers high-level resistance to osel-
tamivir. Although most 2009 pandemic H1N1 strains are 
susceptible to oseltamivir, the co-circulation of pandemic 
and seasonal H1N1 viruses might provide opportunities 
for 2009 pandemic H1N1 to develop oseltamivir resis-
tance through mutations and reassortments between 
pandemic and seasonal H1N1 viruses. Positive natural 
selection was detected in the NA proteins of 2009 pan-
demic H1N1 at codons 275 and 248 and seasonal H1N1 
at codon 275, with statistically significant bias of non- 
synonymous mutations relative to synonymous muta-
tions [14]. Besides position 275, mutations at other posi-
tions in NA such as 116, 117, 119, 136, 150, 151, 199, 
223, 275, and 295 could also alter NA inhibitor suscep-
tibility [15,16].  

Two recent reports [17,18] revealed three NA variant 
groups in 2009 pandemic H1N1. The first group had 

V106 and N248, the second included I106 and N248, 
and the third contained I106 and D248, highlighting the 
rapid genetic variation of this surface antigen under host 
immune pressure and the need for close monitoring. The 
NA protein of the avian viruses has, in addition to the 
catalytic site, a separate sialic acid binding site that is 
not present in human viruses, which could enhance the 
catalytic efficiency of NA [19]. Although the second 
binding site was not conserved in swine NA strains, a 
recent report found the 2009 pandemic H1N1 strain of 
swine origin appeared to have retained some of the key 
features of the second binding site. Their data showed 
possible lowered HA activity for this second site, which 
might be an important event in the emergence of the 
2009 pandemic strain [20].   

The interaction of NP and the influenza polymerase, 
containing the PA, PB1 and PB2 proteins, catalyses viral 
RNA replication (vRNA→cRNA→vRNA) and transcrip-
tion (vRNA→mRNA) in the nucleus of infected cells. 
The PB2 protein of human viruses tend to possess a ly-
sine at position 627 (K627), whereas avian viruses gen-
erally have glutamic acid at this position (E627). The 
mutation E627K allows avian virus to efficiently grow in 
humans and was identified experimentally as a crucial 
host range and pathogenicity determinant [21,22]. The 
2009 pandemic H1N1 strains could transmit in humans 
efficiently, but exclusively possess the avian signature 
E627. Therefore, there might be alternative strategies 
employed by the novel 2009 H1N1 polymerase to main-
tain the efficient replication rate. A recent study discov-
ered that serine at position 590 (S590) and arginine at 
position 591 (R591) might serve as a regulator of poly-
merase activity that contributes to the increased replica-
tion efficiency of 2009 pandemic H1N1. The paired mu-
tations S590 and R591, termed the SR polymorphism, 
were present in only three of the 2849 PB2 sequences of 
human viruses before 2009 [23]. Other sites might affect 
the polymerase activity as well. The mutations at posi-
tion 504 in PB2 (I504V) and position 550 in PA (I550L) 
could result in enhanced virulence [24]. A special region 
(residues 360-374) in the NP protein was found to play a 
vital role in overcoming species barrier for 2009 pan-
demic H1N1 [25].  

Compared to other proteins in the influenza viruses, 
PB1-F2 is a newly discovered protein, which is unique 
in that this protein is coded by a subset of the nucle- 
otides that code for PB1 due to the use of a different 
reading frame. The PB1-F1 protein has been implicated 
in pathogenicity and the induction of cell death [26-28]. 
The 2009 pandemic H1N1 virus has a truncated PB1-F1 
protein, because its genome contains three stop codons 
preventing PB1-F2 expression. Recently, studies found 
that its function is not universal, but cell type and virus 
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strain dependent [29], and it plays a critical role in the 
pathogenicity and tranmissibility of 2009 pandemic H1N1 
[30,31].  

NS1 is a multifunctional protein that contributes to 
viral pathogenesis by neutralizing the interferon (IFN) 
-based defense system of the host cell [32], and serves as 
a strong inducer of apoptosis in infected human respira-
tory epithelial cells [33]. The NS1 protein of 2009 pan-
demic H1N1 is truncated and therefore missing a domain 
responsible for increased pathogenicity of avian virus 
[34]. There are two molecular markers that account for 
the virulence of the highly pathogenic avian H5N1 vi-
ruses are not present in 2009 pandemic H1N1. They are 
a lysine (K) at position 627 of PB2, and glutamic (E) 
acid in position 92 of NS1 that might increase the repli-
cation efficiency and block host inhibition of viral repli-
cation, respectively [35,36].  

A recent study on M gene identified sites of high se-
lective pressure between human and avian influenza, 
which were 115, 121, 137 in M1, and 11, 16, 20, 54, 57, 
78, 86, and 93 in M2 [37]. The 2009 pandemic H1N1 
virus contains the adamantine-resistant mutation S31N 
in its M2 protein, thus making the NA Inhibitors osel- 
tamivir and zanamivir the only options available to treat 
the infections caused by the pandemic virus [38]. 

Several studies focused on determining which amino 
acid changes best distinguish an avian or swine influenza 
virus from a human virus. An entropy analysis revealed 
the human-avian host shift genomic signature of 52 
markers in ten proteins of the influenza virus [39]. This 
signature extended in [40] provided the basis for finding 
the amino acids of 2009 pandemic H1N1 at the host spe-
cies-specific positions to illustrate the adaptive muta-
tions of this virus. By comparison of the protein se-
quences of 2009 pandemic H1N1 with those in the pre-
vious pandemics and human, swine, and avian influenza 
viruses, the mutation trend of the residues at the signa-
ture positions was discovered, and the potential roles of 
the mutated residues in human adaptation and virulence 
was probed in [41]. With mutual information analysis, 
the characteristic sites for human-to-human transmission 
in PB2 of influenza viruses were uncovered [42], and 
subsequently a catalogue of 68 such sites in eight inter-
nal proteins were found to derive adaptation signatures 
of viral proteomes [43], which included many of the 32 
and 34 markers identified in [44,45], respectively.  

Many of the molecular determinants associated with 
adaptation to human hosts or to the emergence of a pan-
demic virus are not present in 2009 pandemic H1N1, 
suggesting that other previously unrecognized molecular 
markers are responsible for its ability to infect humans 
[17]. Therefore, uncovering new molecular features of 
2009 pandemic H1N1 is of prime significance. In this 

study, we collected all the protein sequences of the 2009 
pandemic H1N1, 2009 seasonal H1N1, avian, human, 
and swine influenza viruses available from the National 
Center for Biotechnology Information (NCBI). Our ob-
jective was to explore the novel host markers in 2009 
pandemic H1N1 that were not present in the classical 
avian-human or swine-human host shift markers, and the 
top markers that could differentiate 2009 pandemic 
H1N1 from 2009 seasonal H1N1.  

2. MATERIALS AND METHODS  

2.1. Sequence Data 

All influenza virus protein sequences were retrieved 
from the Influenza Virus Resource (http://www.ncbi/ 
nlm.nih.giv/genomes/FLU/FLU.html) of the National 
Center for Biotechnology Information (NCBI). Detailed 
information about these sequences is in Table 1. All the 
sequences used in the study were aligned with MAFFT 
[46].  

2.2. Random Forests 

Random Forest, proposed by Leo Breiman in 1999 [47], 
is an ensemble classifier based on many decision trees. 
Each tree is built on a bootstrap sample from the original 
training set and is unpruned to obtain low-bias trees. The 
variables used for splitting the tree nodes are a random 
subset of the whole variable set. The classification deci-
sion of a new instance is made by majority voting over 
all trees. About one-third of the instances are left of the 
bootstrap sample and not used in the construction of the 
tree. These instances in the training set are called “out- 
of-bag” instances and are used to evaluate the perform-
ance of the classifier, which can achieve both low bias 
and low variance with bagging and randomization.  

2.3. Feature Selection Using Random Forests 

Random Forest calculates several measures of variable 
importance. The mean decrease in accuracy measure was 
employed in [48] to rank the importance of the features 
in prediction. This measure is based on the decrease of 
classification accuracy when values of a variable in a 
node of a tree are permuted randomly. In this study, two 
packages of R, randomForest and varSelRF [48], were 
utilized to compute the importance of the amino acids in 
a given protein sequence dataset. The effectiveness and 
robustness of this technique as a feature selection 
method has been demonstrated in various studies [49- 
54].  

2.4. Procedure to Find Novel Host Sites in 2009 
Pandemic H1N1 

Four steps were created to locate the novel sites associated 

http://www.ncbi/%20nlm.nih.giv/genomes/FLU/FLU.html
http://www.ncbi/%20nlm.nih.giv/genomes/FLU/FLU.html
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Table 1. Counts of the influenza protein sequences used in the current study. 

Host Subtype Protein Number of Sequences Years Host Subtype Protein Number of Sequences Years 

Human Pandemic H1N1 HA 710 2009 Human All types NS1 509 All years

Human Pandemic H1N1 NA 643 2009 Human All types NS2 383 All years

Human Pandemic H1N1 NP 394 2009 Human All types PA 279 All years

Human Pandemic H1N1 M1 490 2009 Human All types PB1 289 All years

Human Pandemic H1N1 M2 482 2009 Human All types PB2 269 All years

Human Pandemic H1N1 NS1 366 2009 Avian H1 HA 120 All years

Human Pandemic H1N1 NS2 358 2009 Avian N1 NA 1821 All years

Human Pandemic H1N1 PA 295 2009 Avian All types NP 2888 All years

Human Pandemic H1N1 PB1 311 2009 Avian All types M1 4232 All years

Human Pandemic H1N1 PB2 311 2009 Avian All types M2 3182 All years

Human Seasonal H1N1 HA 128 2009 Avian All types NS1 4610 All years

Human Seasonal H1N1 NA 125 2009 Avian All types NS2 3422 All years

Human Seasonal H1N1 NP 25 2009 Avian All types PA 3106 All years

Human Seasonal H1N1 M1 129 2009 Avian All types PB1 2979 All years

Human Seasonal H1N1 M2 129 2009 Avian All types PB2 2643 All years

Human Seasonal H1N1 NS1 25 2009 Swine H1 HA 379 All years

Human Seasonal H1N1 NS2 25 2009 Swine N1 NA 278 All years

Human Seasonal H1N1 PA 23 2009 Swine All types NP 420 All years

Human Seasonal H1N1 PB1 25 2009 Swine All types M1 516 All years

Human Seasonal H1N1 PB2 25 2009 Swine All types M2 406 All years

Human H1 HA 640 All years Swine All types NS1 506 All years

Human N1 NA 1127 All years Swine All types NS2 351 All years

Human All types NP 393 All years Swine All types PA 343 All years

Human All types M1 1512 All years Swine All types PB1 368 All years

Human All types M2 1415 All years Swine All types PB2 327 All years

 

with host adaptation in 2009 pandemic H1N1. 
Step 1: For each protein, the consensus sequence of 

avian, 2009 pandemic H1N1, human, and swine viruses 
were calculated separately, and the positions with dif-
ferent amino acids of the four consensus sequences were 
identified, since the different amino acids at these posi-
tions have the potential to contribute to host switches. 

Step 2: For each protein, Random Forests were used 
to identify the top 20 positions that have highest impor-

tance in separating avian from human viruses, and swine 
from human viruses, respectively.  
  Step 3: Finding the intersection of the top positions 
with importance larger than 0.005 for separating 2009 
pandemic H1N1 from human viruses and the positions with 
different consensus amino acids found in step one.  

Step 4: The positions discovered in step three minus 
the positions found in step two will be the novel posi-
tions important for separati g 2009 pandemic H1N1  n    
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Table 2. This table contains the Hamming distances of consensus protein sequences of avian, human, 
2009 pandemic H1N1, and swine viruses. 

Proteins HA NA NP M1 M2 NS1 NS2 PA PB1 PB2 

Dist(Avian,2009_pandemic) 90 35 28 8 6 35 11 17 23 17 

Dist(Human,2009_pandemic) 109 61 42 19 15 42 13 30 21 31 

Dist(Swine,2009_pandemic) 43 52 10 11 6 17 7 15 20 17 

Dist(Avian,Human) 90 50 31 11 13 23 5 20 4 19 

Dist(Avian,Swine) 61 37 21 3 2 22 7 4 6 2 

Dist(Human,Swine) 97 52 35 8 11 36 7 19 6 21 

 
from human viruses.  

The purpose of steps 2 and 3 was to calculate the ad-
aptation signatures for various virus groups, which were 
then used in step 4. The amino acids at most of these 
novel sites in 2009 pandemic H1N1 turned out to be 
different from those in avian, human, and swine viruses 
that were the same at these positions.  

Random Forests produce non-deterministic outcomes. 
To compensate this bias, the Random Forests algorithm 
was run multiple times and then the average of the results 
was taken. The importance of each residue in the protein 
sequences was based on the averaged calculations by 
using the function randomVarImpsRF in varSelRF re-
peated 5 times. 

3. RESULTS 

3.1. Comparison of Consensus Protein Sequences     
of Influenza Viruses 

In considering the relationship among the proteins of 
influenza viruses, the Hamming distance, defined as the 
number of positions at which the corresponding amino 
acids of two sequences are different, of any two consen-
sus protein sequences of avian, human, 2009 pandemic 
H1N1, and swine viruses was calculated. The distance 
information in Table 2 provided insight into the se-
quence similarity between the proteins of 2009 pan-
demic H1N1 and those of other virus groups. In particu-
lar, the distances between 2009 pandemic H1N1 and 
avian, human, and swine viruses reflected the origin of 
2009 pandemic H1N1 [2].  

3.2. Novel Host Sites in the Proteins of 2009 
Pandemic H1N1 

Our analysis discovered a catalogue of novel host mark-
ers in the proteins of 2009 pandemic H1N1 that included 
18 markers in HA, 15 in NA, 9 in PB2, 11 in PB1, 13 in 
PA, 10 in NS1, 1 in NS2, 11 in NP, 3 in M1, and 1 in 
M2. In the following sections, each of the ten proteins of 
2009 pandemic H1N1 was compared to that of avian, 
human, and swine viruses. Random Forests were em-
ployed to identify the top important positions in the pro- 
teins of influenza that could separate 2009 pandemic 

H1N1 from avian, human, and swine viruses, and the top 
positions that could discriminate 2009 pandemic H1N1 
and 2009 seasonal H1N1.  

The novel host markers in 2009 pandemic H1N1 were 
uncovered with the procedure outlined in Section 2.3. 
Some of the markers that could classify 2009 pandemic 
H1N1 and 2009 seasonal H1N1 were also part of the 
previously discovered genomic signature that separate 
avian or swine from human viruses. Because the se-
quences of 2009 seasonal H1N1 were a subset of those 
of human viruses, there were common important sites in 
each protein between the sites in 2009 pandemic versus 
2009 seasonal and the sites in 2009 pandemic versus 
human viruses.  

To render a complete picture of host shift markers of 
different types, the novel sites in each of the ten proteins 
of 2009 pandemic H1N1 were exhibited along with the 
avian-human and swine-human sites in a single table. 
The conservation of residues comprising these sites in 
each protein as represented by their frequency at these 
positions was also displayed in the table. The top impor-
tant sites in each protein for differentiating 2009 pan-
demic H1N1 from avian, human, and swine viruses were 
displayed in a single figure, which were used in the pro-
cedure to find the novel sites.  

Due to high genetic variation of the HA and NA pro-
teins, only the HA protein sequences of H1 subtype and 
the NA protein sequences of N1 subtype of avian, hu-
man, and swine viruses were used to compare those of 
2009 pandemic H1N1 in the current analysis. Therefore, 
the novel markers in HA and NA of 2009 pandemic 
H1N1 found in this study were subtype-specific. Be-
cause all the PB1-F2 proteins of 2009 pandemic H1N1 
were truncated and nonfunctional, they were excluded in 
this study.  

3.2.1. HA Protein 
As the primary target of host immune responses, the 
surface protein HA is under high selection pressure, as 
evidenced by the large number of amino acid substitu-
tions in this protein. There was a clear distinction of 
amino acids at position 127, where the human HA had a  
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Table 3. This table contains the consensus amino acids and their frequency at positions in HA that have high importance in separat-
ing 2009 pandemic H1N1 from human H1 viruses. The single letter ‘a’ (for avian) or ‘s’ (for swine) in parenthesis after a position 
number indicates whether  the same position is also important for separating 2009 pandemic H1N1 from avian or swine viruses or 
both. The novel host sites in this protein are the positions without an ‘a’ or a ‘s’ or both. 

Position 71 84 120(a) 127(a,s) 128(s) 129(s) 130(a,s) 142 168 216 239 250 

Avian L(93.3%) N(99.2%) A(96.7%) E(97.5%) T(100%) T(93.3%) K(94.2%) S(92.5%) N(99.2%) A(94.2%) T(97.5%) A(94.2%)

Human I(92.5%) N(98.4%) E(95.0%) -(100%) T(95.8%) V(95.0%) T(97.8%) S(88.4%) N(98.4%) K(96.1%) T(99.2%) A(100%)

2009 
H1N1 

S(100%) S(100%) T(100%) D(99.7%) S(97.0%) N(100%) K(100%) K(100%) D(100%) I(99.9%) K(100%) V(99.9%)

Swine F(58.6%) N(91.8%) A(44.9%) E(57.3%) T(81.0%) N(64.12%) R(62.0%) N(66.2%) N(85.5%) A(46.7%) T(80.0%) V(62.5%)

Position 257 258 260 261 298 302 314 365 374 493 527  

Avian L(85.8%) N(95.0%) G(94.2%) S(98.3%) I(93.3%) E(98.33%) M(99.2%) Q(94.2%) G(100%) S(96.7%) L(99.2%)  

Human L(96.7%) S(96.7%) G(98.0%) F(97.3%) V(99.5%) E(100%) M(99.5%) Q(98.9%) G(99.5%) S(99.2%) L(99.1%)  

2009 
H1N1 

M(100%) E(99.9%) N(99.0%) A(99.6%) I(100%) K(100%) L(99.9%) L(100%) E(99.4%) A(100%) V(99.9%)  

Swine M(54.1%) N(41.7%) G(78.1%) S(72.0%) V(73.1%) E(94.2%) M(95.3%) Q(61.7%) G(90.8%) S(67.0%) L(78.1%)  

 
Table 4. This table contains the consensus amino acids and their frequency at positions in NA that have high importance in separating 
2009 pandemic H1N1 from human N1 viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a ‘s’ 
(for swine) or both. 

Position 84 126 149 163(s) 166 189 257 269 285(s) 321 

Avian T(76.4%) H(98.9%) V(95.2%) V(94.1%) A(99.6%) S(93.5%) K(96.8%) L(99.7%) A(97.5%) V(94.6%) 

Human T(92.8%) H(100%) V(95.6%) L(83.8%) A(99.8%) G(86.4%) K(99.7%) L(100%) T(85.5%) V(99.9%) 

2009 H1N1 K(100%) P(100%) I(100%) I(100%) V(99.7%) N(99.8%) R(99.8%) M(99.7%) S(100%) I(100%) 

Swine I(55.8%) H(89.2%) V(73.0%) I(84.5%) A(64.0%) G(58.3%) K(90.3%) L(90.7%) T(55.04%) V(71.6%) 

Position 331 365(a,s) 369(a,s) 385 389 395 397 398 436  

Avian G(99.7%) T(91.4%) S(99.4%) S(88.3%) V(90.4%) A(99.2%) T(99.2%) D(99.5%) T(99.6%)  

Human G(98.8%) N(84.7%) K(84.5%) S(99.7%) V(94.5%) A(99.7%) T(99.7%) D(99.7%) T(99.5%)  

2009 H1N1 K(100%) I(99.8%) N(100%) N(100%) I(100%) G(100%) N(99.7%) E(100%) -(100%)  

Swine G(68.7%) I(63.0%) S(82.0%) S(69.4%) V(38.1%) A(63.3%) T(87.8%) D(92.1%) T(99.6%)  

 

deletion whereas the other three virus groups had not 
(Table 3). However, as will be seen in the NA protein 
section below (Table 4), the NA protein of 2009 pan-
demic H1N1 had a deletion at position 436 though the 
other three virus groups had not. The positions in Table 
3 including 71, 84, 130, 257, 258, and 314 had signifi-
cant effects on the receptor binding specificity of HA of 
2009 pandemic H1N1[13]. HA has two functional do-
mains HA1 (residues 1-327) and HA2 (residues 328- 
549). Evidently, most of the sites in Table 3 were in 
HA1, illustrating a much higher selection pressure of 
HA1 relative to HA2. The HA active site located in a 
cleft is composed of the residues 91, 150, 152, 180, 187, 
191, and 192. The active site cleft of HA is formed by its 
right edge (131_GVTAA) and left edge (221_RGQAGR) 
[55]. Four sites 127, 128, 129, and 130 in Table 3 were 
near the right edge of the active site (Table 3). 
 
3.2.2. NA Protein 
In addition to the surface protein HA, the influenza A 
virus also has NA as another surface protein, and the 
balanced interplay between them is essential for the life 

cycle of this virus. Because of its critical role in viral 
replication and its highly conserved active sites, NA is 
the main target for drug design against influenza virus. 
The NA Inhibitors oseltamivir and zanamivir were the 
only drugs available to treat the infections caused by 
2009 pandemic H1N1, because the novel virus had an 
adamantine-resistant mutation S31N in its M2 protein 
[38]. As a result, the surveillance of any potential drug- 
resistant mutations in the NA protein of 2009 pandemic 
H1N1 received high priority. The mutation H275Y (N1 
numbering, H274Y in N2 numbering) in NA is well 
known for its resistance to NA Inhibitors. There were 
123 Ys and 2 Hs in 125 NA sequences of 2009 seasonal 
H1N1 and 12 Ys and 631 Hs in 643 NA sequences of 
2009 pandemic H1N1 used in the current study. Both 
NAs in 2009 pandemic and 2009 seasonal H1N1 did not 
have the novel NA mutation Q136K [41] that confers 
zanamivir resistance. 

