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Foreword

Welcome to the GCBME 2014 - APCMBE 2014

Biomedical engineering is such exciting field engineering, and it contributes so much to biomedical and engineer-
ing science! Modern biomedical engineering was born mid 20th century and since then it experienced tremendous
growth. I would also like to mention that large contribution is expected from biomedical engineers in approaching
and solving the big challenges of the 21st century, such as reverse-engineering the brain, advancement of health in-
formatics or engineering new medicines, the challenges listed among fourteen challenges by the National Academy
of Engineering of the USA. Today, we know so little about how the brain operates. However, by systematic engi-
neering analysis and study we are able to gain more and more information on brain functions and organization
and thus help people with serious physical disabilities, like deafness or blindness by designing appropriate devices,
cochlear implants or artificial retina. Accurate information, from stages of their acquisition, processing, management
to their use, enhances the quality of health care for each person individually, while shearing gathered information
and extracting new knowledge out of it, health care is improved globally and from being mainly reactive, it becomes
proactive, preventive and predictive.

In Asia, there is tremendous growth in medical and health awareness due to a significant increase in popula-
tion’s income and level of education. Augmented income boosted the healthcare sector and enabled its greater
affordability, caused also significant increase in population in Asian countries which, in turn, raised the need for
qualified biomedical professionals. In most countries of Asia, universities have included Biomedical Engineering,
Bioengineering and Clinical Engineering as major educational studies. Only in Japan, according to a recent WHO
survey, there are at least 22 universities with biomedical engineering education, and other countries in the regions
also have their biomedical engineering educational institutions. Universities in the host country of this conference
are well known of their successful collaboration with industries and on their innovative approach in engineering.

Everywhere in the world, employment of biomedical engineers has shown grow much higher than average
for all engineering. The Bureau of Labor in the USA presented the ten-year forecasting of growth in engineering
occupations through 2018, where biomedical engineers held the highest position in ranking with 72% of growth, and
these numbers showed to be exactly the truth for 2012 and 2013. These forecast showed also a significant increase
in jobs offering services to aging population and appropriate demand for medical devices and equipment designed
for elderly by biomedical engineers. Along with the need for sophisticated medical equipment, concern for cost
efficiency and effectiveness is present which again demands biomedical engineering knowledge and optimization.

GCBME 2014, the 1st Global Conference on Biomedical Engineering and APCMBE 2014, the 9th Asian-Pacific
Conference on Medical and Biological Engineering, held at the National Cheng Kung University in Tainan from
October 9 to 12, 2014, have a unique opportunity to gather the best biomedical engineering scientists from the
Asia-Pacific region and, based on the experience of the Asia-Pacific Working Group of the International Federation
for Medical and Biological Engineering (IFMBE), to offer a platform for a sustainable collaboration among scientists
and Biomedical Engineering Societies in the forthcoming decades to be marked by biomedical engineering growing
importance.

On behalf of the IFMBE and personally, I wish all participants of the Conference a successful meeting and a
pleasant stay in Tainan.

Ratko Magjarević
President, IFMBE



Preface

The Global Conference on Biomedical Engineering 2014 (GCBME 2014) in conjunction with the 9th Asian-Pacific
Conference on Medical and Biological Engineering (APCMBE 2014) is held on October 9–12, 2014 at National
Cheng Kung University, Tainan, Taiwan. APCMBE 2014 is a triennial Asia Pacific Conference of the International
Federation for Medical and Biological Engineering (IFMBE).

The general theme of GCBME 2014-APCMBE 2014 is "Biomedical Engineering Innovation-Transforming the
Future". The conference program consists of opening, plenary, keynote, and invited lectures, symposia, workshops,
invited sessions, oral and poster sessions, and exhibitions. Submissions to the GCBME 2014-APCMBE 2014 were
numerous and resulted in about 500 poster and podium presentations. Only full-length papers are collected in the
Conference Proceedings published in IFMBE Proceedings Series.