NA is also is constantly evolving under host immune 
pressure, and the mutations in Table 4 illustrated its ge-
netic variation. As mentioned in the HA protein section 
above, the NA of 2009 pandemic H1N1 had a deletion at  
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Figure 1. Top important HA positions in distinguishing avian H1, human H1, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine 
H1 viruses. 
 

 

Figure 2. Top important NA positions in distinguishing avian N1, human N1, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine 
N1 viruses. 
 
position 436 while the other three virus groups had not. 
However, the HA of human virus had a deletion at posi-
tion 127 but the other three virus groups had not. 

The NA active site is a shallow pocket constructed 

from conserved residues, some of which contact the sub-
strate directly and participate in catalysis, while others 
provide a structural framework [56]. According to the 
numbering in [57], these residues of N1 are 118, 119, 
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151, 152, 156, 179, 180, 223, 225, 228, 247, 277, 278, 
293, 295, 368, and 402. The antigenic sites of N1 are 
residues 83-143, 156-190, 252-303, 330, 332, 340-345, 
368, 370,387-395, 431-435, 448-468. Novel host sites 84, 
126, 166, 189, 257, 269, 389, and 395 were at the anti-
genic sites of N1 (Table 4). 
  Because of a common deletion in the stalk region of 
the NA proteins of avian viruses, only the residues after 
position 82 were included in the Random Forest analysis 
on avian, human, 2009 pandemic H1N1, and swine vi-
ruses. However, the whole NA sequences were used in 
the analysis of 2009 pandemic and 2009 seasonal H1N1. 
 
3.2.3. M1 Protein  
M1 protein forms a shell inside the viral envelope to 
offer strength and rigidity to the viral structure. M1 in-
teracts with HA, NA, M2, and lipid membranes during 
budding of new virions from the cell surface, and func-
tions in the formation of vRNP complexe and the disso-
ciation of vRNP from the nuclear matrix, and in assem-
bly by recruiting the viral components to the site of as-
sembly. The dissociation of M1 from vRNP is triggered 
by transport of hydrogen ions across the viral membrane 
by M2, an early step preceding entry of vRNPs into the 
cytoplasm of the host cells. M1 also binds to NS2 to 
facilitate nuclear export of the vRNP [37]. There was a 
mutation R101K in the M1 protein of 2009 pandemic 
H1N1 (Table 5). It would be of interest to exam the im-
pact of this mutation on viral replication. The basic 
amino acids 101RKLKR105 of M1 were involved in 
vRNP binding and nuclear localization. In [58], the func-
tions of 101RKLKR105 were studied by introducing 
mutations into the M gene of influenza virus A/WSN/33. 
Individual substitution, R101S or R105S, had a minimal 

effect on viral replication, but the double mutation 
R101S-R105S reduced viral replication at a restrictive 
temperature.  

The M1 is a highly conserved protein. Therefore, the 
changes of M1 may reflect host-specific adaptation. Po-
sitions 115, 121, and 137 were identified as avian-human 
host shift markers in [43]. Our investigation indicated 
position 218 was as important as position 121. Position 

137 was a swine-human marker in [40], but our study 
also revealed positions 115 and 218 were as important as 
positions 137 as swine-human markers (Figure 3). The 
novel site 30 was in the membrane binding domain [43], 
and sites 207 and 209 were in the C-terminal part of M1 
(residues 165-252) that binds to vRNP [59]. 

3.2.4. M2 Protein 
This 97 amino acid-long integral membrane protein has 
three domains, one N-terminal extracellular domain (24 
residues) recognized by host immune system, one 19- 
residue transmembrane domain responsible for ion 
channel activity, and one 54-residue cytoplasmic tail 
interacting with M1 and required for genome packing 
and formation of virus particles [37]. Two M2 inhibitors 
(adamantine and rimantadine) affect two steps in the 
replication cycle, viral uncoating and viral maturation. 
There are five known adamantine-resistanant mutations 
in M2 (L26F, V27A, A30V, A30T, S31N, and G34E). 
The 2009 pandemic H1N1 virus contains a mutation 
S31N. They also contain a mutation L43T in M2 (Table 
6 and Figure 4), which is not present in seasonal, tri-
ple-reassortant swine or H5N1 influenza viruses [15]. 
The replacement of the non-polar residue L43 by the 
polar residue T43 in M2 may influence a nearby func-
tional residue W44, the channel lock and the binding site 
of rimantadine [60]. Positions 11, 14, 20, 28, 54, 55, 57, 
78, and 86 were avian-human host shift sites found in 
[43]. However, the positions 18, 50, 86, and 93 were as 
important as these sites in our examination. Positions 57, 
86, and 93 were swine-human shift markers in [40], but 
our analysis also included positions 28, 54, 77, 78, 79, 
and 89 as swine-human markers with high importance 
(Figure 4). The only novel site in this protein was 13 
which was in the extracellular domain (Table 6). 

3.2.5. NP Protein 
The NP protein of the influenza virus binds the RNA 
genome and functions as an adaptor between the virus 
and the host cell. The interaction of the NP protein with 
the viral polymerase is required for viral RNA replica-
tion, but not for the synthesis of viral messenger 
RNAs(transcription). Previous experiments implicated 

 
Table 5. This table contains the consensus amino acids and their frequency at positions in M1 that have high importance in separat-
ing 2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a ‘s’ 
(for swine) or both. 

Position 15(a) 30 101(a,s) 115(a,s) 116(s) 121(a,s) 137(a,s) 142(a,s) 166(a,s) 207 209 214(s) 218(a,s) 

Avian I(52.4%) D(99.9%) R(52.7%) V(99.5%) A(97.5%) T(96.2%) T(99.4%) V(91.6%) V(53.7%) S(68.4%) A(98.9%) Q(99.2%) T(99.8%)

Human V(67.6%) D(99.7%) R(93.1%) I(92.3%) A(98.7%) A(92.9%) A(93.1%) V(68.2%) V(93.2%) S(92.7%) A(99.9%) Q(99.8%) A(84.5%)

2009 
H1N1 

I(100%) S (99.8%) K(100%) V(99.4%) S(100%) T(100%) T(100%) A(99.6%) A(100%) N(99.8%) T(100%) H(100%) T(100%) 

Swine V(65.3%) D(77.3%) R(64.7%) V(90.9%) A(68.4%) A(59.7%) T(93.2%) V(77.3%) V(66.1%) S(91.9%) A(78.5%) Q(67.1%) T(92.4%)
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Figure 3. Top important M1 positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 

Table 6. This table contains the consensus amino acids and their frequency at positions in M2 that have high importance in separating 
2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a ‘s’ (for 
swine) or both. 

Position 11(a,s) 13 16(a,s) 20(a,s) 28(a,s) 31(s) 43(a,s) 77(s) 78(a,s) 86(a,s) 

Avian T(92.0%) N(91.70%) E(92.4%) S(96.2%) I(54.5%) S(88.6%) L(97.0%) R(98.1%) Q(99.4%) V(99.6%) 

Human I(91.6%) N(99.29%) G(91.2%) N(92.2%) V(96.8%) S(67.6%) L(67.7%) R(99.6%) K(60.9%) A(91.7%) 

2009 H1N1 T(100%) S(99.79%) E(100%) S(100%) I(100%) N(100%) T(100%) Q(100%) Q(100%) V(100%) 

Swine T(52.7%) N(72.66%) E(57.9%) N(52.7%) I(38.9%) S(60.8%) L(93.8%) R(63.5%) Q(95.6%) V(94.6%) 

 

 
Figure 4. Top important M2 positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 
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three NP regions (residues 1-160, 256-340 and 340-498) 
in binding to PB1 and PB2 [61]. Novel sites 21, 53, 119, 
316, 353, 371, 377, 433, 444, and 498 were scattered in 
these three regions (Table 7). One region, residues 360- 
374, in NP of 2009 pandemic H1N1 was deemed ex-
tremely important for host range restriction, and is a 
common feature of pandemic viruses [25]. Two posi-
tions 371 and 373 in Table 7 were in this region. Residue 
100 was involved in the NP-PB2 interaction [62], and 
ranked second in separating 2009 pandemic H1N1 from 
avian viruses. The consensus amino acids at 100 of PB2 
proteins of avian, human, 2009 pandemic H1N1, and 
swine viruses were R, V, I and V respectively. The mu-
tation V100I might contribute to the increased transmis-
sibility or infection of 2009 pandemic H1N1 [41]. 

Positions 16, 33, 61, 100, 136, 214, 283, 305, 313, 
357, 375, and 423 were avian-human host shift markers 
in [43]. Furthermore, we found positions 31, 217, 373, 
and 455 significant for discriminating avian and human 

viruses (Figure 5).   

3.2.6. NS1 Protein  
All of the proteins in influenza virus are structural ex-
cept for NS1 and PB1-F2. This protein is designated as 
non-structural because it is synthesized in infected cells, 
but is not incorporated into virions. NS1 is a multifunc-
tional protein involved in both protein-protein and pro-
tein-RNA interactions. Its N-terminal region has an 
RNA-binding domain (residues 1-73) and its C-terminal 
region (residues 74-237) contains the effector domain 
that inhibits the maturation and exportation of the host 
cellular antiviral mRNAs [63].   

Because of a truncation in the NS1 proteins of 2009 
pandemic H1N1, only the first 219 residues of the NS1 
proteins were included in our analysis. Positions 22, 60, 
81, 84, 215, and 227 were avian-human host shift sites in 
[43], whereas our Random Forests analysis implied po-
sitions 79, 81, 114, 171, and 215 were as significant as  

 
Table 7. This table contains the consensus amino acids and their frequency at positions in NP that have high importance in separating 
2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a ‘s’ (for 
swine) or both. 

Position 21 31(a,s) 53 119 189(s) 190 217(a) 289(s) 313(a,s) 316 

Avian N(99.20%) R(99.8%) E(99.90%) I(97.65%) M(99.1%) V(98.61%) I(94.8%) Y(99.2%) F(99.0%) I(99.58%) 

Human N(97.5%) K(65.4%) E(100%) I(97.46%) M(97.5%) V(97.20%) S(48.1%) Y(97.5%) Y(78.1%) I(99.75%) 

2009 H1N1 D(100%) R(100%) D(100%) V(100%) I(99.75%) A(100%) V(98.2%) H(99.7%) V(100%) M(100%) 

Swine D(61.19%) R(82.6%) E(98.10%) V(57.14%) I(60.00%) A(56.42%) I(76.90%) H(64.29%) F(86.66%) I(95.24%) 

Position 350(s) 353 371 373(a) 377 430(s) 433 444 456(s) 498 

Avian T(94.39%) V(90.30%) M(94.77%) T(69.18%) S(69.67%) T(94.8%) T(95.36%) I(99.00%) V(98.4%) N(96.09%)

Human T(97.20%) S(52.42%) M(91.35%) A(34.35%) S(80.66%) T(83.72%) T(88.04%) I(98.22%) V(82.95%) N(96.18%)

2009 H1N1 K(100%) I(99.75%) V(100%) T(76.40%) N(100%) S(100%) N(100%) V(100%) L(100%) S(99.24%)

Swine K(64.52%) V(53.81%) V(59.29%) A(57.38%) S(51.90%) S(38.57%) N(60.95%) I(64.76%) L(61.19%) N(69.29%)

 

 

Figure 5. Top important NP positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 
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Table 8. This table contains the consensus amino acids and their frequency at positions in NS1 that have high importance in separat-
ing 2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a ‘s’ 
(for swine) or both. 

Position 6 25(s) 59 67(s) 74 76 91 111 112(a) 

Avian V(77.85%) Q(79.35%) R(73.41%) R(78.85%) D(97.87%) A(77.79%) T(97.33%) V(79.76%) A(59.11%)

Human V(95.48%) Q(95.09%) H(45.19%) R(54.62%) D(97.64%) A(97.84%) T(96.66%) V(96.07%) E(55.00%)

2009 H1N1 M(99.73%) N(99.73%) L(100%) W(100%) S(99.73%) T(100%) S(99.73%) I(100%) I(99.45%)

Swine V(95.26%) N(58.70%) L(59.49%) W(59.68%) D(37.49%) T(58.70%) A(60.28%) V(50.59%) A(36.96%)

Position 119 129(s) 171(a,s) 198 205 206(s) 207 213(s) 217(s) 

Avian M(99.39%) I(75.55%) D(48.87%) L(52.52%) S(69.50%) S(67.66%) D(59.20%) P(92.56%) K(68.00%)

Human M(85.85%) M(51.28%) I(55.20%) L(84.28%) S(92.93%) S(91.55%) N(78.00%) P(97.05%) K(69.16%)

2009 H1N1 L(100%) V(100%) Y(100%) I(100%) N(100%) C(100%) D(100%) S(100%) E(100%) 

Swine M(90.12%) I(64.23%) D(59.29%) L(97.04%) S(64.62%) R(56.13%) N(92.09%) P(51.38%) E(57.51%)

 

 

Figure 6. Top important NS1 positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 
 

these sites (Figure 6). There were two novel sites 6 and 
59 in the RNA-binding domain and the other novel sites 
in the effector domain (Table 8). 

3.2.7. NS2 Protein 
Influenza virus replicates its RNA genome in the nucleus 
of infected cells. The NS2 protein mediates the nuclear 
export of virion RNAs, with help from M1 and NP. A 
recent report indicated that it also has a role in the regu-
lation of viral transcription and replication [64]. NS2 
contains a highly conserved nuclear export signal motif 
in its amino-terminal region (residues 12-21) [65], and 
site 14 in Table 9 was in this region. 

Positions 60, 70, and 107 were avian-human host shift 

markers in [43]. We found position 14 important as a 
host marker as well. Position 107 was a swine-human 
host switch marker in [40], but our analysis also pointed 
to positions 14, 32, 49, and 57 as such sites of high sig-
nificance (Figure 7). The NS2 protein of 2009 pandemic 
H1N1 contained so many important avian-human or swine- 
human sites, resulting in only one site as a novel site 
(Table 9). 

3.2.8. PA Protein 
Compared to the well-defined functions of PB1 and PB1, 
PA is involved in a diverse range of functions of the po-
lymerase complex, including protein stability, endonu-
clease activity, and cap binding and promoter binding 
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[66]. Positions 28, 55, 57, 65, 66, 100, 225, 268, 321, 
337, 356, 382, 400, 404, 409, 421, and 552 were 
avian-human host shift markers in [43]. Additionally, we 
found positions 241 and 383 equally important as these 
positions as avian-human markers. Positions 268 and 552 
were swine-human markers uncovered in [40]. Our 
analysis suggested the positions 28, 225, 337, and 400 
were equally crucial as these two sites as swine-human 
markers (Figure 8).  

The N-terminal domain of PA (residues 1-256) har-
bors several functional domains, including an endonu-
clease active site with a putative active site motif, two 
putative nuclear transport motifs (residues 124-139 
(NLS1) and residues 186-247 (NLS2)), and a proteolytic 
domain that can induce generalized proteolysis of both 
viral and host proteins. The C-terminal domain of PA 
(residues 257-716) binds to PB1 for complex formation 
and nuclear transport [66]. There were three novel sites  

186, 204, and 213 within the second putative nuclear 
localization signals (NLS2), and one novel site 626 
within the PB1 binding domain (Table 10).  

3.2.9. PB1 Protein 
The influenza virus polymerase is responsible for repli-
cation and transcription of the eight gene segments of the 
viral RNA genome in the infected host cell. PB1 can 
interact with PB2, PA, and NP and binds to viral pro-
moter, and is accountable for viral RNA elongation and 
cap RNA cleavage activities [66,67].  

Position 336 was the only avian-human host shift 
markers in [43]. We found positions 212, 327, 361, 375, 
384, 401, 473, and 584 equally significant as position 
336 (Figure 9). There were one novel site 12 within the 
PB1-PA binding domain (residues 1-25) and two novel 
sites 618 and 728 in the PB1-PB2 binding domain (resi-
dues 600-757) (Table 11) [68].  

PB1-PA binding domain (residues 1-25) and two novel 
 
Table 9. This table contains the consensus amino acids and their frequency at positions in NS2 that have high importance in separat-
ing 2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a ‘s’ 
(for swine) or both. 

Position 6 14(a,s) 32(s) 34(s) 40(a,s) 48(a) 57(a,s) 
Avian V(79.1%) M(56.2%) I(99.0%) Q(95.6%) L(71.54%) A(73.2%) S(97.6%) 

Human V(98.2%) L(55.6%) I(99.0%) Q(98.7%) L(61.9%) A(96.6%) S(60.3%) 
2009 H1N1 M(99.7%) M(100%) V(99.7%) R(100%) I(100%) T(100%) Y(100%) 

Swine V(95.2%) M(83.2%) V(68.1%) Q(53.3%) I(67.8%) A(70.1%) Y(65.8%) 
Position 60(a,s) 63(a,s) 83(a) 89(a,s) 107(a,s) 115(a)  
Avian S(55.7%) G(75.8%) V(71.7%) I(69.8%) L(99.9%) T(84.4%)  

Human N(68.7%) G(96.3%) V(98.2%) T(63.2%) F(74.9%) T(89.8%)  
2009 H1N1 S(100%) E(95.8%) M(99.7%) A(97.8%) L(100%) A(99.4%)  

Swine N(61.0%) E(62.1%) V(97.4%) M(32.5%) L(90.9%) T(98.3%)  

 

 

Figure 7. Top important NS2 positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 
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Table 10. This table contains the consensus amino acids and their frequency at positions in PA that have high importance in separat-
ing 2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a ‘s’ 
(for swine) or both. 

Position 28(a,s) 55(a) 85 100(a,s) 186 204 213 256 262 275 277 

Avian P(99.5%) D(98.9%) T(96.5%) V(94.5%) G(98.0%) R(80.6%) R(97.8%) R(98.6%) K(96.9%) P(97.5%) S(97.1%)

Human L(70.3%) N(71.3%) T(91.0%) A(70.6%) G(100%) R(53.0%) R(97.5%) R(54.5%) K(95.0%) P(98.9%) S(35.8%)

2009 H1N1 P(100%) D(100%) I(100%) V(100%) S(100%) K(100%) K(100%) K(100%) R(100%) L(98.6%) H(100%)

Swine P(79.9%) D(53.4%) T(60.9%) V(86.6%) G(96.8%) R(90.7%) R(92.1%) R(63.8%) K(77.8%) P(91.5%) S(53.4%)

Position 336 337(a,s) 356(a) 362 388 400(a,s) 404(a,s) 407 552(a,s) 626  

Avian L(99.5%) A(88.7%) K(98.9%) K(99.5%) S(80.1%) S(40.9%) A(93.2%) I(95.9%) T(99.7%) K(83.7%)  

Human L(97.1%) S(35.8%) R(69.9%) K(98.6%) S(84.2%) L(79.2%) S(72.0%) I(98.6%) S(71.7%) K(98.2%)  

2009 H1N1 M(100%) A(99.0%) R(99.7%) R(100%) G(99.0%) P(100%) A(100%) V(99.3%) T(99.7%) R(99.3%)  

Swine L(95.6%) A(86.9%) K(53.9%) K(71.1%) S(52.8%) P(30.6%) A(86.9%) I(71.1%) T(91.5%) K(96.2%)  

 

 

Figure 8. Top important PA positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 
 
sites 618 and 728 in the PB1-PB2 binding domain (resi-
dues 600-757) (Table 11) [68].  

3.2.10. PB2 Protein  
PB2 interacts with PB1 and NP, but not PA. Its primary 
function is binding to cap structures on host cell pre- 
mRNAs before they are cleaved to provide primers for 
viral mRNA synthesis [66]. Positions 9, 44, 64, 81, 105, 
199, 271, 292, 368, 475, 567, 588, 613, 627, 661, 674, 
and 702 were avian-human host shift markers in [43]. 
Positions 108, 197, and 684 were as significant as these 
sites in our finding. Position 44 was a swine- human 
marker in [40], but our analysis implied positions 64, 65, 
81, 105, 199, 292, 567, 627, 649, 661, and 674 were 
equally important as position 44 (Figure 10). Position  

702, an avian-human marker selected in [40,43,69], 
ranked 21th in our Random Forests analysis, and there-
fore it was not included in our plot in Figure 10. In addi-
tion to the SR polymorphism, S590 and R591, found in 
[23], novel sites in PB2 discovered here provided addi-
tional polymorphism that might convey enhanced poly-
merase activity in human cells. Position 627 in PB2 was 
considered critical for host shifts in our analysis, a 
well-known host marker discussed in [21,22], and was 
located in the PB2-PB1 and PB2-NP binding domains [43]. 

The PB2-NP binding domain contains residues 1-269 
and 580-683, and the PB2-PB1 binding domain contains 
residues 51-259 and 580-759. There were novel sites 54, 
590, 645, and 667 in the PB2-PB1 and PB2-NP binding 



W. Hu / J. Biomedical Science and Engineering 3 (2010) 584-601                   597 

Copyright © 2010 SciRes.                                                                   JBiSE

 

Table 11. This table contains the consensus amino acids and their frequency at positions in PB1 that have high importance in sepa-
rating 2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a 
‘s’ (for swine) or both. 

Position 12 175 179 216 298 327(a,s) 339(s) 361(a,s) 364 386(s) 

Avian V(99.0%) D(95.9%) M(95.9%) S(95.7%) L(98.6%) R(98.7%) I(98.7%) S(99.0%) L(99.5%) R(57.0%) 

Human V(99.7%) D(97.2%) M(69.6%) S(65.7%) L(79.2%) K(53.6%) I(96.9%) S(61.9%) L(99.3%) R(65.4%) 

2009 H1N1 I(99.7%) N(100%) I(100%) G(100%) I(100%) R(100%) M(100%) R(100%) I(100%) K(100%) 

Swine V(95.1%) D(96.7%) M(66.0%) S(60.1%) L(96.7%) R(89.7%) I(44.6%) N(32.3%) L(96.5%) R(95.4%) 

Position 435 486 517(s) 584(a,s) 587 618 638(s) 728 741(a,s)  

Avian T(99.0%) R(98.6%) I(99.1%) R(97.1%) A(98.4%) E(97.7%) E(98.8%) I(99.1%) A(96.2%)  

Human T(99.3%) R(64.7%) I(81.3%) R(63.7%) A(98.6%) E(99.7%) E(98.6%) I(100%) A(59.2%)  

2009 H1N1 I(99.4%) K(100%) V(100%) Q(100%) V(97.4%) D(100%) D(100%) V(100%) S(100%)  

Swine T(66.8%) R(64.1%) I(75.5%) R(40.5%) A(86.7%) E(61.4%) E(69.0%) I(98.4%) A(59.0%)  

 

 

Figure 9. Top important PB1 positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 
 
domains and sites 147 and 225 in the PB2-NP binding 
domain [43] (Table 12). 

4. DISCUSSIONS 

Extensive research to date provided highly informative 
knowledge about the origin and genetic lineages of 2009 
pandemic H1N1, but the host markers of this new virus 
remained elusive. Recent studies indicated that human 
host adaptation is complex and multigenic, and the 
well-known host shift markers are lacking in this new 
virus. The hypothesis in the current study was that these 
markers of 2009 pandemic H1N1 might exist outside of 
the space of traditional host switch markers. To test this 
hypothesis in this study, Random Forests were applied to 

uncover novel important markers in each of the ten pro-
teins of influenza that could differentiate 2009 pandemic 
H1N1 from human viruses, but were not present in the 
previous avian-human or swine-human host switch mark-
ers.  
  Our approach naturally led to a systematic discovery 
of new host markers like the SQ polymorphism found in 
[23] that could enrich our current knowledge of 2009 
pandemic H1N1 and complement the repertoire of ex-
isting host shift signatures. Among others, this study 
revealed the novel host sites 54, 147, 225, 315, 453, 559, 
590, 645, and 667 in PB2 of 2009 pandemic H1N1. 
They provided ample potential sites to investigate ex-
perimentally whether they also compensate the lack of 
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amino acid lysine at residue 627, as the SR polymor-
phism. Their prospective broader roles in enhancing this 
new virus’s replication and transmission in humans are 
worthy of further research. In this regard, the three posi-
tions 54, 315, and 559 in PB2 were particularly of inter-
est because they had much higher importance than the 
two positions 590 and 591 associated with the SR poly-
morphism. 

Four proteins are involved and required in the synthe-
sis of influenza virus RNA, which are PB2 and PA of 
avian lineage, PB1 of human origin, and NP derived 
from classical swine viruses in 2009 pandemic H1N1. 

To gain insight into the adaptive strategies employed by 
these four proteins of different origins to evade restric-
tion in human cells will be a challenge. The novel sites 
identified in this study provided a starting point for fu-
ture integrative examination of the interactions of these 
proteins.  

It was expected that 2009 pandemic H1N1 would co- 
circulate with seasonal H1N1 for some time. Our cata-
logue of amino acid markers that could effectively sepa-
rate 2009 pandemic H1N1 from 2009 seasonal H1N1 
presented a valuable view of these two viruses that share 
similar clinical courses but are unique genetically. 

 
Table 12. This table contains the consensus amino acids and their frequency at positions in PB2 that have high importance in sepa-
rating 2009 pandemic H1N1 from human viruses. The novel host sites in this protein are the positions without an ‘a’ (for avian) or a 
‘s’ (for swine) or both. 

Position 9(a) 54 64(a,s) 65(s) 81(a,s) 105(a,s) 147 184(s) 199(a,s) 

Avian D(97.5%) K(99.7%) M(74.9%) E(97.8%) T(97.3%) T(90.9%) I(82.1%) T(96.3%) A(99.2%) 

Human N(71.0%) K(100%) T(68.0%) E(98.5%) M(52.0%) V(52.4%) I(87.7%) T(99.6%) S(72.9%) 

2009 H1N1 D(100%) R(100%) M(100%) D(99.7%) T(100%) T(100%) T(100%) A(99.0%) A(100%) 

Swine D(63.9%) K(98.5%) M(53.2%) E(69.4%) T(84.7%) T(87.8%) I(68.2%) T(57.2%) A(55.0%) 

Position 225 292(a,s) 315 340(s) 453 475(a) 559 567(a,s) 588(a,s) 

Avian S(99.4%) I(88.6%) M(95.2%) R(52.2%) P(94.7%) L(99.2%) T(91.0%) D(98.0%) A(95.8%) 

Human S(98.9%) T(73.6%) M(99.6%) R(60.2%) H(52.0%) M(70.3%) T(71.7%) N(70.3%) I(68.4%) 

2009 H1N1 G(100%) V(99.4%) I(100%) K(97.4%) S(99.7%) L(100%) I(100%) D(100%) T(98.4%) 

Swine S(72.2%) I(56.0%) M(97.2%) R(59.9%) P(57.8%) L(54.1%) T(70.9%) D(90.2%) A(55.7%) 

Position 590 591(s) 613(a,s) 627(a,s) 645 661(a,s) 667 674(a,s) 684(a) 

Avian G(87.6%) Q(97.9%) V(98.4%) E(91.7%) M(99.4%) A(96.2%) V(92.4%) A(97.1%) A(96.9%) 

Human G(69.9%) Q(98.9%) T(64.3%) K(80.3%) M(98.9%) T(78.4%) I(62.1%) T(69.1%) A(51.3%) 

2009 H1N1 S(99.7%) R(100%) V(100%) E(100%) L(100%) A(100%) V(100%) A(99.7%) S(100%) 

Swine G(71.3%) Q(67.3%) V(74.9%) E(53.8%) M(74.9%) A(48.0%) V(69.4%) A(86.5%) A(74.3%) 

 

 

Figure 10. Top important PB2 positions in distinguishing avian, human, 2009 pandemic H1N1, 2009 seasonal H1N1, and swine viruses. 
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Various computational techniques including entropy 
[39,40], mutual information [42,43], statistical tests [44], 
and support vector machines [45] were utilized to dis-
cover molecular markers in influenza viruses. To dem-
onstrate the validity of using Random Forests as a fea-
ture selection technique in identifying novel host  
markers in 2009 pandemic H1N1, the top markers found 
by Random Forests to distinguish the human virus from 
avian or swine viruses were also included in this report, 
which contained many known host adoption markers 
from previous studies. There were fewer novel sites in 
M1, M2, and NS2 than in the other proteins under this 
study resulting from many avian-human or swine-human 
sites among these proteins.  

5. CONCLUSIONS 

Our findings confirmed that there are novel host sites in 
the proteins of 2009 pandemic H1N1 that could separate 
this new virus from human viruses with high confidence. 
These markers could not be found in the search space of 
traditional avian-human or swine-human host shift mark-
ers, thus offering new potential sites for further experi-
mental verification to elucidate their biological functions.  
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ABSTRACT 

The Bellevue and the Hagley Park mental health 
outpatient clinics in Jamaica serve the majority of 
psychiatric patients in the country, but there is a 
dearth of research on medication compliance, which 
is a very important mental health issue. Medication 
compliance affects intervention outcomes. Therefore, 
this study seeks to examine medication compliance 
among psychiatric patients in Jamaica. A 33-item 
questionnaire which included items on demographics, 
health conditions, medication compliance and in-
sightfulness was administered to a sample of 370 par-
ticipants with a response rate of 93%. The majority 
of the participants have schizophrenia, followed by 
depression, bipolar disorder and drug-induced psy-
chosis. The majority of the participants (65.3%) did 
not comply with their prescribed medication regimen. 
Medication compliance was significantly related to: 
gender (P < 0.05) where males were more likely to 
take the prescribed medication, family support (P < 
0.05) where the participants who received family 
support (the majority being males) were more likely 
to take the prescribed medication, and insightfulness 
(P < 0.05) where the majority of participants with 
insightfulness were females. Locus on control was not 
statistically tested but a majority of the non- compli-
ant participants reported that factors external to 
themselves had greater control over their disorder. 
Conclusion: There are three significant factors that 
explain the medication compliance of psychiatric pa-
tients in Jamaica. An important non-tested factor is 
locus of control so there needs to be more research to 
understand the range of factors that can inform and 
improve patient education about medication compli-
ance. 

Keywords: Medication Compliance; Mentally Ill; Public 

Clinics; Kingston; St. Andrew 

1. INTRODUCTION 

Mental illness such as schizophrenia, bipolar disorders 
and uni-polar depression presents a serious health care 
problem in Caribbean countries such as Jamaica and 
worldwide. The economic, clinical, and personal bur-
dens associated with schizophrenia make it a leading 
public health problem. The earliest epidemiological re-
port on schizophrenia in the Caribbean was from Ja-
maica [1], and indicated that the annual population inci-
dence rate was 150 per 100,000. Burke [2] confirmed 
this finding, and reported an annual incidence rate of 136 
per 100,000. Both studies were based on mental hospital 
admission rates, and it is likely that these studies failed 
to access the total number of admissions for the island. 
A study of psychiatric admissions to private and public 
hospitals across Jamaica [3] reported that the incidence 
rate of schizophrenia had fallen from 69 per 100,000 in 
1960 to 35 per 100,000 in 1990. 

Antipsychotic drugs, the most effective treatment for 
acute episodes or exacerbations of schizophrenic illness 
[4], allow many patients to leave institutions and live in 
the community [5]. Rates of relapse among patients with 
schizophrenia who receive medication are two to three 
times lower than those among patients receiving placebo 
[6], and non-compliance increases the frequency of acute 
psychotic episodes and psychiatric hospitalization [7]. 
Although antipsychotic drugs can have serious adverse 
effects [8], many clinicians prescribe them at moderate 
doses for as long as possible to prevent relapse. In addi-
tion to antipsychotic agents, patients with schizophrenia 
may receive lithium, antidepressants, or benzodiazepines 
for concomitant psychiatric disorders [4]. 

Mental health research and pharmaceutical innovation 
have developed a class of drugs referred to as “atypical 

 



A. E. Pusey-Murray et al. / J. Biomedical Science and Engineering 3 (2010) 602-611             603 

Copyright © 2010 SciRes.                                                                   JBiSE

antipsychotics”, which are used for the treatment of se-
vere schizophrenics who are considered treatment- re-
sistant to traditional or conventional antipsychotic med- 
ications, or who experience side-effects severe enough to 
require that the patient discontinue use of conventional 
antipsychotics [9]. These atypical antipsychotics are 
tremendously effective in combating the symptoms of 
schizophrenia while avoiding the severe side-effects 
often experienced through treatment with conventional 
antipsychotics [10]. In Jamaica medications for treating 
mental health problems are limited and their availability 
varies district by district. Older antipsychotic drugs are 
usually available, but there is only limited availability of 
the newer, more expensive anti-psychotics. In the North 
East, some patients are treated with clozapine by special 
arrangement by the district psychiatrist [11]. 

Adherence to drug regimen is a very important factor 
for improvement. Adherence may be defined as the ex-
tent to which a person’s behaviour confirms to medical 
or health advice [12]. Patient who do not follow the 
treatment schedule and drug regimens prescribed to 
them by physician can be described as noncompliant or 
not adherent [13]. Medication compliance among bipolar 
disorder patients is related to the constructs of the health 
belief model (HBM) such as benefits and barriers, sus-
ceptibility and perceived seriousness [14]. However, the 
compliance/non-compliance of patients is only moder-
ately predicted by the HBM. The HBM does not cover 
some determinants of medication compliance such as 
social influence and treatment alliance [15]. Patients 
with bipolar disorder who are medication compliant per-
ceive the quality of their life to be higher, have greater 
resources to cope with stress and have a stronger belief 
that their behaviour controls their health status, unlike 
non-compliant patients [16]. The patients’ perception of 
the medication is important because cognitive disso-
nance suggests that the perceptual properties of the 
medication have particular meanings for the patients. 
These meanings can support or distract the patients from 
medication compliance [17]. Patients with a major de-
pressive disorder who have a superior medication com-
pliance index are more likely to show improved scores 
on the Hamilton Depression Scale [18]. The medication 
events monitoring system (MEMS) used in a study with 
schizophrenic disorder patients reveals a 63% mean 
compliance rate for the first month and a decline from 
56% to 45% over the next five months. The medication 
compliance of these patients can be monitored with 
electronic monitoring devices, but data recovery and 
compliance require methodological improvements [19].  

Among patients with psychotic disorders there was a 
significant relationship between medication adherence 
and involuntary admission, substance abuse, not gradu-
ating from school, and a history of abusive behaviour. 

Patients with paranoid or negative symptoms were less 
compliant in taking their medication. However, patients 
who were changed from a typical to an atypical antipsy-
chotic medication were more compliant than patients 
who remained on the typical antipsychotic medication. 
The patients who had higher medication compliance 
experienced much greater improvement of their psychi-
atric symptoms [20]. Medication self-management am- 
ong patients with schizophrenia or affective disorder is 
important for medication compliance. However, patients 
who are self-managing their medication, guided by the 
principles of motivational interviewing, have better atti-
tudes towards medications and insights about their ill-
ness compared to controls, but the group difference is 
not significant [21]. 

Patients with schizophrenia, bipolar disorder and uni-
polar depression, who were educated about the nature of 
their disorder and its pharmacological management, 
were more compliant in outpatient follow-ups, and dis-
played less fear of being addicted to the medication and 
dealing with the side effects of the drug [22]. Severely 
mentally ill patients who were a part of the Medication 
Usage Skills for Effectiveness (MUSE) Program that 
taught cueing, life skill techniques, visual feedback and 
about the data displayed on the medication cap showed 
an overall mean compliance rate of 76%, compared to a 
57% compliance rate for the control group [23].  

The problem of poor adherence to therapeutic regimen 
has been a matter of concern to the professionals for 
years. The paucity of data on cost-related medication 
adherence problems has important implications not only 
for estimating their clinical significance, but also for 
understanding the extent to which adherence problems 
vary across socioeconomic groups. To our knowledge 
there has not been any study that has examined drug 
compliance among mentally ill patients in Jamaica who 
are treated with oral antipsychotics. The aim of this 
study was to examine the medication compliance of 
psychiatric patients in Jamaica. 

2. MATERIALS AND METHODS  

2.1. Sample 

In Jamaica the single mental hospital is Bellevue Mental 
Hospital in Kingston. Its three acute care wards of 50 
beds each serve a designated geographic catchment area 
of the parishes of Kingston, St. Andrew, and St. Cath-
erine, a population that is 70 percent urban [24]. Of the 
hospital’s patients, 40% are older than 65 years, 60% of 
them are regarded as chronically ill, and 300 of them 
have lived in the hospital for most of their adult lives. 
The University Hospital West Indies (UHWI), also lo-
cated in Kingston, has a 20-bed psychiatric unit. It is an 
acute unit with an average length of stay of 15 days. Ja-
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maica’s rural and western regions are served partly by 
Cornwall Regional Hospital. This 60-bed unit offers a 
full range of services, but only 30 beds are used because 
of staff shortages [11].  

The Bellevue Hospital in Kingston and the Hagley 
Park Health Centre in Saint Andrew investigated in this 
study are two of the main psychiatric clinics in Jamaica. 
They attend to in excess of 90% of the psychiatric 
out-patient cases in the country. The current study used 
cross-sectional survey to gather the data from partici-
pants. Using a sampling error of ± 3.0% and a 95% con-
fidence interval, the calculated sample size was 370 par-
ticipants. Based on the proportionality of cases seen over 
the last 2 months, this was used to proportion the sample 
size from each institution: 200 participants from the 
Bellevue Hospital Clinic and 170 from the Hagley Park 
Health Centre. The response rate was 93.0% with 186 
participants from the Bellevue Outpatient Clinic and 158 
from the Hagley Park Health Centre.   

Data was collected over a three-month period, from 
March to May, 2008. A team of trained data collectors 
were retrained in keeping with the peculiarities of the 
task. The researcher was a part of the process, and regu-
lar checks were done to ensure consistency among inter-
viewers. The inclusion/exclusion criterion was based on 
mental illness and medication use. Mentally ill patients 
who were visiting the clinics for the first time were ex-
cluded from the study because they would not have de-
veloped a pattern of medication compliance (or non- 
compliance).  

2.2. The Instrument 

A 33-item questionnaire was used to collect the data. 
The questions included: 1) demographic information, 2) 
medication compliance, 3) reasons for taking (or not 
taking) medication, 4) accessibility and affordability of 
medication, 5) use and prevalence of home remedies, 6) 
family support and 7) perception of the management of 
mental illness (Appendix 1). 

2.2.1. Test-and-Pretesting the Instrument 
The instrument was developed in consultation with aca-
demics at the University of the West Indies, Mona, Ja-
maica, caregivers/guardians at the Harbour View Health 
Centre in St. Andrew, health practitioners, and non- 
prospective mentally ill patients for the sample. The in-
strument was modified in keeping with the comments of 
the various stakeholders, with specific emphasis on 
mentally ill patients’ perspectives, suggestions and rec-
ommendations. A pilot of 50 questionnaires was tested 
at the Harbour View Health Centre on ill patients, and 
they provided useful information regarding ambiguities, 
which was then used to modify the final instrument. 

2.3. Measure 

Non-compliance in medication denotes the failure or 
refusal of an individual to take the prescribed medica-
tion(s) as recommended by the medical practitioner. 
Compliance is adhering to the prescription of oral or 
other forms of medication as stipulated by the medical 
practitioner. It was measured using the item “I take my 
medication as instructed by the doctor.” The options 
ranged from always, most times, occasionally and rarely, 
to never. Compliance for this study is taken to be only a 
response of ‘always’.  

Health condition is an illness or ailment diagnosed by 
the medical practitioner, and this was taken from the 
medical record of the participant. Insightfulness was 
measured by the questions: 1) “Do you have a sense of 
the likelihood of being ill or of when your illness is 
likely to occur?” 2) Should medication only be taken 
when one is experiencing symptoms of illness?” and 3) 
“Will counselling on how to take medications help you 
to take them better?” The options were yes, no, or unsure. 
If the answers to all three questions were yes, it was 
coded as insight, if no was selected in any question it 
was coded as lack of insight, and unsure was coded as 
undecided. Non-responses were treated as missing, and 
not included in any categorization. 

2.4. Ethics and Informed Consent 

The survey was submitted and approved by the Univer-
sity of the West Indies Medical Faculty’s Ethics Com-
mittee. Participants and/or caregivers gave voluntary 
consent to their participation in the study. In order to 
ensure confidentiality, the personal information (i.e. 
name, address) of the participants was taken from the 
questionnaires and discarded, after which the other in-
formation was entered and stored for data-analysis. 

2.5. Statistical 

Percentages were used to provide background informa-
tion on the demographic characteristics of the sample, 
knowledge of the medication and self-reported informa-
tion. Chi-square tests were utilized to examine whether 
statistical associations existed between non-metric de-
pendent and independent variables. A P-value of < 5% 
(i.e. 95% confidence interval) was used to determine the 
statistical associations between the variables.  

3. RESULTS 

3.1. Demographic Characteristic of Sample 

There were 344 participants in the sample, of which 
53.7% (n = 185) came from the Day Clinic at Bellevue 
Hospital and 64.2% (n = 159) came from the Hagley 
Park Health Centre. Most of the sample were diagnosed 
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with schizophrenic disorder (58.7%, n = 202), with other 
health conditions being depression (13.1%, n = 45), bi-
polar disorder (10.5%, n = 36), and drug-induced psy-
chosis (4.7%, n = 16). Sixty-two percent (n = 212) of the 
sample had secondary level education; 64.8% were un-
employed; 93.0% lived with either parents, partner, 
children, sibling or in a nursing home; 84.1% had family 
support; 80.5% were not in a union relationship (unmar-
ried, 58.7%; separated, 13.4%: divorced, 4.6%; widowed, 
3.8%); 10.5% were married; 44.7% complied with the 
instruments of the medical practitioners in regards to 
medication usage; and the mean age was 43.6 years (± 
1.5 years). 

The most common reasons among those who did not 
comply with the specifications of the medications 
(55.3%, n = 189) were ‘medication makes me feel too 
drowsy’ – 19.0%; ‘I was out of medication’ – 18.0%; ‘I 
forgot’ – 16.9%; and ‘medications make me feel worse’ 
– 10.1%.  

The majority of the participants (76.2%, n = 262) in-
dicated that they were able to purchase the medications. 
The participants indicated that if the medication was not 
available at the hospital or health centre, they would 
purchased them from a private pharmacy (65.1%), wait 
for the next appointment in order to see if it was now 
available (16.6%), and used a home remedy (0.6%). 