Frost & Sullivan predicts total Asia Pacific healthcare spending is expected to grow from USD1.34tn to USD2.2tn
in 2018 at a CAGR 10.5% healthcare expenditure per capita. Ageing population in APAC drives the rising demand in
medical device market. Biomedical engineering plays an important role in innovation of medical devices. Therefore,
the major theme of GCBME 2014-APCMBE 2014 is “Medical Device Innovation”. Several symposia, workshop and
invited sessions are related to this special theme. In addition, Asia Pacific Innovation Competition on Medical Device
Design is for the first time included to encourage students’ medical innovation, especially in low-resource settings.

GCBME 2014-APCMBE 2014 is a conference with great opportunity for an exchange of ideas and knowledge
of the latest research and developments in all areas within the field of biomedical engineering. It will strongly
encourage the young generations to involve in rapidly growing bioengineering. More importantly, the continuing
development of medical technology innovation will fit into tomorrow’s healthcare needs.

Fong-Chin Su
Shyh-Hau Wang

Min-Long Yeh
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Abstract—Biofouling generally causes adverse effects to 

health, such as thrombosis, infection, and pathogenic calcifica-
tion. Hydrophilic and charge-balanced surface is proved to 
provide an energy barrier serving as a strong repulsive force 
against the nonspecific absorption. Unfortunately, the state-of-
art technology for silicone modification cannot provide a stable 
and effective coating for the long-term applications under 
complex conditions. In this study, we aim to modify the silicone 
surfaces with a zwitterionic surface ligand to resist nonspecific 
adsorption of protein, lipid and bacteria. We synthesized a 
silanized surface ligand conjugated with a head residue of 
zwitterionic sulfobetaine (SBSi) that bears positively charged 
quaternary amine and negatively charged sulfonate groups. 
The bacterial adhesion tests and protein fouling test revealed 
the excellent antifouling properties of modified silicones. For 
the real-world application, we modified commercially available 
silicone hydrogel contact lenses with developed zwitterionic 
ligands and showed their capability of anti-bacterial adhesion 
and anti protein fouling. In summary, the strategy of surface 
engineering in this work can be applied to not only contact 
lenses but other silicone-based medical devices in facile and 
effective fashion. 

Keywords— Biocompatibility, anti-fouling, zwitterionic ma-
terials, contact lenses.  

I. INTRODUCTION 

Silicone is widely used biomaterial in medical devices 
and catheters due to its non-sensitizing and non-irritating 
properties. As the silicone material exhibits hydrophobic 
characteristic, the non-specific adsorption of proteins, cells 
or bacteria occurs frequently and generally induces serious 
pathogenic problems to constrain their exploitation [1, 2]. A 
hydrophilic surface enables to strongly interact with water 
molecules to form a tightly bound water layer, which pro-
vides an energy barrier against the protein absorption. 
Based on that, the facile and widely used method to reduce 
protein fouling of silicones is to make the surface hydro-
philic by oxidizing the surface using oxygen plasma or UV-
ozone [3], or an oxidative wet chemical method [4]. These 
strategies can generate hydroxyl groups directly onto the 
silicone surface to increase surface hydrophilicity, and 
hence reduce nonspecific protein fouling events. However, 

silicone chains reconstruct and reorganize almost surface 
coatings [5, 6]. Therefore, these modifications often last 
only a few hours or sometimes a matter of minutes. This 
study aims to modify the surfaces of silicone materials with 
zwitterionic silane build block to increase surface wetting 
and effectively reduce bio-fouling under a physiological 
condition. We synthesized 3-(Dimethyl(3-(trimethoxysilyl)-
propyl)ammonio)propane-1-sulfonate (sulfobetaine silane, 
SBSi) which bears positive charged quaternary amine and 
negative charged sulfonate groups [7]. We applied SBSi 
onto the silicone surfaces to develop a super hydrophilic 
and charge-balanced antifouling biointerface (Fig. 1). The 
fouling resistance of the modified PDMS elastomer was 
verified by exposing to bacterial, protein, and lipid solu-
tions. The results revealed its excellent capability to repel 
the foulant adsorption, even after 30-day storage in ambient. 
The cytotoxicity test for SBSi was carried out by MTT 
assay. In addition, the modification strategy was applied to 
silicone hydrogel contact lenses to verify the applicability to 
the commercial products. 

II. RESULTS AND DISCUSSION  

A. Surface Characterization and Long-Term Stability 

The elemental composition of the SBSi-tailored PDMS 
was determined using XPS. XPS signatures originating 
from Si, C, O, N, and S atoms within the sample were mea- 
surable. The [N]/[S] atomic ratios derived from their XPS 
spectral area ratio were 0.94, which means approximately  
 

 

Fig. 1 Surface modification of PDMS with SBSi for antifouling properties. 
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Fig. 7 MTT assay for the viability of cells after the incubation with com-
pounds of SBSi, DMASi, 1,3-propanesultone. 

DMASi have almost no cytotoxicity at a concentration be-
low 5 mM. At a concentration of 25 mM, SBSi exhibits low 
cytotoxicity. However, as a thin layer coating, the concen-
tration of SBSi in solution should be extremely low even if 
the leaching occurred. Consequently, the SBSi can be re-
garded as a very low cytotoxic and biocompatible material 
for potential uses in vivo. 

III. CONCLUSION 

In this study, a surface coating strategy for modification 
of silicones based on zwitterionic sulfobetain silane (SBSi) 
for robust biocompatibility was proposed. The coating was 
characterized using x-ray photoelectron spectroscopy and 
contact angle goniometer. The long-term stability of SBSi-
modified PDMS was demonstrated by high surface wetting 
and excellent capability to resist bacterial adsorption, which 
should be results of suppressing the rotation of PDMS 
backbones and transport of low-molar-mass molecules by 
network crosslinking and superhydrophilicity of SBSi ad-
layers. Biomolecules, including bovine serum albumin, 
mucin, lysozyme and lipid, were effective repelled from the 
silicone by the SBSi coatings, rendering improved biocom-
patibility of silicone materials. The experiment for the cyto-
toxicity indicated that SBSi has very low cytotoxicity. 
Moreover, the applicability of SBSi for modification of 
commercial products was demonstrated by applying it on 
silicone hydrogel contact lenses. The improvement in the 
biocompatibility and stability of silicone-based medical 
devices with SBSi modification enables a wide range of 
applications, particularly implants for in vivo uses. 

 
 
 

ACKNOWLEDGMENT 

The authors thanks for the financial support from the Na-
tional Science Council (NSC 101-2118-E-008-009; 102-
2221-E-008-011).  

REFERENCES 

1. Belanger, M.C. and Y. Marois, J Biomed Mater Res, 2001. 58(5): 
p.  467-77. 

2. Wong, I. and C.M. Ho, Microfluid Nanofluidics, 2009. 7(3): p. 291-
306. 

3. Olah, A., H. Hillborg, and G.J. Vancso, Applied Surface Science, 
2005. 239(3-4): p. 410-423. 

4. Bodas, D. and C. Khan-Malek, Microelectronic Engineering, 2006. 
83(4-9): p. 1277-1279. 

5. Delamarche, E., et al., Langmuir, 2003. 19(21): p. 8749-8758. 
6. Hellmich, W., et al., Langmuir, 2005. 21(16): p. 7551-7557. 
7. Litt, M. and T. Matsuda, Journal of Applied Polymer Science, 

1975. 19(5): p. 1221-1225. 
8. Chen, I.J. and E. Lindner, Langmuir, 2007. 23(6): p. 3118-3122. 
9. Morra, M., et al., Journal of Colloid and Interface Science, 1990. 

137(1): p. 11-24. 
10. Hillborg, H. and U.W. Gedde, Polymer, 1998. 39(10): p. 1991-

1998. 
11. Rebeix, V., et al., Biomaterials, 2000. 21(12): p. 1197-1205. 
12. Yu, Y., P.Q. Ying, and G. Jin, Chinese Chemical Letters, 2004. 

15(12): p. 1465-1468. 
13. Venault, A., et al., Journal of Membrane Science, 2012. 423:  

p. 53-64. 
14. Lin, P., et al., Langmuir, 2014. 
15. Owen, M.J. and P.J. Smith, Journal of Adhesion Science and Tech-

nology, 1994. 8(10): p. 1063-1075. 
16. McHenry, M.M., et al., J. Thorac. Cardiovasc. Surg., 1970. 59(3): 

p. 413. 
17. Tourovskaia, A., et al., Langmuir, 2003. 19(11): p. 4754-4764. 
 