According to Table 1, no significant statistical rela-
tionship was found between the type of medical facility 
utilized and, gender, employment status, education or 
age (P > 0.05); nor for compliance (P > 0.05) or in-
sightfulness (P > 0.05). However, an association did 
exist between the type of medical facility utilized and 
marital status (P < 0.05). Twenty-four percent of those 
who utilized the Hagley Park Health Care Centre were in 
intimate unions (relationships), compared to 15.6% of 
those who visited the Bellevue Hospital. 

Gender was the only demographic variable that was 
associated with diagnosed health conditions (P < 0.05; 
Table 2). Most of the participants were diagnosed with 
schizophrenic disorder, with more males than females 
with the illness. Females were more likely to be diag-
nosed with bipolar disorder and depression than males. 
However, there were more males diagnosed with 
drug-induced psychosis (5.9%) than females (2.8%).  

A statistical relationship was found between gender 
and compliance/non-compliance of participants (P < 
0.05). Males were more likely to comply with the speci-
fications of their medication (51%) than females (35.9%). 
In addition, significant statistical associations were 
found between family support and compliance/non- 
compliance (P < 0.05), and family support and gender of 
respondents (P < 0.05). Males (59.7%) had more family 
support compared with females (40.3%), and more of 

Table 1. Demographic characteristics of sample. 

Hagley 
Park Clinic 
(n = 158) 

Outpatient 
Day clinic at 

Bellevue 
(n = 186) 

Variable 

n (%) n (%) 

 
P 

Gender   NS 
    Male 92 (58.2) 110 (59.1)  
    Female 66 (41.8) 76 (40.9)  
Marital status   < 0.05
    Married 16 (10.1) 20 (10.8)  
    Common-law 22 (13.9) 9 (4.8)  
    Widowed 8 (5.1) 5 (2.9)  
    Divorced 6 (3.8) 10 (5.4)  
    Separated 16 (10.1) 30 (16.1)  
    Unmarried 90 (57.0) 112 (60.0)  
Employment status   NS 
    Employed 48 (28.5) 54 (29.0)  
    Unemployed 112 (70.9) 128 (68.8)  
    Other 1 (0.6) 4 (2.2)  
Education   NS 
    Primary or below 36 (30.4) 66 (35.5)  
    Secondary   

(including vocational) 
100 (63.3) 112 (60.2)  

    Tertiary 10 (6.3) 8 (4.3)  
Compliance   NS 
    Yes 65 (41.1) 88 (47.8)  
    No 93 (58.9) 96 (52.2)  
Insightfulness   NS 
    Insight 83 (52.5) 83 (44.9)  
    Undecided 3 (1.9) 15 (8.1)  
    Lack insight 72 (45.6) 87 (47.0)  

Age Mean (SD) 
42.1 years 

(1.4) 
44.1 years 

(1.2) 
NS 

NS not significant 

those with family support complied with the specifica-
tions of the medications (53.3%). 

Approximate thirty seven percent (37.3%) of the par-
ticipants were knowledgeable about the medication they 
were taking. Sixty-two percent of those who were 
knowledgeable about the medication indicated that they 
received the information from their medical doctors, 
16.9% from pharmacists and 15.4% from nurses. Con-
currently, when they were asked to state who was re-
sponsible for controlling their illness, one-half (50%) 
indicated their medical doctor was responsible for con-
trolling their illness, nurse 10.5%, pharmacists 9.0%, 
God 9.0%, self 4.1%, and other 3.5%.  
  The majority of the participants indicated that apart 
from medication and other health care professionals, 
other factors that controlled their illness were: praying 
(52.4%), cigarettes (11.0%), smoking marijuana (10.5%), 
fasting (5.05), leaves from sour-sop tree (3.5%) and 
Obeah (0.3%). A cross-tabulation between gender and 
insightfulness revealed a significant statistical associa-
tion (P < 0.05). Lacking insightfulness was greatest for 
males (68.6%) and insightfulness was greatest among  
f    
emales (50.0%). 
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Table 2. Diagnosed mental illness by demographic characteristic 
 

Health condition 

Schizophrenia 
n = 202 

Bipolar 
Disorder 
n = 36 

Depression 
n = 45 

Drug 
Induced 

psychosis 
n = 16 

Other 
n = 7 

Undiagnosed 
n = 38 

P 
Characteristic 

n (%) n (%) n (%) n (%) n (%) n (%)  

Gender       < 0.05
    Male 125 (61.9) 19 (9.4) 22 (10.9) 12 (5.9) 2 (1.0) 22 (10.9)  
    Female 77 (54.2) 17 (12.0) 23 (16.2) 4 (2.8) 5 (3.5) 16 (11.3)  

Age group       NS 
    ≤ 20 years 1 (0.5) 1 (2.8) 12 (26.7) 1 (6.2) 0 (0.0) 0 (0.0)  
    21 – 39 years 90 (44.6) 18 (50.0) 23 (51.1) 12 (75.0) 4 (57.1) 10 (26.3)  
    40 – 59 years 87 (43.1) 17 (47.2) 10 (22.2) 3 (18.8) 2 (28.5) 23 (60.5)  
    60+ years 24 (11.9) 0 (0.0) 0 (0.0) 0 (0.0) 1 (14.2) 5 (13.2)  

Marital status       NS 
    Married 17 (8.4) 5 (13.9) 9 (20.0) 3 (18.7) 2 (28.6) 1 (2.6)  
    Common-law 14 (6.9) 4 (11.1) 8 (17.8) 2 (12.5) 1 (14.3) 1 (2.6)  
    Widowed 8 (4.0) 1 (2.8) 1 (2.2) 0 (0.0) 0 (0.0) 2 (5.3)  
    Divorced 10 (4.9) 2 (5.6) 2 (4.4) 1 (6.3) 0 (0.0) 2 (5.3)  
    Separated 28 (13.9) 4 (11.1) 5 (11.2) 2 (12.5) 1 (14.3) 6 (15.8)  
    Unmarried 125 (61.9) 20 (55.5) 20 (44.4) 8 (50.0) 3 (42.8) 26 (68.4)  

Employment Status       NS 

   Employed 48 (48.5) 14 (14.1) 13 (13.1) 6 (6.1) 2 (2.0) 16 (16.2)  
   Unemployed 150 (62.5) 21 (8.8) 32 (13.3) 10 (4.2) 5 (2.1) 22 (9.2)  
   Other 4 (80.0) 1 (20.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)  
Education       NS 
   Primary or below 73 (36.1) 6 (16.7) 16 (35.6) 3 (18.8) 3 (42.8) 13 (34.2)  
   Secondary 119 (58.9) 27 (75.0) 27 (60.0) 11 (68.8) 4 (57.1) 24 (63.2)  
   Tertiary 10 (5.0) 3 (8.3) 2 (4.4) 2 (12.5) 0 (0.0) 1 (2.6)  

NS not significant 

 

4. DISCUSSION 

In this study, the majority of the participants were diag-
nosed with schizophrenia, followed by depression, bipo-
lar disorder and drug induced psychosis which is consis-
tent with other findings in the medical literature [1,2]. 
The majority (84.1%) of the participants have family 
support, but of this amount only 54% complied with 
taking the medication as prescribed. This suggests that 
family support is a significant determinant of medication 
compliance. This finding corroborates that of Garcia and 
colleagues, that the support from family caregivers pre-
dicts the use of psychiatric medication [25]. According 
to Hickling [26] family members of mentally ill patients 
in Jamaica take on the ongoing tasks of monitoring the 
patient and supervising his or her medication program. 
Along with the patient and the community mental health 
service providers, family members participate in formu-
lating and carrying out plans for treatment and voca-
tional rehabilitation. Although such family involvement 
is not unique, the extent to which the Jamaican commu-
nity mental health service has to rely on the extended 
family is noteworthy.  

Most (80.5%) of the participants were not in a stable 
intimate partner relationship, a fact which could have 

influenced the amount and the quality of social support 
they received. Possible explanations could be the nega-
tive stigma associated with mental disorders in Jamaica 
and their inability to provide financially in such a rela-
tionship, since 64.8% of the participants were unem-
ployed. However, in Jamaica, the fear and stigma asso-
ciated with mental illness has been greatly reduced, 
mental illness is openly discussed in the media, and pa-
tients are comfortable receiving treatment for a variety 
of psychiatric conditions in public and private commu-
nity treatment facilities [27]. 

Medication compliance among the participants in our 
study was very low with only 44.7% taking their medi-
cation. Among those participants who did not comply 
with the medication specifications (55.3%), 19% of this 
group indicated they experienced drowsiness, and 10.1% 
indicated that they felt worse. According to Feuertein  
et al. [28] estimates of noncompliance ranges between 
4% and 92%, with average from 30 to 35 percent. The 
reason for non- compliance among the participants in 
this study could be due to a number of factors such as: 
discomfort resulting from treatment (side effects of 
medication), expense of treatment, problems of filling a 
prescription, decision based on personal value, judgment 
or religious or cultural beliefs about the advantages and 
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disadvantages of the proposed treatment, maladaptive 
personality, traits or coping style (for example the denial 
of illness), the stigma attached to drugs for mental health 
conditions and lack of understanding about the nature of 
the illness [29]. 

According to Demyttenwere, the dropout rate of psy-
chiatric patients is attributed to various factors, such as 
illness and patient’s characteristics, time taken to im-
prove or poor doctor-patient relationship [30]. Mann 
indicated that the variance between what the doctors 
prescribe and what the patients take can be reduced by 
the doctor listening more carefully to the patients and 
addressing their concerns about the side effects of the 
medication [31]. In addition, educating the patients 
about their disorder, pharmacological management and 
addressing their concerns and fears of being addicted to 
the drug increases their compliance [32]. In our study, 
18% among the noncompliant participants suggested that 
their medication was finished, and 16.9% indicated that 
they forgot to take their medication. These patients can 
be instructed about life skill techniques, cueing, about 

 
Table 3. Compliance by demographic characteristic and health 
condition. 

Compliance 
n = 153 

Non-compliance
n = 189 Variable 

n (%) n (%) 

P 

Gender   < 
0.05 

Male 102 (66.7) 98 (51.9)  
Female 51 (33.3) 91 (48.1)  

Age group   NS 
≤ 20 years 1 (0.7) 2 (1.1)  

21 – 39 years 59 (38.6) 87 (46.0)  
40 – 59 years 68 (44.4) 85 (45.0)  

60+ years 25 (16.3) 15 (7.9)  
Marital status   NS 
     Married 11 (7.2) 28 (14.8)  

Common-law 16 (10.5) 12 (6.4)  
Widowed 8 (5.2) 5 (2.6)  
Divorced 6 (3.9) 10 (5.3)  
Separated 17 (11.1) 28 (14.8)  
Unmarried 95 (62.1) 106 (56.1)  

Employment 
status 

  NS 

Employed 40 (26.1) 59 (31.2)  
Unemployed 112 (73.2) 127 (67.2)  

     Other 1 (0.7) 3 (1.6)  
Education   NS 
Primary or below 56 (36.6) 56 (29.6)  

Secondary 88 (57.5) 124 (65.6)  
Tertiary 9 (5.9) 9 (4.8)  

Health condition   NS 
Schizophrenia 92 (60.1) 108 (57.1)  

Bipolar disorder 14 (9.1) 22 (11.6)  
Depression 20 (13.1) 25 (13.2)  

Drug-induced 
psychosis 

5 (3.3) 11 (5.8)  

Other 5 (3.3) 2 (1.2)  
Undiagnosed 17 (11.1) 21 (11.1)  

NS not significant 

Table 4. Family support by demographic characteristic and 
health condition. 

Family support 
Yes 

n = 290 
No 

n = 37 
Variable 

n (%) n (%) 

P 

Gender   < 0.05 

Male 173 (59.7) 
15 

(40.5) 
 

Female 117(40.3) 
22 

(59.5) 
 

Age group   NS 
≤ 20 years 3 (1.0) 11 (29.7)  

21 – 39 years 129 (44.5) 
20 

(54.1) 
 

40 – 59 years 126 (43.5) 6 (16.2)  
60+ years 32 (11.0) 0 (0.0)  

Marital status   NS 
Married 26 (9.0) 2 (5.4)  

Common-law 36 (12.4) 2 (5.4)  
Widowed 15 (5.2) 2 (5.4)  
Divorced 11 (3.8) 2 (5.4)  
Separated 31 (10.7) 5 (13.5)  

Never married 171 (58.9) 
24 

(64.9) 
 

Employment status   NS 

Employed 74 (25.5) 
18 

(48.6) 
 

Unemployed 213 (73.5) 
18 

(48.7) 
 

Other 3 (1.0 1 (2.7)  
Education   NS 

Primary or below 95 (32.8) 
13 

(35.1) 
 

Secondary 181 (62.4) 
22 

(59.5) 
 

Tertiary 14 (4.8) 2 (5.4)  
Health condition   NS 

Schizophrenia 173 (59.7) 
15 

(40.5) 
 

Bipolar disorder 31 (10.7) 4 (10.8)  
Depression 36 (12.4) 8 (21.6)  

Drug-induced psychosis 13 (4.5) 3 (8.2)  
Other 7 (2.4) 0 (0.0)  

Undiagnosed 30(10.3) 7 (18.9)  
Compliance  

Yes 154 (53.3) 
10 

(27.8) 
<0.05 

No 135 (46.7) 
26 

(72.2) 
 

NS not significant 
 

the medication data displayed on the cap, and about 
audiovisual feedback as this kind of instruction increases 
medication compliance among psychiatric patients [33]. 
Interventions to increase medication compliance through 
patient education in Jamaica are necessary because only 
a minority (37.3%) of the participants reported that they 
were knowledgeable about the medication they were 
taking, and the majority (76.2%) of the participants in 
dicated that they were able to buy their medication, so 
the cost of the drug was not a prohibitive factor. Medical 
doctors can play a major role in this regard because 
62.0% of the participants who were knowledgeable 
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about their medication stated that they received informa-
tion from their doctor.  

There is a significant relationship between marital 
status and the clinic used, because 24.0% of the partici-
pants used the Hagley Park Health Centre Clinic com-
pared to 15.6% for the Bellevue Clinic. This is a sur-
prising finding which requires more research. One pos-
sible explanation for this finding is that the Bellevue 
Hospital is the oldest and only major psychiatric hospital 
in Jamaica. It is heavily stigmatized given the very nega-
tive perception Jamaicans have toward mental disorders 
and people with mental disorders. Therefore, it is possi-
ble that the married participants attended the Hagley 
Park Clinic to avoid the very negative stigma associated 
with the Bellevue Clinic. 

Many chronically ill patients take less of their medi-
cation than has been prescribed, owing to cost concerns, 
especially those patients with low incomes, multiple 
chronic health problems, or no prescription drug cover-
age [34]. The consequences of cost-related medication 
underuse include increased emergency department visits, 
psychiatric admissions, nursing home admissions, as 
well as decreased health status [35]. In Jamaica there is 
government assistance for low-income patients. Ac-
cording to McKenzie, few patients ask for it. In his study, 
in one clinic, none of those who were prescribed medi-
cation (at least 35) asked for assistance, despite the fact 
that none of them were working. It is customary for 
families to pay for their relatives’ medication. Caregiv-
ers considered a lack of money and the need to pay for 
prescriptions as a deterrent for attending the clinic [11]. 

There is a significant relationship between gender and 
psychiatric disorder which is an unexpected finding. A 
majority of males and females were diagnosed with 
schizophrenia, with a higher incidence among males. 
More males than females were diagnosed with drug- 
induced psychosis, while more females were diagnosed 
with depression and bipolar disorder than males. Further 
research is required to understand the nuances of the 
relationship between gender and mental disorder which 
is an under-researched area. In addition, there is a related 
significant relationship between gender and medication 
compliance, in which males were more likely to comply 
with their medication. This finding may be explained by 
the significant relationship between insightfulness about 
medication and gender, where males account for 68.0% 
of the participants who lacked insightfulness. This find-
ing suggests that it is possible that there is greater medi-
cation compliance among males, because they are less 
insightful about their medication and its side effects than 
females. It is also possible that since the majority (59.7%) 
of participants with family support are males, the social 
support increases medication compliance in this group [25]. 

In the present study, non-compliance of medication- 

taking among those with bipolar disorder and depression 
was over 80%. Lack of insight [36] is a factor associated 
with poor drug compliance. Hummer and Fleischacker 
[37] explained that non-compliance with medication is 
owing to the patients’ perception that the illness is not 
serious to enough to warrant treatment compliance. 
Conversely, a study by Cramer and Rosenheck found 
that 58% of those diagnosed with psychosis and 65% of 
those with depression complied with the treatment pre-
scription [38], which is significantly higher than a simi-
lar group in Jamaica. One researcher admitted that the 
side effects of neuroleptics are real, but can be managed 
[39], which clearly is accepted by those diagnosed with 
drug psychosis and bipolar disorder in Jamaica 

Patients’ belief in their ability to control their illness is 
very important for medication compliance. However, the 
participants in our study believed in a range of external 
factors apart from medication that could be used to con-
trol their disorder. These external factors are: praying, 
use of Obeah (Jamaican witchcraft), fasting, smoking 
marijuana or use of sour-sop leaves, and smoking ciga-
rettes. There are also some participants (69.5%) who 
believed that doctors, nurses and pharmacists were re-
sponsible for controlling their disorder. Thus the major-
ity of the participants in our study displayed an external 
locus of control (rather than an internal locus of control) 
which downplays the belief that they themselves have 
major control over what happens in their lives and their 
wellbeing. This can clearly has an effect on medication 
compliance. These findings are corroborated by the 
findings of Volis and colleagues, that the locus of con-
trol is important in medication compliance because it 
mediates the relationship between medication compli-
ance and social support [40,41]. 

This study has contributed to the literature by un-
earthing a range of factors that are significantly related 
to medication compliance among psychiatric patients in 
Jamaica, which increases our understanding of this very 
important health issue. There are some limitations to our 
study. While our sample was taken from the two public 
mental health clinics that treat the majority of psychiatric 
cases in the country, these clinics are located in the met-
ropolitan region of Kingston. Therefore, it is possible 
that our sample did not capture psychiatric patients from 
other urban centres and rural areas. Therefore only cau-
tious generalizations should be made. In addition, there 
is the possibility of social desirability bias, where some 
of the patients told the interviewers what they wanted to 
hear to get their approval. It is also possible that the pa-
tients’ mental disorders affected the accuracy of their 
self-reports. Despite the aforementioned fact, medication 
non-compliance among schizophrenic patients in this 
research was low and in keeping with another in a non- 
Caribbean nation which found that it ranges between 
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24-90% [42]. This work also concurs with the findings 
of the Jamaican Ministry of Health, which found that 
medication compliance among schizophrenia patients in 
Jamaica was 69% [43]. 

6. CONCLUSIONS 

Medication compliance among males is about average, 
but is extremely low among females. The majority of the 
participants with an average age of 43.6 years from the 
Bellevue and Hagley Park mental health outpatient clin-
ics do not comply with their medication regimen for 
schizophrenia, bipolar disorder, depression and psycho-
sis among other disorders. This non-compliance can be 
explained by three significant factors. These are gender, 
which is related to the factor of reduced insightfulness 
about taking medication and family support. Non- com-
pliance may also be explained by the locus of control 
which was not tested in this study, but the majority of 
the noncompliant participants believe that factors exter-
nal to them have greater control over their illness than 
they do. The current study highlights the challenge for 
public health practitioners and policy makers in ad-
dressing this high non-compliance of medication among 
the mentally ill in Jamaica. A pertinent finding of this 
study is the fact that the level of education did not 
change compliance (or non-compliance) among mentally 
ill patients, suggesting that there is a need for more re-
search to unearth the range of factors that influence 
medication compliance, the belief system of mentally ill 
patients, an examination of alternative approaches to the 
treatment of mental illness, and a social intervention 
programme that is geared towards holistic education 
strategies in patient care. What is evident from the study 
is the fact that medication compliance can be explained 
by 1) the perception of the severity of the illness and the 
usefulness of the relevant medication, and 2) the per-
ceived side-effects of prescribed medications. 

Medication non-compliance places mentally ill pa-
tients at great risk of exacerbation of their symptoms, 
homelessness and interruptions in their daily lives, so 
much so that this has become a public health concern 
which must be addressed with urgency and care. Family 
support emerged as a positive determinant of medication 
compliance, suggesting that public health practitioners 
must begin to explore the role of social support in treat-
ing mentally ill individuals, as well as aiding in the drive 
for increased medication compliance among these indi-
viduals. 
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Appendix  
 

Question Particular 
Ques 1-8 Demographic characteristics 
 Gender; age at last birth day; educational level; marital status;  
 Employment status; source of income; whom do you live with 
Ques 9 Do they assist or support you in taking care of your conditions? 
Ques 10 What is your diagnosis? 
Ques 11 Do you know what medication(s) you are taking? 
Ques 12 How many different types of medication do you take daily? 