 

Author: Chun-Jen Huang , PhD 
Institute: Graduate Institute of Biomedical Engineering, 

National Central University 
Street: No.300, Jhongda Rd. 
City:    Jhongli City 
Country: Taoyuan County 32001, Taiwan 
Email: cjhuang@ncu.edu.tw 

 

 

 



 

© Springer International Publishing Switzerland 2015 
I. Lackovic (ed.), 1st Global Conference on Biomedical Engineering & 9th Asian-Pacific Conference on Medical and Biological Engineering,   

5

IFMBE Proceedings 47, DOI: 10.1007/978-3-319-12262-5_2  

Development and Characterization of Magnetic Bioceramic Nanocrystals  
for Intracellular Hyperthermia 

H.C. Wu1, J.Y. Lin1, S.Y Hsieh2, T.W. Wang2, and J.S. Sun3 
1 Department of Materials Engineering, Tatung University, Taipei, Taiwan 

2 Department of Materials Sciences and Engineering, National Tsing Hua University, Hsinchu, Taiwan 
3 National Taiwan University Hospital Hsin-Chu Branch, Department of Orthopedic Surgery, Hsinchu, Taiwan 

 
 
 
Abstract— Hyperthermia for the treatment of resistant tu-

mors has been reported with promising results. Repeated 
treatment times and applicable for many kinds of cancers are 
the potential benefits of hyperthermia. Of note is that the 
success of intracellular hyperthermia is largely dependent on 
the development of an adequate heat mediator. In this work, 
we have successfully developed an intracellular hyperthermia 
system using magnetic hydroxyapatite (mHap) nanocrystals as 
a thermoseed. After surface modification, poly (ethylene gly-
col) (PEG) and hyaluronic acid (HA) modified mHap nano-
crystals could not only be localized and accumulated in cancer 
cells, but also efficiently taken up by targeted tumor cells via 
HA receptor mediated endocytosis process.  Furthermore, 
these Hap-based magnetic nanocrystals may also serve as a 
tracer for the diagnostic contrast agent under MRI and a drug 
delivery carrier for therapeutic applications in cancer therapy 
in vitro and in vivo. 

Keywords— Magnetic nanocrystals, hyperthermia, surface 
modification. 

I. INTRODUCTION 

Nowadays, superparamagnetic nanoparticles (SPNPs) 
can be attracted to and maintained at a precise location by 
an external magnet, have been of recent interest for numer-
ous biomedical applications including cell sorting/ separa-
tion, drug targeting/ labeling, drug delivery, contrast agent 
for magnetic resonance imaging (MRI), heat mediator for 
hyperthermia, tissue repair for tissue engineering (TE), 
etc[2]. One of the most common SPNPs types is lunar halo-
like structure. The central core contains magnetic substrate 
such as iron oxide nanoparticles (NPs), which is enveloped 
by outside shell polymeric materials for improving targeting 
and non-toxicity purposes[1].  

Hydroxyapatite (Hap) not only has similar composition 
to the main mineral components in human bone tissue, but 
also a well-known biocompatible biomaterial for extensive 
bioengineering applications. It is a potential good candidate 
of ceramic-based, non-toxic material to provide magnetic 
property if doping with magnetic-elements for serving as a 
useful tool for diagnostic or therapeutic agents[4]. 

In this study, magnetic Hap with covalently conjugated 
PEG and HA is developed and characterized. We expect 
that this biocompatible, magnetic bioceramic-based nano-
crystal can be internalized into tumor cells through ligand 
mediated endocytosis for the purpose of intracellular hyper-
thermia and anti-cancer therapeutic properties. 

II. EXPERIMENT 

The mHAP nanocrystals were prepared using controlled 
co-precipitation process as reported previously[3]. For 
preparation of HA-modified mHap crystals, the N-ethyl-N’-
(3-dimethylaminopropyl) carbodiimide hydrochloride 
(EDC) and N-hydroxysuccinimide (NHS) were added into 
hyaluronic acid (HA) in 0.1M MES buffer. PEG-modified 
mHap crystals were added into the previous mixture, treated 
with ultrasound for 10 min and stirred for 24 hours. After 
the reaction, the composites were collected through magnet-
ic separation and were washed by deionized water for  
several times. The products were dried and preserved at 
vacuum conditions. The physicochemical properties of 
nanocrystals were analyzed using transmission electron 
microscope (TEM), Fourier transform infrared spectroscopy 
(FTIR), vibrating sample magnetometer (VSM) and induc-
tively coupled plasma mass spectrometry (ICP-MS). The 
heating experiments in AC magnetic field were performed 
by frequency induction heating apparatus at room tempera-
ture under aqueous culture medium solution. Cell viability 
was determined through lactic dehydrogenase assay (LDH).  