One; Two; Three; Four; Five; Six or more 
Ques 13 Are you on monthly injection for psychiatric illness? 
Ques 14 How often are you to take your medication? 
 Daily, less than three times per week; more than three times per week 
Ques 15 I take my medication as prescribed by my doctor 
 Always; most times; Sometimes; Rarely; Never 
Ques 16 What are the reasons for not taking your medication as is prescribed?  
Ques 17 Did you take the medication this morning? Yes or no 
Ques 18 I know when I will become sick? Strongly agree; agree; unsure; disagree; strongly disagree 
Ques 19 Medication should only be taken if you are experiencing a symptom of mental illness? Strongly agree; 

agree; unsure; disagree; strongly disagree 
Ques 20 Were you told about the medication that you are taking? Yes or no 
Ques 21 If yes (Ques 20), whom? Doctor; Nurses; Pharmacist; Other 
Ques 22-30 Questions on medication availability; health care insurance coverage;  
 dispensary of medication; waiting time for medication dispensary 
Ques 31  Will counselling on how to take medications help me to take them better? 
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ABSTRACT 

In this study, performances comparison to discrimi-
nate five mental states of five artificial neural net-
work (ANN) training methods were investigated. 
Wavelet Packet Transform (WPT) was used for fea-
ture extraction of the relevant frequency bands from 
raw electroencephalogram (EEG) signals. The five 
ANN training methods used were (a) Gradient De-
scent Back Propagation (b) Levenberg-Marquardt (c) 
Resilient Back Propagation (d) Conjugate Learning 
Gradient Back Propagation and (e) Gradient Descent 
Back Propagation with movementum. 
 
Keywords: Electroencephalogram (EEG); Wavelet 
Packet Transform (WPT); Artificial Neural Network 
(ANN) 

1. INTRODUCTION 

Brain computer interface use a non muscular communi-
cation channel for conveying message and command to 
the external words in the absence of biological channels 
[1-3]. Neuromuscular disorders like Amyotrophic lateral 
sclerosis can temporarily or permanently impair spoken 
and physical communication. Those most severely af-
fected may lose all voluntary muscle control and may be 
completely locked in to their bodies, unable to commu-
nicate in any way. Using cognitive abilities is sometimes 
the only the way to restore communication and motor 
function [4-7]. Through training, subjects can learn to 
control their brain activity in predefined fashion that is 
classified by pattern recognition algorithms. Accuracy of 
classification is affected by the quality of EEG signals 
and the processing algorithms. The processing algo-
rithms include preprocessing, feature extraction and 
classification. Previous studies investigated the effect of 

different feature extraction algorithms with along and 
the different mental tasks on classification accuracy was 
investigated [8,9].   

In this study, wavelet packet transform (WPT) method 
was used to capture the information of mental tasks from 
eight channel EEG signals of nine subjects. The coeffi-
cients of wavelet packet transform (WPT) were used as 
the best fitting input vector for ANN. Five various artifi-
cial neural networks (ANN) training methods were used 
to compare the performance in discrimination of five 
mental tasks.  

2. METHODOLOGY 

2.1. Subjects  

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

2.2. EEG Data Acquisition 

EEG Data used in this study was recorded on a Grass 
Telefactor EEG Twin3 Machine available at Deptt. of 
Neurology, Sir Ganga Ram Hospital, New Delhi. EEG 
recording was done for five mental tasks for five days, 
from nine selected subjects. Data was recorded for 10 
sec during each task and each task was repeated five 
times per session per day. Bipolar and Referential EEG 
was recorded using eight standard positions C3, C4, P3, 
P4, O1 O2, and F3, F4 by placing gold electrodes on 
scalp, as per the international 10-20 standard system of 
electrode placement as shown in Figure 1. The settings  
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Figure 1. Montage for present study. 
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Figure 2. Timing of the Protocol. 
 
used for data collection were: low pass filter 1Hz, high 
pass filter 35 Hz, sensitivity 150 micro volts/mm and 
sampling frequency fixed at 400 Hz. The reference elec-
trodes were placed on ear lobes and ground electrode on 
the forehead. EOG (Electooculargram) being a noise 
artifact, was derived from two electrodes placed on outer 
canthus of left and right eye in order to detect and elimi-
nate eye movement artifacts. 

2.3. Experiment Paradigm  

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

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

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

Arithmetic Task: The subject was asked to perform 
simple arithmetic (SA) and complex arithmetic (CA). An 

example of a trivial calculation is to multiply 2 by 3 and 
nontrivial task is to multiply 49 by 78. The subject was 
instructed not to vocalize or make movements while 
solving the problem. EEG signal were recorded corre-
sponding. 

Geometric Figure Rotation (R): The subject was given 
30 seconds to see complex three dimensional objects, 
after which the object was removed. The subject was 
instructed to visualize the object being rotated about an 
axis. The EEG signals were recorded during this period.  

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

2.4. Feature Extraction 

The frequency spectrum of the signal was first analyzed 
through Fast Fourier Transform (FFT) method [10]. The 
FFT plot of signals from the all electrode pairs were ob-
served and maximum average change in EEG amplitude 
was noted as shown in Figures 3-7.  

For relaxed, the peaks of power spectrum almost co-
incide for central area in the alpha frequency range (8-13 
Hz)[11]. EEG recorded with relaxed state is considered 
to be the base line for the subsequent analysis. Mu 
rhythms are generated over sensorimotor cortex during 
planning a movement. For movement imagery (M) of 
right hand, maximum up to 50% band power attenuation 
was observed in contralateral (C3 w.r.t C4) hemisphere 
in the alpha frequency range (8-13 Hz) [11,12]. For geo-
metrical figure rotation(R), the peak of the power spec-
trum was increased in right hemisphere rather than left 
in the occipital area for the alpha frequency range (8-13 
Hz) [13]. For simple arithmetic(SA), the peak of the 
power spectrum was increased in left hemisphere rather 
than right hemisphere in the frontal area for the alpha 
frequency range (8-13 Hz) [14].For complex arithmetic 
(CA), the peak of the power spectrum was increased in 
left hemisphere rather than right hemisphere in the parie-
tal area for the alpha frequency range (8-13 Hz). 

 

0

50

100

150

200

C3 C4

Electrode

Power Spectrum Density for Alpha Frequency 
Range

 
Figure 3. Power Spectra for Relax state at C3 and C4 channel. 
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Figure 4. Power Spectra for simple arithmetic at F3 and F4 channel. 
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Figure 5.Power Spectra for rotation at O1 and O2 channel. 
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Figure 6. Power Spectra for complex Arithmetic P3 and P4 channel. 
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Figure 7. Power Spectra for right movement at C3 and C4 channel. 

2.5. Wavelet Packet Transform  

By applying Wavelet packet analysis on the original 
signal wavelet coefficients in the 8-13 HZ frequency 
band at the 5th level node (5, 3) were obtained. The 
signal was reconstructed at node (5, 3). These coeffi-
cients are scaled and WPT coefficients are used as the 
best fitting input vector for ANN. Wavelet transform 
we were able to reduce 1 second of EEG data to 21 
coefficients for each mental tasks [15,16]. 

2.6. Classification 

The main advantage of choosing artificial neural net-
work for classification was due to fact that ANN’s could 
be used to solve problems, where description for the data 
is not computable. ANN could be trained using data to 
discriminate the feature. The five different training 
methods used for Classification in the present study were 
Gradient Descent method Resilient Back propagation, 
Levenberg-Marquardt, Conjugate Gradient Descent and 
Gradient Descent back propagation with movementum.  

For classification a two layer neural networks was 
used for the instance a topology of {10, 1} indicate a 21 
input, 10 neurons in hidden layer and one output layer. 
The neural network was designed to accept a 21 element 
input vector and give a single output. One second seg-
ments of EEG were classified. The training set was 
composed of 60% EEG trial per mental tasks and test set 
was composed 40% EEG trial per mental task. The out-
put was designed to give 0 for baseline and 1 for task. 
The neural network was trained for a fixed number of 
epochs and the training is done using a five learning 
techniques [17]. Parameter used for five training meth-
ods of neural network for classification of five mental 
tasks as shown in the Table 1.  

2.7. Evaluations  

Performance (RC) is defined as ratio between correctly 
classified patterns in the test set to the total number of 
patterns in the test set in percentage. 

Number of correctly classified test patterns 
Rc

Total number of patterns in the test set
  

With the help of above formula we calculate the per-
formance of each method for each task [18]. 

3. RESULTS  

For the classification of five mental tasks neural network 
training methods were used. Nine male right-handed 
subjects participated in the experiments. The subjects 
asked to perform five mental tasks namely relaxed, arith- 
metic task (simple and complex multiplication), geomet-
rical figure rotation, and movement imagery. Table 2 
showed the comparison of the performance of five neu- 
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Table1. Parameter used for different back propagation algo-
rithms with topology {10, 1}. 

Gradient Descent with Momentum (GDM) 

Topology {10,1} α = 0.01. Mu = 0.01 

MSE = 1e-5  

Epoach = 5000  

Gradient Descent method (GD) 

Topology {10,1} α = 0.01 

MSE = 1exp-(5)  

Epoach = 5000  

Resilient Back propagation (RBP) 

Topology {10,1} α = 0.01 

MSE = 1exp-(5)  

Epoach = 5000 β = 0.75 and β1 = 1.05 

Conjugate Gradient descent (CG) 

Topology {10,1} α = 0.01 

MSE = 1exp-(5)  

Epoach = 5000  

Levenberg-Marquardt (LM)  

Topology {10,1} Mu = 0.01 

MSE = 1exp-(5)  

Epoach = 5000 Mu_dec = 0.1 and Mu_inc = 10

 
ral network (NN) training methods in classifying of five 
mental tasks. From this table we can say that Resilient 
Back Propagation method was most suitable for the clas-
sification of all five mental tasks. Because this method 
gave highest performance (95%) all five mental tasks. 
Percentage average accuracy shown in the Figures 8- 
12. 

4. CONCLUSIONS 

In this study, nine healthy male subjects were se-
lected to investigate MLP classifier with various training 
methods to discriminate five mental tasks (relaxed state, 
movement imagery of right hand, geometrical figure 
rotation, arithmetic simple task, and arithmetic complex 
task) effectively. For relaxed, the peaks of power spec- 
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Figure 8. Classification accuracy using GDA BP train-
ing methods. 

trum almost coincide in central area at a particular based 
frequency. For simple arithmetic, it was observed that 
the amplitude of the power spectrum for alpha frequency 
range (8-13 Hz) increased left hemisphere rather than 
right hemisphere in frontal region. For complex arithe-
matic, it was observed that the amplitude of the power 
spectrum for alpha frequency range (8-13 Hz) increased  
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Figure 9. Classification accuracy RBP training methods. 
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Figure 10. Classification accuracy CGBP training methods. 
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Figure 11. Classification accuracy GDM training methods. 
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Figure 12. Classification accuracy LM training methods.      
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Table 2. Comparisons of Different NN training Methods. 

Tasks 
Baseline and 

Arithmetic simple 
Baseline and Arithmetic 

complex 
Baseline and Rotation Baseline and movement 

Techniques 
Correct 

classification 

Wrong 
classifica-

tion 

Correct 
classifica-

tion 

Wrong 
classifica-

tion 

Correct 
classifica-

tion 

Wrong 
classifi-
cation 

Correct 
classifica-

tion 

Wrong 
classifica-

tion 
Gradient Descent Back 

Propagation 
95% 5% 95% 5% 87.5% 12.5% 90% 10% 

Resilient Back Propagation 97.5% 2. 5% 95% 5% 95% 5% 95% 5% 
Conjugated Gradient BP 97.5% 2.5% 92.5% 7.5% 92.5% 7.5% 92.5% 7.5% 
GD BP with Momentum 95% 5% 95% 5% 90% 10% 90% 10% 

Levenberg-Marquardt 95% 5% 90% 10% 90% 10% 92.5% 7.5% 

 
left hemisphere rather than right hemisphere in parietal 
region. For geometrical figure rotation, the peak of the 
power spectrum in the alpha frequency range (8-13 Hz) 
increased right occipital area. For movement imagery, 
the peak of the power spectrum in the alpha frequency 
range (8-13 Hz) had an attenuation central area. The 
result showed the performance of neural network with 
various training method, for classifying of mental tasks 
w.r.t baseline. Resilient backpropagation training method 
has best performance among all the training methods for 
classification of mental tasks w.r.t baseline.  

 JBiSE 

The authors would like to extend the work with se-
verely disabled people and to customize the device as 
per individual response and requirements. This kind of 
system can also be used in a variety of applications like– 
Environment control units (ECU’S), helping disable 
people to directly interact with hand held devices such as 
cell phones and PDAs.  
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ABSTRACT 

Medical video repositories play important roles for 
many health-related issues such as medical imaging, 
medical research and education, medical diagnostics 
and training of medical professionals. Due to the in-
creasing availability of the digital video data, index-
ing, annotating and the retrieval of the information 
are crucial. Since performing these processes are 
both computationally expensive and time consuming, 
automated systems are needed. In this paper, we pre-
sent a medical video segmentation and retrieval re-
search initiative. We describe the key components of 
the system including video segmentation engine, im-
age retrieval engine and image quality assessment 
module. The aim of this research is to provide an 
online tool for indexing, browsing and retrieving the 
neurosurgical videotapes. This tool will allow people 
to retrieve the specific information in a long video 
tape they are interested in instead of looking through 
the entire content. 

Keywords: Video Processing; Video Summarization; 
Video Segmentation; Image Retrieval; Image Quality 
Assessment 

1. INTRODUCTION 

Developing countries suffer from lack of access to the 
medical expertise. Due to the inadequacy of trained medi-
cal professionals, the health maintenance system of the 
country may face variety of problems which will directly 
affect individual’s quality of life and also entire well- 
being of society. Limitations in accessing to the medical 
expertise may also exist in small regional hospitals & 
health-care centers in rural places in developed countries. 
Therefore, connecting as many hospitals as possible to a 
medical information system from regional level to the 
state and national levels and ultimately to the global 
level, which is simply illustrated in Figure 1, would be 
very beneficial in terms of improved standard of medical 
practice and educational aspects for medical students 

and staff who can not reach to the medical resources, due 
to resource, geographical, and time constraints.  

Our research is to show not only the importance of the 
accommodation of the massive amount of data for edu-
cational use but also the preservation of a life long ex-
perience of pioneers in the field of neurosurgery for fur-
ther use via automatically defining a logical structure of 
the video content. Since only a few fortunate ones get a 
chance to be with these experts to see how they perform 
such complex operations. Therefore, with this service 
the boundaries can be expended so that [1].  
 The educational needs of residents can be comple-

mented by allowing access in a timely efficient manner. 
 The educational needs of medical students can be 

provided by allowing access.  
 The knowledge enhancement needs of Neurosur-

geons around the world with special benefits to devel-
oping countries can be supported by allowing access.  
 The help in teaching of operating room (OR) nurses 

and physician assistants can be provided.  
 The foundation for future research related to simu-

lation technology can be constructed. 
The goal of this system is summarized in Figure 2. 

The system has 3 main components which are video seg-
mentation engine, image retrieval engine and image qual-
ity assessment module. 

2. VIDEO SEGMENTATION ENGINE 

Medical video libraries are dedicated to many health- 
related applications such as medical imaging, medical 
research and education, medical diagnostics and training 
of medical professionals. Due to the rapid development 
in production, storage and distribution of multimedia con-
tent, the video data of these medical repositories can be 
directly transmitted to the people via internet. However, 
due to the huge size of the videos, very large bandwidth 
will be required. Additionally, it will be very difficult 
reaching a certain portion of the video. For instance, when 
a medical surgeon or student wants to look through a spe- 
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Figure 1. Work-flow of the system. 

 

 
Figure 2. System architecture. 
 
cific part of a 15-hour neurosurgery videotape, they will 
have to browse the entire content of the video in order to 
find the right part they want to see. Our video segmenta-
tion engine generates a concise summary of the seman-
tics in the neurosurgical videotape to help them browse 
and search the large amount of video data. The architec-
ture of the engine is depicted in Figure 3. As shown in 
Figure 3, an MPEG video source comprises a group of 
video shots, and a video shot is an unbroken sequence of 
frames captured from one perspective. The engine parti-
tions a video sequence into a set of shots, and some key 
frames are extracted to represent each shot. Finally key 
frames are collected in the video abstract database.  

Video segmentation is the central process for auto-
matic video indexing, browsing and retrieval systems. It 
aims partitioning a video sequence into meaningful seg-
ments and extracting a sequence of key frames, that each 
key represents the content of corresponding video seg-
ment. The video sequence is divided into meaningful 
segments (shots) which are the basic elements of index-

ing, and then each shot is represented by key frames. 
These frames are indexed by extracting spatial and tem-
poral features. 

Video segmentation includes two major steps: 1) Shot 
boundary detection and 2) Key frame extraction. Shot 
boundary detection targets breaking up the video into 
meaningful sub-segments. Key frame extraction involves 
selecting one or multiple frames that will represent the 
content of each shot. 

In our work, we segmented the shots by detecting the 
boundaries via color histogram differences and self- 
similarity analysis. In color histogram differences, RGB 
color space is converted to HSV space, and then color- 
quantization is applied to HSV color space. Finally the 
differences of HSV histograms between consecutive fra- 
mes are computed to determine the peaks representing 
the shot boundaries [1,2]. In self-similarity analysis, HSV 
feature vectors of the frames within the video data are 
visualized with a two-dimensional matrix by applying a 
similarity metric [2]. 

Key frame extraction is the second major process of 
video segmentation. We used four approaches in order to 
select the key frames: 

1) The first is the traditional k-means clustering, de-
termining video summaries with a specific number of 
frames, which will represent the entire video content. 
The number of the key frames is specified by the user. 
The frames closest to the cluster centroids are selected as 
key frames [2]. 

2) The second is the dominant set clustering that auto-
matically decide the number of key frames according to 
the similarity of the data without any initial decision of 
cluster number. The clustering is based on dominant sets 
which are the representation of an edge-weighted graph 
as a similarity matrix [2-4].  

3) The third is based on salient region detection and 
structural similarity. Saliency maps representing the at-
tended regions are produced from the color and lumi- 
nance features of the video frames. Introducing a novel 
signal fidelity measurement-saliency based structural si- 
milarity index, the similarity of the maps is measured. 

 

 
Figure 3. The architecture of the video segmentation engine. 
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Based on the similarities, shot boundaries and key frames 
are determined [5]. 

 

4) The fourth approach, called “index-based retrieval 
(i-Base)”, is based on Discrete Cosine Transform (DCT) 
and Self Organizing Map (SOM). It allows user to 
quickly find a particular point within a certain domain 
and/or determine if the domain is relevant to the need. 
i-Base forms a hierarchy from the uniquely represented 
shots by using frames. User then can map only the rele-
vant section in the source with the request issued. The 
idea of 'just request-to-response mapping' prevents not 
only the unwanted information retrieval but also saves 
time and bandwidth [1]. 

Figure 4. User interface of the tool. 

 
more than 1,000 lung CT images [6]. 

Our image retrieval engine delivers the image results 
from our video abstract database, taking advantage of 
visual features of the images. Figure 6 shows the archi-
tecture of our image retrieval engine. Several image fea-
tures representing the visual content of the images in 
video abstract database and query image are extracted. 
The images in video abstract database are the key frames 
of the neurosurgical videotapes previously extracted by 
the video segmentation engine. 

Figure 4 shows the user interfaces of the video seg-
mentation system, allowing the user to set the parame-
ters. Currently, we are in the process of transferring our 
tool over the WEB environment. A sample of key frame 
set of a neurosurgical training video data, presented to 
the user is depicted in Figure 5. 

3. IMAGE RETRIEVAL ENGINE 
Based on the similarity metric, how close query image 

and key frames are measured. Retrieval results are then 
ranked according to the similarity score and delivered to 
make available to receivers over broadband network. 

Currently, all web-browser based image search engines 
are based on textual data, that images are associated by 
annotations and then searched using keywords. In terms 
of medical images, the most of the medical image in-
formation is not accessible or limited to one or two da-
tabases that can be searched with key words. As medical 
images can not be fully described by textual information, 
keywords are not sufficient enough to retrieve relevant 
medical images from large databases. For instance, for 
the “lung CT” key term, Google is able to retrieve only 
130 image results. However, only Health Education As 
sets Library (HEAL, http://www.healcentral.org/) contains 

Content-based image retrieval (CBIR) is a technique 
using visual descriptors to search images from image 
databases according to users’ needs. It aims effectively 
searching and browsing of large image digital libraries 
based on automatically extracted image features. In a 
typical CBIR system, features of every image in the da-
tabase have been extracted and then compared with the 
query image. We have conducted a preliminary evalu- 

 
 

  Frame 174         Frame 224         Frame 324         Frame 474         Frame 599         Frame 654 
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Figure 5. The 18 key frames of a neurosurgical (right frontal craniotomy) video sequence of 2500 frames presented to the user. 
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Figure 6. The architecture of the image retrieval engine. 
 
ation on the precision performance of following two ap-
proaches: 

1) The first is comparing images using color histo-
grams. Color is one of the most important image features 
for CBIR. A color histogram is the representation of fre-
quency distribution of color bins in an image. Color his-
tograms are widely used in comparison of images, since 
they are robust to change in translation, rotation and an-
gle of view. We have used two different color spaces, 
RGB and HSV. We quantized the RGB color space as 
well as HSV space to reduce the number of bins, using 
256 colors (16 levels for each R, G and B channels in 
RGB space;16 levels for H channel, 4 levels for S chan-
nel and 4 levels for V channel in HSV space). Finally, to 
evaluate the similarity between query image and the im-
age in the video abstract database, we have computed the 
Euclidean distance between corresponding color histo-
grams [7]. 

2) The second is comparing images using two image 
fidelity measurements. We have used mean squared error 
(MSE) and structural similarity (SSIM) index [8] to quan-
tify the similarity of images [7]. MSE compares two 
images on a pixel-by-pixel basis, whereas SSIM consid-
ers structural information. 

We have conducted a preliminary evaluation on the 
precision performance of above four approaches. We 
have used a subset of COREL Image Database [9,10] 
which is available at http://wang.ist.psu.edu/docs/related. 
shtml. The database contains 10 image classes with 100 
images each (1000 images in total). The classes are: Af-
rica, Beach, Buildings, Buses, Dinosaurs, Flowers, Ele-
phants, Horses, Food and Mountains. 

We measured the retrieval effectiveness on the preci-
sion performance of each approach. The detailed preci-
sion results are shown in Table 1. Average precisions are 
computed by taking every image in a class as query im-
age. As can be seen, the precision performances of the 
algorithms change with different classes. According to 
the overall results, HSV histogram is the most effective 

approach among others. 

4. IMAGE QUALITY ASSESSMENT 
MODULE  

Image quality assessment is an important part of content 
delivery over networks since network conditions vary 
for individual users and also digital images are subject to 
a wide variety of distortions during processing, storage 
and transmission, any of which may result in a degrada-
tion of visual quality [8,11]. Therefore quantifying the 
image quality degradation occurring in a system would 
be very beneficial, so that the quality of the images and 
videos produced can be controlled and adjusted. For in- 
stance, a system can examine the quality of videos and 
images being transmitted in order to control and allocate 
streaming or downloading resources. Moreover, a qual-
ity assessment module can assist in the optimal design of 
pre-filtering and bit assignment algorithms at the en-
coder and of optimal reconstruction, error concealment, 
and post-filtering algorithms at the decoder [8]. 

On the other hand, according to a recent research of 
Microsoft [12]; due to the difficulty of the image quality 
assessment problem, current web-browser based image 
search engines lack of user requirements, because there 
is no effective and practical solution to allow an under-
standing of image content, which fits the user needs. 
Image quality assessment research would greatly help 
improve users’ browsing experiences. 

Therefore we have been designing a quality assess-
ment module automatically predicting perceived image 
quality. This problem is more competitive in medical 
imagery, because medical imagery may play crucial role 
in many health-related issues such as diagnostic design, 
patient-care, training and education of medical profes-
sionals and students. The framework of the module is 
depicted in Figure 7. We have already developed a novel 
objective image quality metric which is superior to the 
existing metrics in the literature. We have also validated 
our metric against a large set of subjective ratings gathered  
 
Table 1. Precision of 10 image categories for top 30 matches.  

 Histogram-based Similarity-based 

Image Class RGB HSV SSIM MSE 

African People 23.03 40.57 8.33 0.33 

Beach 13.4 22.63 33 33.33 

Buildings 18.6 24.73 14.33 3.67 

Buses 31 47.03 25.33 3.67 

Dinosaurs 34.83 44.6 95.33 97.67 

Elephants 18.8 19.57 25.33 35 

Flowers 33.3 32.7 67 90 

Horses 16.83 81.93 21.33 43.67 
Mountains and 

glaciers 
13.9 38 19 31 

Food 55.03 31.3 10.33 1.67 

AVERAGE 25.87 38.31 31.93 34.00 

http://wang.ist.psu.edu/docs/related.%20shtml
http://wang.ist.psu.edu/docs/related.%20shtml
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Figure 7. The framework of the image quality assessment 
module. 
 
for a public image database. Currently we have been 
working on a subjective image quality assessment for 
neurosurgery imagery. This assessment will be based on 
expert opinions of a group of neurosurgeons from UAMS,  

by determining fixation points on the images while track-
ing their eye movements. 
 Image quality assessment has a great importance in sev-
eral image and video processing applications such as filter 
design, image compression, restoration, denoising, recon-
struction, and classification. The goal of image quality 
assessment is predicting image quality of display output 
perceived by the end user. Multimedia contents are sub-
jected to the variety of artifacts during acquisition, proc-
essing, storage and delivering, which may lead to reduc-
tions in the quality. Our image quality assessment module 
dynamically monitor and adjust the image quality, so that 
the output quality of the image or video presented to the 
user can be maximized for available resources such as 
network conditions and bandwidth requirements. 

Image quality metrics can be classified into 2 catego-
ries: Subjective and objective metrics. The most reliable 
way to measure of image quality is to look at it because 
human eyes are the ultimate viewer and images are eva- 
luated by humans. Subjective evaluation by orienting on 
human visual system is determined by Mean Opinion 
Score (MOS) which relies on human perception. On the 
other hand, objective metrics are also very valuable to 

     
(a)                                                       (b) 

     
(c)                                                       (d) 

Figure 8. Scatter plots of subjective/objective scores on LIVE Database. Red points (+) and blue points (x) denote JPEG and 
PEG2000 images, respectively. (a) SSIM; (b) S-SSIM; (c) VIF in pixel domain; (d) S-VIF in pixel domain. J 
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predict perceived image quality. They are based on mathe- 
matical models that approximate results of subjective 
quality assessment. Amongst the objective quality met-
rics, full reference metrics require complete availability 
of original non-distorted reference image which will be 
compared with the corresponding distorted image, while 
reduced reference and no reference metrics require lim-
ited and no availability of this, respectively. 

We developed a new image quality metrics, S-SSIM 
(saliency-based structural similarity index) and S-VIF 
(saliency-based visual information fidelity), based on 
frequency-tuned salient region detection introduced by 
[13]. Saliency maps are produced from the color and 
luminance features of the image. SSIM [8] index and 
visual information fidelity (VIF) in pixel domain [14] 
are modified by the weighting factors of the saliency 
maps. 

We validated our approach using LIVE Image Data-
base [15] as test bed. The database contains 29 original 
images and 460 distorted images (227 JPEG2000 images 
and 233 JPEG images) with subjective scores for each 
image. Non-linear regression analysis has been performed 
to fit the data. The Pearson correlation coefficient is used 
to measure the association between subjective and ob-
jective scores. Our results showed that our technique is 
more correlated with human subjective perception. 

Figure 8 shows the results for the database. Each 
sample point represents the subjective/objective scores 
of one test image. The y axis in the figure denotes the 
subjective scores in the database. The x axis denotes the 
predicted quality of images after a nonlinear regression 
toward above 4 objective scores, which are SSIM, S- 
SSIM, VIF in pixel domain and S-VIF in pixel domain, 
respectively. The Pearson validation scores between as-
sessment metrics are depicted in Table 2 [16]. 

The Pearson correlation coefficient varying from –1 to 
1 is widely used to measure the association between two 
variables. High absolute values mean that the two vari-
ables being evaluated have high correlation. As shown in 
Table 2, our metric is more correlated with human sub-
jective perception. 

5. CONCLUSIONS 

We presented a medical video segmentation and retrieval 
research initiative. We introduced the key components of 
the framework including video segmentation engine, im-
age retrieval engine and image quality assessment module. 
We are currently in the process of transferring our frame 
  
Table 2. Pearson correlation coefficients. 

 SSIM S-SSIM VIF-pixel S-VIF-pixel

LIVE Image 
Database 

0.6823 0.7475 0.7126 0.9083 

work and software tool over the WEB environment. This 
will allow people to access the specific information that 
they are interested in among entire video. Multimedia 
information system, digital library, and movie industry 
are some of the applications work on videos. Since they 
are widely used, it brings out the need of processing and 
saving the digital video. These processes are mainly the 
compressing, segmenting, and indexing of the video. 
The neurosurgical data which is initially compressed 
will pass through the segmentation and indexing. Then 
receiver will be able to retrieve the specific section of 
the video that he/she is interested in with maximum qual-
ity for the available network, bandwidth and hardware 
resources. The overall objective is to provide convenience 
and easiness in accessing the relevant data without going 
over the whole data. 
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ABSTRACT 

Dynamical images contain useful information of how 
the objects behave in time and space. When the sys-
tem is in biological fluids, the motion of the object is 
much over-damped; the relaxation time is the char-
acteristics in a diffusive time scale. We have found 
dynamical states of melting and forming of small 
nematic domains (10—30 μm) that are exhibited in 
the suspensions of fd-viruses under applied AC elec-
tric field amplitude at low frequency. Dynamic image 
correlation function is used for extracting the mes- 
oscopic relaxation times of the dynamical states, which 
can be employed as an application to other dynamic 
imaging process of biologically relevant soft con-
densed matter and biomedical systems.  
 
Keywords: Relaxation Time; Image Correlation 
Spectroscopy; Dynamical states 

1. INTRODUCTION 

Dynamic contrast-enhanced MRI (magnetic resonance 
imaging) is widely used for early detection of breast 
tumors, where the kinetics of signal variation are moni-
tored after an injection of a paramagnetic contrast me-
dium to distinguish between benign and malignant breast 
lesions [1]. The studies of microvasculature and micro-
circulation are useful in the sense that the solid tumor 
objects can disturb the regional blood flow, and influ-
ences the lack of linkage in a basement membrane. It is 
still a challenge to generalize the estimation of a regional 
blood flow and capillary permeability as volume fraction 
of the intravascular flow in breast tumors [1]. According 
to the authors in [1], the important criterions of reliable 
signal contrast (or relaxation times) are dependent on 
two assumptions; one is a negligible relaxavity of pro-
tons in different tissue compartment, and the other is 
much faster diffusion of water within a tissue and the 
exchange rate between them. The relaxation of bulk 
magnetization can be found and described by a single 

relaxation time [2]. These assumptions are feasible for a 
typical diffusion coefficient for water in soft tissues, and 
its relevant mean-squared displacement is reported as 
typical value of 30-60 μm size within about 125 ms re-
covery time [2]. Depending on the biomedical system, 
for instance, gray and white matter in the brain, heart, and 
kidney are in a relatively slow relaxation process (relaxa-
tion time as about 1/s) within tissue and blood stream, as 
compared to other systems as liver and spleen [2]. Thus 
as far as the contrast agent is efficiently fast enough, then 
the slow process of water permeability can be negligible 
in terms of the exchange rates between different com-
partments for early detection of malignant tumor cells. 
Thus for an intermediate and slow time process, the 
single exponent time constant is convenient to character-
ize most biological relevant experimental parameters.  

When the time-evolutionary information is engaged 
with a local space, it is somewhat complicated to distin-
guish between the time, and space-variable. For the sys-
tem that contains self-mimicking sizes or shapes of ob-
jects (or images), but with different temporal events, it is 
extremely useful to predict what will happen after a cer-
tain time steps of events. Relatively large-time scale, 
such as astronomical or geographical-time, and macro-
scopic length are less relevant to predict “probable” events 
in mesoscopic time scale. Most physiochemical envi-
ronments, i.e., medical, biochemical and biophysical 
issues are more engaged with a shorter-time interval. In 
the latter case, the system of interested objects is gov-
erned by thermodynamics and hydrodynamics, commonly 
in between the microscopic and macroscopic approach. 
As far as in time-correlation aspect, this mesos-copic time 
scale can be influenced by globally metastable but par-
tially (or locally) in non-equilibrium states. Thus time- 
correlation is still a challenge in mesoscopic length and 
time scale and in the speculation, nevertheless which is 
ambient in most soft matters. The demanding task of 
predicting “forward” temporal events relies on the com-
plexity of dynamical entities (or inhomogenieties) them-
selves that evolve in the physiological situations (or en-
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vironments). Based on an appropriate statistical sam-
pling, one can identify the quantitatively possible “ob-
servable” physiological objects at a time. Further esti-
mation of the next-time expected value can be governed 
by the relaxation rate of the dynamical variables. Re-
cently, a luminescent conjugate polyelectrolyte (LCP) is 
used for monitoring the amyloid plaques that can de-
velop at various stages in human brain as known for 
Alzheimer’s disease [3]. To diagnose Alzheimer’s disease 
in the earlier stage, image color maps can be monitored 
as a non-invasive method. Image correlation spectros-
copy is also used for protein dynamics on the cell sur-
face and live-cell imaging to extract the information of 
aggregation and number density [4]. The desirable fea-
ture of the imaging correlation spectroscopy is suggested 
to achieve the diffusion coefficients and velocity for pro- 
bing proteins in living cells [5]. Employing the medical 
imaging for the kinetic pathways of decaying or growing 
of bad cellular propagation is remained as a highly valu-
able issue. Much efficient and conclusive biomedical per-
formance is needed to characterize the “urgency” in a 
simple and an “integrated” manner in time-resolving 
frames. Mesoscopic time and length scale imaging cor-
relation spectroscopy could have its applications within 
biomedical technology of soft-tissues. The main difficul-
ties to overcome will probably be related to small optical 
density differences. In case of soft-organs or tissues that 
consist of fibrous structures in the presence of multiva-
lent ionic liquids, structures can be imaged through the 
birefringent nature of the fibrous structures. Then the ori-
entation contrast can be conveniently visualized between 
crossed polarizers, which can be combined with time- 
lapsed imaging processing. 

We employ charged fibrous viruses (fd) suspensions 
to explore low frequency electric field-induced phase tran-
sitions due to their anisotropic conformations (or configu-
rations) under optical axis. Especially, the partial ordering 
is found as increased with increasing field amplitude 
[6,7]. This kind of fibrous structure can be also found in 
other biological materials, such as in optical nerve cells, 
living polymers of F-actin and myosin fibers. Particu-
larly optical nerve cells are directly engaged with our 
human brain “cognitive” central nervous system. Inter-
esting, it is already known fact that there are object rec-
ognition activities with low frequency oscillations 
(called Gamma band, ~ 40 Hz) in human brain system 
[8,9]. It is the purpose of this paper that we introduce our 
working system of dynamic image correlation spectros-
copy to predict the mesoscopic relaxation time of dy-
namical states of small nematic domains (~ 10-30 μm 
size) that consist of charged fd-viruses particles. 

2. METHOD AND DATA ANALYSIS 

2.1. Sample Preparation 

Sample preparation is done by following the standard 
biological protocols [10] to prepare the fd-virus suspen-
sions, from the XL1blue strain of E. coli as the host bac-
teria. The virus particles are purified by repeated cen-
trifugation 105 g for 5 hours and re-dispersed in Tris/ 
HCl buffers with varying concentration, depending on 
the final ionic strength. Bacteriophage fd is a rod-like 
macromolecule with a length of 880 nm, a bare diameter 
of D = 6.6 nm, a persistence length at high salt concen-
tration of P = 2200 nm, and a molecular weight of M.W. 
~ 1.64 ×  g/mol. Much detailed information of mo-
lecular structures and dynamics of fd coat proteins are 
discussed in earlier times by means of scanning trans-
mission electron microscope and solid-state NMR method 
[11-14]. Hydrodynamic properties and structure of fd- 
viruses are measured by transient electric birefringence, 
and low-angle intensity fluctuations spectroscopy [15]. 

710

We prepare fd-virus suspensions at a given low ionic 
strength by osmotic equilibration (or dialysis) for 2 days 
with an analytical concentration of 1.6 mM ionic stren- 
gth of Tris/HCl buffer. The same buffer is used to dilute 
the suspensions (by typically 20 %) to the desired fd 
concentration. The ionic strength of the osmotic reser-
voirs is the ionic strength from which the electrostatic 
Debye-Huekel screening length is calculated. Further-
more, osmotic equilibration assures that the pH of the 
suspensions is equal to those of the osmotic reservoir. 
The Tris/HCl buffers are prepared by adding a small 
volume of HCl with a concentration of 1 M to a 20 mM 
TRIS solution till a pH = 8.2 is attained. This buffer is 
then diluted with deionized water for the preparation of 
the lower Tris/HCl-buffer concentrations. For buffer 
concentrations less than about 10 mM, both the ionic 
strength and the pH are affected by carbon dioxide that 
dissolves from the air, which in turn affects the surface 
charges of the fd-virus particles. A detailed account of 
the effect of dissolved carbon dioxide on the ionic 
strength and pH as a function of the buffer concentration 
can be found in [16]. Then the fd-concentration is meas-
ured by UV spectrometer to read optical density, or the 
extinction coefficient at approximately 269 nm wave-
length. 

The charge distribution on fd-virus particles has been 
interpreted on the basis of different models for an fd- 
virus particle from titration curves. The best fit to titra-
tion curves is found when assuming that the charges are 
located only on the hydrophilic outer region of adsorbed 
coat proteins, and not on the DNA strand of fd itself [17]. 
The iso-electric point of native fd is equal to pH ~ 4.2. 
The surface charge is measured approximately nega-
tively charged as –9000e at pH = 6.9. The buffer capac-

Part of this research was supported by the EU-FP7 Network “NanoDi-
rect” (contract number CP-FP-213948-2). 
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ity of the low-ionic strength Tris/HCl buffer that we used 
(for 0.16 mM salt concentration) is still sufficient to 
keep the pH > 6.5 [16], despite dissolving carbon diox-
ide from the air. 

2.2. Collection of Raw Image Intensity at Finite 
Time Steps 

The realization of morphological changes in local events 
at a space is much sensitive when the system is governed 
by dynamically variable quantities (or objects). As far as 
the system maintains a uniquely defined phase or state 
for much long-time as compared to the resolution of 
appropriate time binning, a decent characteristic time 
can be extracted for their relaxation behaviors. Also the 
optimization of AOI (area of interests) averaging is rele-
vant to obtain “ensemble” average correlations, which 
influences the good average of background in statistics 
at far later time after the event occurs. Images are col-
lected with an appropriate finite time step to develop the 
evolution of spatio-temporal morphological changes. De-
pending on the nature of dynamical states in the physical 
system, we have found that the resolution of time binning 
in sampling has to be optimized such that at least 3-10 
times smaller than the actual time of dynamical events. 
For example, the dynamical state itself evolves in few 
tens of second, then appropriate time binning should be 
treated within a second as a time step.  

Intensity-time traces for dynamical images are then 
constructed from the intensity map in 2-dimensional area, 
which normally depends on the optimization between 
the quality of the CCD camera and area of interest (AOI) 
in system. Figure 1 shows the example of collections of 
dynamical images at few seconds of time steps. Here the 
sampling time is every 1 sec, and total duration time is 
1800 sec. The dynamical morphologies are driven by 
external AC electric field at a low frequency (of 10 Hz) 
and amplitude (of 3.2 V/mm). This dynamical state is 
still slowly changing in time and space, so-called slow 
dynamical state as DS state. The change of visual obser-
vation of these slow dynamical states is typically oc-
curred within 30 sec. By applying higher field amplitude, 
the slow dynamical state, DS transits to the fast dynami-
cal state, i.e., Df, where we have chosen multi-runs short 
time collections, as time binning as 300 ms and duration 
time for 60 s and 5 runs averaging. Due to the speed 
limitation of our camera, normally the camera setting 
ought to be optimized between fast speed and high reso 
lution option. We have optimized the CCD camera set as 
fast camera exposure time since the dynamical state do-
mains are quite visible in CCD pixel by pixel.  

We are then able to capture the dynamical events at 
least 3 or 4 different time steps within a sec temporal 
event in the fast dynamical, Df -state.  

t = 0 t = 3 s

t = 5 s t = 7 s

t = 9 s t = 11 s

t = 13 s t = 15 s

t = 0 t = 3 s

t = 5 s t = 7 s

t = 9 s t = 11 s

t = 13 s t = 15 s

 

Figure 1. Temporal images of dynamical states that are in-
duced by external electric AC field amplitude (of 3.2 V/mm) at 
a low frequency (of 10Hz). Field of view is of 400 μm × 300 
μm, and the dotted lines are guiding eyes for detecting small 
neamtic domains of fd-virus particles. White circle is presented 
for tracing particular region of spatiotemporal images for dy-
namical states in each frame. Dynamical image correlation 
function is calculated as a resolution of single pixel averaging 
in 2-d over 1800 s duration time, where the flexible time reso-
lution can be adapted as 0.3 s, 1 s, for fats and slow dynamical 
states, respectively. 
 

It turned out that this time binning may not be fast 
enough to characterize “completely” in the fast dynami-
cal states, where the relaxation behaviors could be real-
ized at much microscopic time scale. As a consequence, 
the background value turned out to be occasionally be-
low zero, indicating that the time step is too large to 
carry on the local events correlations. It would be desir-
able when the time binning of the sampling time has to 
be tested with the background value to present as the 
dynamical state. Also it has to be chosen as much faster 
exposure CCD camera to ensure the exposure time of 
camera setting is much faster than the actual duration 
time for measurement. Thus by allowing the time step is 
much smaller than the change of visual morphological 
changes in dynamical states, time-lapsed images are re-
corded within the chosen frame setting, and saved (or 
exported) as time-sequential bmp files with 8 bit gray 
data that is mostly common format in handling image 
objects. 
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2.3. Construction of Modified Intensity Matrix  

To construct the intensity-time traces of images, the in-
tensity matrix values of every pixel AOI (1 pixel × 1 
pixel) are reconstructed for dynamic image correlation 
function, as a “readable” Ascii format to correlate with 
different time-frames of AOI. The modified intensity ma-
trix is defined as the subtracted intensity average value of 
AOI pixel for every time frame from the raw intensity 
data. Figure 2(b) shows the simple sketch of the en-
hanced contrast between “bright” and “dark” intensity 
AOI pixels.  

The modified intensity matrix is then reconstructed as 
a building block of individual time frame, such that the 
each time frame image is subtracted with the overall 
average intensity value of the initial time frame, as can 
be seen in Figure 2(b). Then enhanced contrast is sketched 
as a bright (white) and dark (or black) unit pixel area, 
against the mean average of a gray color code. In princi-
ple, for a long time of duration, the change of the dy-
namical events can be completely “independent”, so that 
at far later time after the event occurs, the time-correla-
tion of dynamical states is expected to be ” non-corre-
lated” at the end of time event. This is briefly depicted in 
the long time later after an event occurs in Figure 2(b), 
which has now shown flipped from “white” to “black” 
and “black” to “white” code. 
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Figure 2. Simple sketches of the procedure of data analysis: (a) 
A time-lapsed sequence of raw images with a “readable” inten-
sity matrix as 8 bit gray bitmap images. (b) A time-lapsed se-
quence of modified intensity matrix as a subtracted average 
intensity value at each time frame. Bright and dark intensity is 
contrasted in this modified intensity matrix. The resultant in-
tensity traces over time is presented as typical slow and fast 
oscillations, and white, gray, and black unit cell represents the 
sign of the intensity values, notified in the modified intensity 
map in (b).  

The right panels of Figure 2(b) are shown for the in-
tensity—time traces for both slow and fast dynamical 
state, up and down figures, respectively. The apparent 
intensity oscillations are due to the spatio-temporal mo-
tion of dynamical states of the small nematic domains 
(of fd-virus particles). 

2.4. Calculation of the Image Correlation  
Function 

The correlation function is defined as 

   
 2

( ) ( ) (0) (0)
( )

(0) (0)

I t I t I I
C t

I I

     


  
    (1) 

where I is the transmitted intensity at a given pixel and 
the brackets <…> denote averaging over all pixels. We 
made a program to calculate the dynamical image corre-
lation function. We have found the best performance of 
the intensity averaging is 1 pixel by 1 pixel, as compared 
to 5 pixels by 5 pixels (or 10 pixels by 10 pixels) aver-
aging. This may be related to a low magnification objec-
tive lens (10X objective) that is chosen for larger sam-
pling of AOI in our system. Figure 3(a) shows the typi-
cal correlations functions of our dynamic imaging corre-
lations as a function of increasing field amplitude (as 
indicated the arrow direction). Here, the relaxation time 
of dynamical states of melting and forming of small 
nematic-domains of fd-virus particles is presented as a 
function of applied field amplitude at a low frequency 
(of 10 Hz).  

3. RESULTS AND DISCUSSION 

To briefly summarize the field-induced phase/state tran-
sitions of charged fibrous viruses (fd) at a low ionic 
strength:  
 At low driving frequency and a low field amplitude, 

the chirality is induced, which is seen as a “stripe” tex-
ture (as a chiral nematic, N*-phase) in depolarized light. 
 At higher field amplitude, this field-induced chiral-

ity is slowly disconnected and developed as smaller do-
mains that contain chiral nematics, so called as *

DN - 

phase.  
 Further increasing of the field amplitude, there is a 

discontinuous transition between melting away of chiral-
ity and appearing of small nematic domains that are ki-
netically responding in space and time. Thus this leads to 
the dynamical states as slow and fast in an increase of 
the amplitude, as DS and Df -state, respectively.  

Detailed electric phase/state diagrams are presented 
and characterized in [6]. 

As one can see in Figure 3, the relaxation time is 
decreased as increasing field amplitude; typical dyna- 
mical image correlation functions of a low frequency 
(10 Hz) are shown for varying the applied field amplitude  
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Figure 3. Typical dynamical image correlation functions of a 
low frequency (10 Hz) for a fd-concentration (of 2.8 mg/ml): 
Relaxation time of dynamical states is decreased as an increase 
of the applied AC field amplitude as (a) 3.1 V/mm, (b) 3.5 
V/mm, and (c) 3.9 V/mm. Note that there are relatively main-
taining noise distribution in the background at longer time tails 
due to the disturbance of the external field.  

 
from 3.1 V/mm, 3.5 V/mm, and 3.9 V/mm. Also the mi-
croscopic discontinuity is observed in an increase of 
field amplitude at low frequency, at the transition of 
chiral-nematic phase to dynamical states (around 3.3 
V/mm), by means of dynamic lights scattering [6,7]. The 
discontinuity may be due to the fact of “intrinsic” dif-
ferences on the microscopic dynamics between chiral- 
nemtic phase and non-chiral nematic domains that are 
present between isotropic and nematic coexistent phase. 
At this transition, the chirality slowly disappears and at 
the same time, non-chiral small nematic domains are 
becoming dynamic, in terms of their melting and forma-
tion of the small non-chiral nematic domains (~ 20 μm). 
Further increasing field amplitude at a low frequency, 
the dynamical states of melting and forming of small 
nematic domains are becoming faster. Thus kinetics of 

dynamical states is enhanced by an increase of field am-
plitude, as it can be seen in Figure 4(a). The mesoscopic 
relaxation times of these dynamical image correlation 
functions are indeed shown as “faster” as an increase of 
the field amplitude in Figure 4(b). These dynamic image 
correlation functions of applied field amplitude at a low 
frequency can be fitted with an exponential decay with a 
stretching exponent. The solid lines are fitted with a fit-
ting function of 

 ( ) exp ( / )C t B A t             (2) 

where 0, ~ 0.5 0.6, 0.5 1B A     , and τ is the meas-
ure for a characteristic time for melting and appearing 
small nematic domains of fd-virus particles. 
  This characteristic time diverges on approach of the 
chiral-phase transition on lowering the field amplitude, 
in a mesoscopioc correlation time scale. Hoswever, the 
transition from the DS- to- Df -state is defined as the 
point where the sharp decrease of τ with increasing field 
amplitude ceases to occur. The mesoscopic relaxation 
time has a tendency of saturation that the dynamics be 

 

 

Figure 4. (a) Dynamical image correlation func-
tions for various AC field amplitudes at low fre-
quency (of 10 Hz) of the fd-concentration (2.8 
mg/ml at 0.16 mM salt). Arrow indicates the di-
rection of an increase of field amplitude (from 
3.26, 3.78, 4.09, to 5.77 V/mm). Note that there is 
a very small modulation at longer time window; (b) 
Results of the mesoscopic relaxation time for dy-
namical image correlation functions for a low fre-
quency (of 10 Hz).  
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comes essentially independent of the field amplitude. 
Whether this is due to the lack of our limited choice of 
time binning or the “intrinsic” feature of our dynamical 
system is not yet clear. We also have performed dynamic 
image correlation spectroscopy on approaching of the Df 
-to-DS -state transition, by increasing frequency at a high 
field amplitude, where “critical” slowing down behav-
iors of small nematic domains are found, where the 
critical exponents can be obtained [18]. 

Figure 4(a) has shown the results of dynamical cor-
relation functions for various field amplitudes, where the 
arrow indicates the increase of the field amplitude. Dis-
regard of the background oscillations, the relaxation time 
decreases with an increase of the field amplitude. This 
means that the fast dynamical states are relaxing much 
faster than the slow dynamical states, as it is expected in 
the time correlation method. It also maintains as a “re-
versible”, which is a good candidate for “tuning” the 
dynamical states with external driving frequency. Figure 
4(b) is the resultant relaxation time as a function of ap-
plied field amplitude, where the field-induced *

DN -phase, 
slow, DS, and fast dynamical Df states are shown. Note 
that there are relatively “noisy” oscillations can be ob-
tained in the long time tails (see Figure 4(a)), which 
may be due to the constant disturbance (or “feedback”) 
of the external field. If the system is purely diffusive, 
then this correlation function has zero background. 
However, since the system is constantly feed backed by 
external alternating current amplitude, the intensity-time 
correlation function background does not go “directly” 
to absolute zero, but slightly oscillates around zero, al-
though mathematically in principle should be “zero”. 

Thus we speculate these small contributions of white 
noise in terms of our low driving frequency as well. This 
can be useful for many biological imaging processing or 
biomedical electronics researches, since the signals are 
too much “weak” and “dark” to detect and to carry on in 
biological fluids and compartments (soft tissues).  

Figure 5 indicates the zooming view of the back-
ground noise oscillations at larger time window for both 
slow (in (a)), and faster (in (b)) dynamical state. As one 
can see, the background oscillations are “modulated” in 
a complex manner, and the quality of the frequency is 
much “noisy” than the driving (or input) frequency.  
In order to look at these possible oscillations in more 
detail, we propose a data analysis as follows. Prepare 
two independent backgrounds. One is from the measured 
back ground oscillation at larger times, as shown in 
Figure 6(a). The other is a “virtual” background oscilla-
tion (the sinusoidal waveform that is chosen as compa-
rable amplitude in Figure 6(a) for a frequency that is ~ 
1% of driving frequency. 

Typically ~ 10% signal-to-noise ratio is feed into in 

 

Figure 5. Zooming view of the background noise oscillation 
in the image correlation functions at longer time- window: (a) 
for slow dynamical state (3.24 V/mm), and (b) for faster dy-
namical state (3.86 V/mm). 

 
the real correlation background noise. Then subtracted 
signals from the “virtual” oscillations are shown in Fig-
ure 6(b), as given same time window, the resultant of 
the background signal is shown. The Fourier transform 
of the resulting signal gives the power spectrum given in 
Figure 6(c). Dashed line is the estimation of the power 
spectrum by using a frequency (10 Hz) pass filter. Inter-
estingly, there is a sharp major peak value found as 1% 
of input driving frequency, which is good agreement of 
cut-off envelop signal. Whether this analysis is sufficient 
to contribute to the interpretation of the dynamics of the 
melting and forming of nematic domains needs further 
investigation. However, the weak background oscilla-
tions are not influenced by the choice of the temporal- 
sensitivity, and indicate the intrinsic feature of field- 
induced dynamical states. It would be quite intriguing to 
know whether the smaller peaks in the power spectrum 
(between the major peaks) in Figure 6(c) can be amplified 
or modulated to tune the low frequency spectrum in the 
slowly varying dynamical systems. However this is be-
yond the scope of this paper. 

4. CONCLUSIONS 

For a dynamical image processing, we have used an ex-
perimentally working system for the time-lapsed dy-
namic image correlation spectroscopy. Series of collected 
time stacks of region of interests are chosen such that they 
maintain enough collective motion of single particles. 
In our experiment, typical average size of small nematic 
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Figure 6. Further analysis of the background noise in the dy-
namical image correlation function: (a) Circle data points pre-
sent a raw background signal, which is less than 5 % of total 
S/N ratio, and the thin solid line data is for an input signal with 
an optimized amplitude of an input frequency (of 10 Hz). (b) 
Resultant of the background signal, defined as input signal in 
(b) subtracted from raw signal in (a). (c) FFT of the resultant 
signal in (c). Notice that small peaks are shown within between 
the centered beam and the major peak around 0.1 Hz (around 
1% of dark signal). Thus the modulation in a background noise 
of a dynamical image correlation function can be used as addi-
tional information to characterize the dynamical states in much 
weak signal-oriented physical systems. 

 
domain is approximately averaged value of 20 μm, where 
the dimensions of an individual fd-virus particle is about 
~1 um long and its diameter is ~ 0.03 μm (for a low 

ionic strength). Thus the transmitted intensity at a given 
pixel, which is calibrated as ~ 0.96 μm/pixel conversion 
rate, is calculated for the image correlation function, as 
normalized with averaging over all pixels. The image 
speckle patterns of the dynamical states are obtained 
from the modified image sequence at a certain time step, 
subtracted from the raw image, and image correlation 
function with an initial intensity profile (at a time t = 0 s). 
It turned out to be important to choose the initial frame 
of the dynamical event as much as in quasi-equilibrium 
process to carry on the meso-scopic relaxation dynamics. 
For instance, we perform to recording after 3-5 min. of 
waiting after applying field condition to ensure that more 
or less the same dynamical events are occurred during 
the measurement. Also depending on the characters of 
the dynamical events, either slow or fast-process, the 
time binning should be at least ~ 3-10 times faster for 
extracting the appropriate time resolution. The resulting 
correlation function in time of the speckles (or our small 
nematic domains) is found to be as an exponential decay 
function with a slightly stretched exponent. The mesoscopic 
relaxation time of melting and forming of small nematic 
domains is then obtained systematically by varying the 
field amplitude at a low frequency. However, the mesos- 
copic relaxation time constant in “fast” dynamical states 
has tendency of saturation with the field amplitude at 
higher field amplitude. This may be related to either the 
lack of the resolution in our experiments, or the genuine 
behavior in the dynamical system. Thus it would be 
worthy to test the prediction of the relaxation time with 
an image correlation spectroscopy for other similar dy-
namical events of biological interest or medical envi-
ronments. 

Interestingly, we have also found that the time con-
stant for the relaxation behavior diverges on approaching 
to the chiral-phase regime from the transition of dy-
namical states (close to ~ 3.2 V/mm). This may imply 
the dynamical states are the consequence of the interac-
tion of charged fd-rods via induced polarization effect in 
thick electric double-layers. We are currently developing 
the possible theory for an explanation.  

To conclude, mesoscopic time and length scale imag-
ing correlation spectroscopy needs a challenge to cus-
tomize the biomedical technology of soft-tissues. The 
main difficulties are not only related to the density dif-
ferences, but also the “weak” and “reliability” of signals/ 
images of temporal evolution in micro-structural contrast. 
However as far as any soft-organs or tissues consist of 
fibrous structures in the presence of multivalent ionic 
liquids, any types of the elastic envelops can be moni-
tored by their orientations in biological fluids. Then the 
orientation contrast can be conveniently visualized by 
depolarized light that can be combined with time-lapsed 
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imaging processing, as we have introduced in this report. 
If one could come up with an integrated package for fast 
time-lapsed imaging processing to pixel-to-pixel inten-
sity auto correlation signal progressing, then this could 
be an application to characterize the mesoscopic relaxa-
tion behaviors of dynamical situations in many relevant 
soft biological and biomedical front matters. It can be 
adapted to early detection or “progressive” medicare is-
sues. For instance, biological fluids (as blood, saliva, 
urine) can be accessed by in-vitro method under a low 
external electric field to recognize the “abnormality” 
related the growth/decay of “foreign” cells in terms of 
the change of microscopic “viscosity” or “resistance”.  

 JBiSE 

In this aspect, the “controllable” non-equilibrium ap-
proach of the dynamical image correlation spectroscopy 
is much more informative than a steady-state or quasi- 
equilibrium image processing.  
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ABSTRACT 

The research hotspot in post-genomic era is from se-
quence to function. Building genetic regulatory net-
work (GRN) can help to understand the regulatory 
mechanism between genes and the function of organ-
isms. Probabilistic GRN has been paid more attention 
recently. This paper discusses the Hidden Markov 
Model (HMM) approach served as a tool to build 
GRN. Different genes with similar expression levels 
are considered as different states during training 
HMM. The probable regulatory genes of target genes 
can be found out through the resulting states transi-
tion matrix and the determinate regulatory functions 
can be predicted using nonlinear regression algo-
rithm. The experiments on artificial and real-life 
datasets show the effectiveness of HMM in building 
GRN.  
 
Keywords: Genetic Regulatory Network; Hidden Markov 
Model; States Transition; Gene Expression Data 

1. INTRODUCTION 

In order to understand the functioning in living organ-
isms, it should be known which genes are expressed, 
when and where, and to which extent. The regulation of 
gene expression is achieved through the interactions 
between DNA, RNA, proteins, and small molecules. 
This regulatory system can be described by the structure 
of network called genetic regulatory network (GRN). 
Building GRN is a reverse-engineering of real gene ex-
pression data to help studying the relationship between 
genes systematically, understanding the essential rule of 
biological phenomena and provide valuable idea to treat 
some complex diseases [1,2]. Many mathematics models 
have been proposed during GRN research, such as Boo-
lean model, Linear combination model, Weighted matrix 
model, Differential equations model, and so on [3,4]. 
Resent years, probabilistic GRN model has been paid 
more attention for the real biological system is stochastic 

and the determinate model cannot infer the complex 
process. Bayesian network and Markov Chain have been 
studied [5-7]. The final result of probabilistic GRN is 
represented using a graph consisting vertices (genes) and 
edges (relationships). The relationships between genes are 
described through probability. Considering the current 
probabilistic GRN is simple and cannot give the dynam-
ics behavior. This paper studies the application of Hid-
den Markov Model (HMM) and nonlinear regression 
algorithm to GRN building. 

This paper is organized as follows: Section 2 gives a 
theoretical representation of HMM. Section 3 focuses on 
the application of HMM in building GRN. Section 4 
shows the experimental result and discussion. Section 5 
is the conclusion. 

2. HIDDEN MARKOV MODEL 

2.1. Basic Theory 

Classical Hidden Markov Model is a kind of stochastic 
state machine based on statistical signal, which is a dou-
ble stochastic process where the sequences of states can 
not to be observed directly. The fundamental stochastic 
process in this model is a Markov chain which describes 
the state transition; another stochastic process describes 
the statistical corresponding relationship between states 
and the observed value. Different states generate par-
ticular sequences of observation according to different 
probability. The observer can know the feature of the 
state only through the stochastic process. So this model 
is called Hidden Markov Model. 

A parameter set ( , , )A B   is used to describe a 
HMM. Where means the initial state probability, is 
the states transition matrix and B is the observed probabil-
ity. Suppose the number of state is N, 1 2  
is the state set. means the state of the model at time t, 

A

..., NS[ , , ]S S S
tq

1 t T  , 1 2 T( , ,..., )O OO O is the observed value se-
quence and k  is the observed value, the three parame-
ters in a HMM model are defined as follows, 

v

1 2[ , , , ]N     , i =        (1) 1(rP q S )i
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where i  is the probability of the initial state equals 
. 

1q

iS

( )ijA a , ,          (2) ( / )ij r j ia P S S
1

1
N

ij

j

a



where  means the transition probability from state  
to state 

ija iS

jS . A  is a matrix. N N

( ( ))jB b k , b k ,( ) ( / )j r kP v s j
1

( ) 1
M

j

k

b k


    (3) 

( )jb k

kv
 means the observed probability that generat-

ing under state js . B is a M × N matrix. 

2.2. Fundamental Problems in HMM  

There are three problems needed to be solved when 
building a HMM.  

1) Evaluation 
For a given HMM ( , , )A B 

)TO
( | )

and the observed se-
quence 

1 2
, evaluation means calculating 

the probability 
( , ,...,O O O

P O   corresponding the observed 
sequence generated by the model, which can evaluate 
the similarity of the observed sequence with the given 
model.   

Forward-Backward Algorithm proposed by Baum is 
used to solve the evaluation problem. In practical appli-
cation, the results are very small and usually normalized 
or carried on logarithmic operation in calculation process.  

2) Decoding 
Ascertaining an optimal state transition sequence 

 on the given HMM * * * *
1 2, ,... TQ q q q（ ） ( , , )A B 

)TO
 

and observed sequence  is called 
decoding.  

1 2( , ,...,O O O

Viterbi Algorithm can solve the decoding problem. 
Here, the optimal state transition sequence  

* * * *
1 2, ,... TQ q q q（

, |P Q O
） is the Q which can make the value 

of （ ） maximum. 
3) Learning 
Learning can obtain the optimal parameters   of 

HMM through training algorithm, where   make the 
value of ( | )P O   maximum, for the given HMM 

( , , )A B   and observed sequence . 1 2

There are two solutions to solve the learning problem. 
One uses gradient technique, another is based on itera-
tion or recursion like Baum-Welch algorithm which is 
often used to train parameters of HMM. 

( ,O O ,. )O .., TO

3. MODELING GRN BASED ON HMM  

3.1. Constructing HMM 

A fundamental assumption is that genes sharing similar 
expression levels are commonly regulated, and the genes 
are involved in related biological functions. Most of 
GRNs are built on the basis of clustering. The process of 
constructing HMM in this paper is carried on the genes 

clustered into the same class. 
1) States:  
Considering the genes clustered into same class, dif-

ferent genes are considered as different states. So the 
size of state transition matrix is just the same as the num-
ber of genes. State transition probability corresponds with 
the regulatory probability between genes. One gene may 
be regulated by any other genes, even itself, so the 
wholly connected connection structure is used.  

2) Observed sequence:  
The expression profiles of genes are considered as the 

observed sequence. Since these data is easily affected by 
noise, smoothing is used firstly to reduce the influence 
of noise. 

3) Training steps:  
Step 1: initializing parameters 0  of HMM. The num-

ber of states is equal to the number of genes and each 
value of state transition matrix is initialized as average 
value1/ , N is the number of states, and N 0( | )P O   
can be computed; 

Step 2: revaluating HMM’s parameter 0 . Baum-Welch 
algorithm is used to train HMM model to acquire λ; 

Step 3: computing ( | )P O   under the obtained mo- 
del λ using Forward-Backward algorithm; 

Step 4: judging the convergence criterion. If 

0( | ) ( | )P O P O     is not satisfied, then 0   
and return to step 2. Else, training process is finished and 
final HMM model close to the observed sequence can be 
acquired. 

3.2. Building Probabilistic GRN 

Regulatory genes for each target gene can be found out 
based on the state transition matrix after training HMM. 
Then the structure of regulatory network can be built 
according to the following steps: 

Step 1: For one target gene ( 1, 2,..., )ix i  N , the genes 

whose transition probability in the trained state transition 
matrix A is bigger than the initial average probability are 
found out and these genes are regarded as the parental 
regulatory genes of each target gene; 

Step 2: repeating step 1 until finding out the global 
information for each target gene; 

Step 3: predicting the determinate regulatory function 

if  between target gene and its parental regulatory genes 

using multiple nonlinear regression and least squares 
algorithm. 

4. EXPERIMENTS AND DISCUSSIONS 

4.1. Experiment with Artificial Data 

In order to evaluate the efficiency of our algorithms, a 
group of networks are required whose structure had been 
known. However, the real structures of GRN are un-
known completely because the research about GRN is 
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still in an early stage. So artificial data reported in paper 
[8] are used in this study. Here, the adopted ALARM 
network contains 37 discrete variables, 46 edges and the 
value of every variable ranges from 2 to 4. 

Table 1. The comparison of BANJO and HMM. 

algorithm BANJO HMM 

right side number 22 31 

reverse side number 2 5 

sensitivity 0.48 0.67 

specificity 0.29 0.76 

F-factor 0.36 0.71 

The network with known structure is called target 
network t and the result of our algorithm is called 
deduced network d . Three index sensitivity, specificity 
and F-factor are used to evaluate our algorithm. Sensi-
tivity is used to test the inference ability, specificity re-
flects the degree of accuracy and F-factor is the balance 
of above two indicators. The bigger F-factor means the 
higher accuracy.  

N
N

1) Experimental results 
Initial elements of state transition matrix are assigned as 
1/15, Table 2 is the final state transition matrix trained, 
and each row shows the transition probability corre-
sponding with target gene, through which the probable 
regulatory genes of target genes can be found out.  

1

t

s
Sensitivity

s
 , 1

d

s
Specificity

s
        (4) 

where, 1s  means the number of the same edges in both 
and d  and t ; tN N s  means the total number of the edges 
in ; 

Considering the transition probability of MBP1, SWI6, 
MCM1 and CLN3 to gene SWI4 are bigger than initial 
probability, so these genes can be regarded as the regu-
latory genes of target gene SWI4. Table 3 lists the regu-
latory genes of target genes SWI4, SWI5, CLN2, and 
CLB2. 

JBiSE 

t tN s  means the total number of the edges in . d

Table 1 shows the comparison of standard Simulated 
Annealing algorithm, called BANJO developed by Har-
temink and our algorithm. It can be seen that our result is 
better than general Simulated Annealing algorithm in all 
items. 

N

2) Determinate regulatory relationships 
Predicting the determinate regulatory relationships can 
offset the drawbacks of the probabilistic GRN, which 
can not describe the specific dynamics behavior. The 
obtained regulatory relationships between target gene 
CLB2 ( 12x ) and its regulatory genes MCM1 ( 5x ) and 
SIC1 ( 13x ) is: 

4.2. Experiment with Real-Life Data  

The real-life experimental data in this paper comes from 
yeast cell cycle expression datasets created by Spellman 
[9], which imply the regulatory information about ge-
netic property in yeast cell cycle. However, the above 
mentioned index cannot be used to evaluate the result 
because the real biological regulatory network is un-
known completely. So the existing regulatory relation-
ships which had been already proved are used to evalu-
ate our results. 

2
12 5 5

2
13 13 5 13

0.1503 0.0943 0.0075

0.0039 0.0026 0.17

x x x

x x x x

   

 


 

Figure 1 compares the real expression profile of gene 
CLB2 marked in blue and its predicted value marked in 
black. As listed in Futcher’s paper [10], 15 main transcrip-

tional factors: MBP1, SWI4, SWI6, FKS1, MCM1, FKH1, 
NDD1, SWI5, ACE2, CDC28, CLN3, CLB2, SIC1, 
CLN2 and HHT1 are discussed. It had been verified that 
there exist interactions among these genes. For conven- 
ience, these genes are marked No. 1, 2,…15. 

Figure 2 gives a local structure of our resulting GRN. 
Where, black connecting lines represent the verified ex- 
isting edges [11]. Blue connecting lines represent the 
reversed direction with known relationships. Red con-
-necting lines represent the regulatory relationships pre-

 
Table 2. The states transition matrix. 

Gene MBP1 SWI4 SWI6 MCM1 SWI5 ACE2 CLN3 CLB2 SIC1 CLN2 

MBP1 0.0542 0.0832 0.0623 0.0583 0.1014 0.0501 0.1357 0.0602 0.0532 0.0536 

SWI4 0.0348 0.0523 0.0401 0.0347 0.0434 0.0482 0.1523 0.0531 0.0379 0.1768 

SWI6 0.0629 0.0961 0.0658 0.0659 0.0653 0.0662 0.0631 0.0661 0.0598 0.0652 

MCM1 0.0435 0.0759 0.0403 0.0431 0.1108 0.0463 0.103 0.1204 0.0446 0.1462 

SWI5 0.0622 0.0635 0.0608 0.0592 0.0642 0.0631 0.0629 0.0633 0.1261 0.0642 

ACE2 0.0582 0.0596 0.0574 0.1137 0.1302 0.0602 0.0588 0.058 0.0569 0.0611 

CLN3 0.0578 0.1138 0.0584 0.0603 0.0536 0.0548 0.0637 0.0581 0.0592 0.0514 

CLB2 0.0571 0.0562 0.0583 0.0615 0.0592 0.1583 0.0583 0.0633 0.0544 0.1019 

SIC1 0.0585 0.0599 0.0592 0.0623 0.0582 0.0592 0.0552 0.0538 0.0653 0.0916 

CLN2 0.0598 0.0635 0.066 0.0576 0.0658 0.0649 0.0538 0.0498 0.0531 0.0653 
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Table 3. The regulatory genes of several target genes. 

target gene regulatory genes 

SWI4 MBP1、CLN3、MCM1、SWI6 
SWI5 ACE2、MCM1、MBP1 
CLN2 MCM1、SWI4、CLB2、SIC1 
CLB2 MCM1、SIC1 

 
dicted by our algorithm which is remained to be verified 
further. 

3) Discussions 
It had been verified in Reference [12] that gene CLN3 

activates gene SWI4, gene SWI4 regulates gene CLN2 
meanwhile, gene CLN1 and CLN2 are both influenced 
by gene CLB2, and CLB2 regulates CLN2. The expres-
sion pattern of gene SWI5 is similar with SIC1 and it has 
been proved that SWI5 regulates SIC1. These conclu-
sions confirm that our algorithm is effective. 

Moreover, it had been verified that CLN3 is regulated 
by gene SWI4 and CLB2 is regulated by gene SIC1, 
which is identical with the predicted results by our algo-
rithm. 

5. CONCLUSIONS 

This paper discusses the application of HMM in building 
GRN. The regulatory genes for each target gene can be 
found out through the state transition matrix and then the 
global structure of GRN can be determined. Simulative 
experiment proves that this algorithm is more effective. 
The results in real-life data also show its rationality. 
Compared with the determinate model, HMM is more 
scientific because it describes the transcriptional regula-
tory degree between genes through probability. Espe-
cially, the present algorithms can find out self-regulatory 
relationships of genes. 

There are still many problems should also be consid- 
ered during the research of GRN using HMM, for exam- 
 

 
Figure 1. The real expression profile and regression result of 
gene CLB2. 

 

Figure 2. The local structure of GRN. 
 
ple, how to choose the initial model. Since the biological 
GRN is a time-continuous and complicated dynamic sys-
tem and haven’t been completely known, as a result, how 
to evaluate the GRN integrated with biological meanings 
effectively is the next research. 
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ABSTRACT 

The Pauwels Classification of femoral neck fractures, 
initially published in 1935, is used world-wide. Un-
fortunately, modern textbooks give varying angle and 
anatomic specifications between the classified frac-
ture grades. This inconsistency is perpetuated in the 
literature, so that it is difficult to compare conclu-
sions made by different authors. Pauwels himself left 
room for interpretation. He published two studies, 
one in 1935 and one in 1973, each including 3 dia-
grams. The 1935 version cited an angle of 8° repre-
senting the vector of static forces acting on the femo-
ral head. The 1973 diagrams, however, cited an angle 
of 16° to represent dynamic forces, without changing 
the angle from horizontal. This already complex sche- 
me is complicated by the fact that it depends on other 
factors such as femoral neck shaft (CCD) angle, 
femoral neck and head diameter, and/or distance of 
the fracture from the center of the femoral head. The 
multitude of factors argues against a rigid classifica-
tion based on fixed angles from horizontal. Pauwels 
himself did not establish fixed critical angles between 
the fracture grades. In his own explanation of the 
system, he placed more value on mechanical consid-
erations such as compression stress, shear stress, ten-
sile force, shearing force, and torque. We propose 
therefore a simplified version of the Pauwels Classi-
fication: Grade I for fractures impacted in valgus, 
Grade II for fractures without free torque, and Grade 
III for fractures with free torque. 
 
Keywords: Pauwels; Garden; Classification; Femoral 
Neck Fracture 

1. INTRODUCTION 

There is a pervasive wish for a simple classification 
system corresponding to the treatment of femoral neck 

fractures. One frequently used classification is that of 
Pauwels, originally published in 1935 [1]. Unfortunately, 
modern textbooks give varying angles and anatomic 
specifications to differentiate the three fracture grades. 
These inconsistencies are perpetuated in the scientific 
literature, so that it is difficult to make a clear correla-
tion between fracture type, treatment modality and 
course of healing (Table 1). 

The ambiguity of this system has doubtless contrib-
uted to the lack of consensus regarding its use. How-
ever, the classification per se is not at fault, instead, its 
interpretation. For example, some authors ignore entire 
segments (50° to 70°) of injury in their interpretations. 
In addition, there are numerous publications that make 
comparison impossible, since they do not indicate wh- 
ich interpretation of the classification they are using 
[2-7]. 

Bartoniček [8] remarked on this problem in 2001 in 
his study, “Pauwels’ Classification of Femoral Neck 
Fractures: Correct Interpretation of the Original,” and 
stipulated the following categories: 

Grade I < 30°, Grade II 30-50°, and Grade III > 50°. 
However, Pauwels considers the fracture in his Fig-

ure 40 (page 39), to be a Grade I injury despite an an-
gle of 35°. This, he explains, is because impaction ne-
gates the shearing forces [1]. (Figure 1).  

Redefining the distinction between Grade I and II 
fractures as 35° instead of 30° is counterproductive. 
Instead, the original intent of Pauwels should be re-
spected. This was to classify these fractures based on 
mechanical considerations. 

2. MATERIAL AND METHODS 

We examined the classification of femoral neck fractures 
based on pre-determined angles, using the two original 
publications from Pauwels [1,9]. In addition, theoretic 
considerations and modifiable variables were compiled 

 

http://mail.scirp.org/WorldClient.dll?Session=LVWEPDI&View=Compose&To=andrej.nowakowski%40unibas.ch&New=Yes


A. M. Nowakowski et al. / J. Biomedical Science and Engineering 3 (2010) 638-643 

Copyright © 2010 SciRes.                                                                    

639

JBiSE

Table 1. Diverse interpretations of the pauwels classification. 

Grade Ⅰ Grade Ⅱ Grade Ⅲ Literature 

< 30º 30-50º > 50º [80,10,14,19,21,22]

< 30º 30-60º > 60º [23] 

< 30º 30-70º > 70º [13,20,24,25] 

30º 50º 70º [12,26,27] 

< 50º 50-65º > 65º [28] 

< 30º 30-50º > 70º [29] 

 

 

Figure 1. Original illustration by Pauwels 1935 [1] showing a 
fracture impacted in valgus without free shearing force (Grade 
I). Reprinted by courtesy of Georg Thieme Verlag KG, Stuttgart, 
after transfer of Ferdinand Enke Verlag, Stuttgart, from 1971. 
 
and incorporated into a simplified version of the Pau-
wels’ Classification.  

3. RESULTS 

The most important criteria for the Pauwels Classifica-
tion are found in the legend describing his Figure 2 [1]. 

Grade I: The partial compressive force component P 
acts only as its magnitude approaches the value of R. 
The partial force of pure displacement S is countered by 
friction at the fracture site. P generates compression 
forces distributed evenly over the entire fracture surface, 

because R intersects the fracture surface adjacent to the 
mid-line.  

Grade II: Here the free shearing force Ks will act on 
the zone of fracture healing. The compression compo-
nent P will not act on this area, instead will generate latent 
compressive forces in only one portion of the fracture 
surface. 

Grade III: The free shearing force Ks and tensile 
force Z are generated by free torque (R, OA).  

Only the lowest corner of the trochanter fragment (O), 
the fulcrum for the head fragment, will be acted upon by 
latent compressive forces. 

Differentiation between Grade I and Grade II fractures, 
then, is made based on the presence or absence of the 
free shearing force Ks. When shearing force is present, 
the fracture is a Grade II. This explains why some frac-
tures impacted in valgus, despite steep fracture angles, 
are considered Grade I fractures. Impaction neutralizes 
Ks. (Figure 1) According to Pauwels [1]: “Under certain 
circumstances, impaction may have a decided influence 
on the course of healing, because it neutralizes a certain 
measure of the displacement force S and therefore re-
duces the extent to which the free shearing force Ks acts 
on the zone of fracture healing.” In cases of more verti-
cal fractures, however, the compression achieved from 
impaction can no longer neutralize the dynamic shearing 
forces [1]. 

The differentiation between Grade II and III fractures 
is made based on the free torque (R, OA). When free 
torque is present, the fracture is Grade III. 

Interestingly, almost 40 years after the initial paper, 
Pauwels published modified diagrams [9]. These stipu-
late a dynamic force vector R with an angle of 16° in-
stead of the static vector of 8° found in the original ver-
sion. (Figure 3) 

It is possible that improved operative techniques and 
implant devices allowing partial weight bearing and early 
mobilization of the patient led to this alteration. 

Pauwels wrote even in 1935 [1] that Grade II fractures 
are those with a fracture inclination up to 50°. His own 
diagram shows a fracture with a distinctly steeper frac-
ture angle than 50°, however, without free torque. (Fig-
ure 3(c)) Manipulation of the vector angles alone, de-
pendent on other factors, can blur the distinction be-
tween categories, i.e., the values of the angles of inclina-
tion. 

Figure 4 demonstrates this for the border between 
Grade II and III fractures. (Figure 4) 

The location of the fracture along the femoral neck 
medially or laterally has a definite influence on the pres-
ence or absence of free torque. (Figure 5) 

Other factors influencing the critical angles are: the 
femoral neck shaft (CCD) angle, the femoral neck and  
head diameters, and/or distance from the fracture to the    
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Figure 2. Original illustration by Pauwels 1935 [1]: Classification of femoral neck fractures. 
Reprinted by courtesy of Georg Thieme Verlag KG, Stuttgart, after transfer of Ferdinand Enke 
Verlag, Stuttgart, from 1971. 

 

Figure 3. Original illustration by Pauwels 1973 [9]: Classification of femoral neck fractures. 
Reprinted by courtesy of Springer-Verlag Berlin/Heidelberg. 

 
center of the femoral head. For example, then, fractures 
in varus hips will reach a higher fracture grade when the 
angles are smaller than those of fractures in valgus hips. 
(Figure 6) 

 

These issues clearly demonstrate that a rigid classifi-
cation system using defined angle measurements is not 
practical. The Pauwels study [1] assigns fractures in valgus 
an exceptional position. We propose, therefore, a simpli-
fied version of Pauwels’ Classification, based on mechan- 
ical considerations: 

Grade I: fractures impacted in valgus, 
Grade II: fractures without free torque, 
Grade III: fractures with free torque. 

4. DISCUSSION 
Figure 4. Impact of different vectors on the classifica-
tion of femoral neck fractures. Relationship demon-
strated for the border between Grade II and III fractures. 

Parker and Dynan [10] declared the Pauwels Classifica-
tion clinically irrelevant due to the multitude of studies     

 JBiSE 
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Figure 5. Demonstration of boundary zone for femoral neck fractures Grades II and III at a 
theoretical fracture starting point X0 and a fracture angle of 50° to horizontal; (a) More lateral 
fractures (XL) lead to the presence of free torque, more medial fractures (XM) do not. (b) 
Magnification of (a) and (c): more lateral fractures or more vertical fracture angles at critical 
point P lead to the presence of free torque (R, OA). (c) More vertical angles (red zone) lead to 
the presence of free torque, more horizontal fractures (green zone) do not. 

 

Figure 6. Influence of the CCD-angle on boundary zones for the Pauwels Classification 1973 
[9], demonstration of Grades II and III, starting at a theoretical fracture point X0: (a) More 
varus CCD-angles lead to the presence of free torque (R, OA) at critical point P in many cases. 
(b) More valgus CCD-angles seldom lead to the presence of free torque (R, OA).   
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showing no correlation between Pauwels’ angles and 
non-union. This statement is based most notably on two 
large studies, from Otremski, et al. [3] and Raaymakers 
and Marti [11], which showed no correlation between 
fracture angle and secondary displacement and/or non- 
union in impacted femoral neck fractures. Verheyen et al. 
[12] determined that the critical angle between Grade I 
and Grade II injuries is impractical, since almost all 
cases of impacted femoral neck fractures lie in the gray 
area and it is too difficult to differentiate them. 

However, in his original 1935 work, Pauwels [1] em-
phasized the exceptional nature of impacted femoral neck 
fractures (Figure 1). 

The conclusions from individual studies are difficult 
to compare, but this is due to varying interpretations of 
the critical angles. The problem does not lie with the 
Classification itself. For instance, Krastman, et al. [13] 
established a Pauwels Grade II as 30° to 70°, and allo-
cated 71% of 112 cases as Grade II injuries. In contrast, 
Prinčič, et al. [5] identified only 7.1% of 351 cases as 
Pauwels Grade II injuries. They did not indicate which 
critical angles they used. 

The Pauwels Classification has also been criticized 
regarding the difficulty to determine angles preopera-
tively because of rotational error [3,11]. Projection errors 
are a generalized problem for fracture evaluation, how-
ever, and are ubiquitous in all two-dimensionally imaged 
fractures that are not taken orthograde. Graphic tech-
niques, i.e., comparison of the contralateral side, can be 
of assistance. As well, intraoperative radiographs post- 
reposition, as suggested by Raaymakers [14,15] can be 
used to combat this problem. 

Another criticism of femoral neck fracture classifica-
tions is that they don’t consider the second plane. This is 
true of the Pauwels Classification [1], which doesn’t use 
the lateral plane, as well as the Garden Classification 
[16], for which in clinical practice it is often neglected. 
Because of this, and because of variability in interpreta-
tions, Frandsen, et al. [17] and Zlowodszki, et al. [18] 
suggested that the Garden Classification [16] is no longer 
useful in clinical practice. 

Individual studies have identified correlations between 
fracture angle and the occurrence of secondary display- 
cement and/or non-union [4-6]. Many authors use the 
Pauwels [1] as well as the Garden [16] Classifications to 
evaluate the respective risks of non-union or femoral 
head necrosis and to determine the best mode of treat-
ment [2,7,13,19,20]. 

On the one hand, there is the need to predict post-op-
erative course based on measurable pre-operative para- 
meters, and to thereby choose the best method of treat-
ment. On the other hand, these parameters should not be 
too complicated for regular clinical use, since that can 

lead to confusion and sub-optimal therapeutic choices. 
Therefore, the newer classification developed by Ca-
viglia, et al. [21], with its six grades of fracture and ten 
subdivisions, appears too complex for routine clinical 
use in evaluating femoral neck fractures. The inclination 
of the fracture continues to be an important considera-
tion to estimate the course of healing and determine the 
best method of treatment. Fractures impacted in valgus 
remain a special category. Although in these cases more 
vertical fractures can be more mechanically favorable, it 
is important to pay close attention for the presence of 
dorsal tilting. 

At the time of Pauwels’ writing, it was important to 
distinguish non-impacted femoral neck fractures having 
a moderate fracture angle but no free torque, since this 
influenced the choice of therapy. However, simple nail-
ing procedures are no longer performed. Instead, more 
reliable techniques such as minimally-invasive fixation 
with two to three gliding or pressure screws or larger 
implants such as a dynamic hip screw (DHS) are used.   
We believe that the indications for internal fixation ver-
sus hemi-arthroplasty should be based not only on the 
risk of femoral head necrosis (i.e., using the Garden Clas-
sification), but also on the mechanical constellation of 
injury. This is generally accepted for the treatment of 
femoral neck non-unions. In the area of femoral neck frac-
tures, however, no classifications using pure mechanical 
analysis can be implemented, either because they are too 
complex, or because they have not been comparably 
interpreted by the literature. 

For all of these reasons, we propose the following 
simplified version of the Pauwels Classification system 
for femoral neck fractures based on mechanical consid-
erations. Grade I fractures are those impacted in valgus, 
Grade II are fractures without free torque, and Grade III 
are fractures with free torque. To differentiate between 
Grade II and III fractures, the dynamic resulting vector R 
(16°) should be projected from the center of the femoral 
head onto the level of fracture. If the vector intersects 
the fracture surface, the injury is a more mechanically 
favorable Grade II injury without free torque. If, how-
ever, the vector projection intersects medial to the frac-
ture plane, free torque is present and the injury is an un-
favorable Grade III type, with increased risks of secon-
dary displacement, femoral head necrosis, and/or non- 
union. 

This extrapolation, strictly interpreted, is a simplifica-
tion of a complex mechanical relationship. The angle of 
incidence of the resulting vector R is dependent on the 
leverage variables (CCD angle, femoral neck length, etc.) 
and multidimensional. However, overall it is better de-
fined and more reproducible as a measure of the presence 
of free torque than the fracture angle from horizontal. 
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This classification can be used for borderline cases, 
definitively, in the operating room. Moreover, an enhan- 
cement of the mechanical constellation can be obtained 
using valgisation of the fracture.   

JBiSE 

Whether this modified classification is sufficient to 
predict the development of mal/non-union and/or femoral 
head necrosis, and therefore the need for fixation versus 
hemi-arthroplasty, remains to be seen. Further studies will 
be necessary to evaluate its use in the clinical setting. 
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