III. RESULTS 

From the TEM images (Fig. 1), the size and morphology 
of the individual mHap nanocrystal was rod-like shape 
around 100 nm in length and 25 nm in width. The small 
sphere particles (less than 10 nm) of magnetite were ad-
hered surrounding the surface of spindle Hap nanocrystal. 
According to the XRD spectrum, the developed mHap was 
suggested to maintain intact Hap lattice. Therefore, iron 
oxide NPs were getting heterogeneous nucleation growth 
and accommodated in the interstitial spaces.  
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Abstract— One of the reason caused the production of scar 

is the excessive sediment or the overtime precipitation during 
the wounds healing. So far amount all the medical supplies, 
hydrocolloid dressings which used to repair the burn wounds 
and the normal trauma are bass on promotion of wound heal-
ing. Nevertheless there are no medical supplies combine hy-
drocolloid dressings with anti-pigmentation drugs; therefor 
our research has focused on preparing gelatin nanoparticle. 
First, prepared different size of particles by controlling the 
parameters. Second, loaded various concentrations of ascorbic 
acid into particles, analyzed the drug entrapment efficiency 
and the rate of drug release. Last, co-culture nanoparticle with 
fibroblast, research the effect of nanoparticle on the fibroblast, 
in order to prepare a successful anti pigmentation gelatin 
nanoparticle. Under distinct condition, particle size 150nm ~ 
300nm of gelatin nanoparticle could be prepared, furthermore 
the effective concentration of ascorbic acid 0.3%~10% is suc-
cessfully completed and the drug-loaded nanoparticles are able 
to extend the life-span of the fibroblast. * 

Keywords— Gelatin, Nanoparticle, Ascorbic acid. 

I.  INTRODUCTION 

Skins cover all over the body, it not only protect body 
from invasion of harmful substance and physical, chemical 
injure, but also prevent the loss of the water, electrolyte and 
any other benefic matter. 

When the skins got injured and produce the wounds, the 
repair could classify into three steps, first, inflammation, the 
white blood cell gather and devour the slough, then secreted 
the heal-promote excretions, in this step, wounds turn red 
and tumescent maintain three or more days, granulation 
tissue grow subsequently, the white blood cell function 
more effective, last, the wounds become scarred, collagen-
ous fiber regularly arrange and the complete healing re-
quired for a long time. 

Ascorbic acid is an efficient antioxidant in the organism 
which Reduced ascorbic peroxidase substrate oxidation 
capacity. 

The research’s purpose is producing a hydro-colloid 
dressings combine anti- pigmentation drugs in order to exert 
the whitening effect successfully. 

                                                           
* Corresponding author. 

II.  M ATERIALS AND METHODS 

A.  Materials 
Gelatin type A from porcine skin (Bloom 175) was used 

as the carrier polymer; glutaraldehyde solution (25 %), 
trypsin and ascorbic acid (99.7 %) were all purchased from 
Sigma-Aldrich. Acetone analytical grade (99.5 %) were 
products of Shimakyu. Milli-Q water (conductivity 18.2 
mΩ) was obtained with Milli-Q system.  

B.  Preparation of Gelatin Nanoparticles 

a) Method A 
Gelatin nanoparticles were formulated according to the 

double desolvation approach by Coester et al. in 2000[1] 
with modifications. The following primary preparation 
procedure: dissolve 1.25g of type-A gelatin into 25 mL 
milli-q water under 50°C. The first desolvation step is 
commence by the addition of 25 mL acetone. After sedi-
mentation for a certain time, the supernatant which consist 
of some desolvated gelatin as well as gelatin in solution has 
to be removed. Then the sediment is once more dissolving 
by adding 25 mL Milli-Q water under 50°C, gelatin nano-
particles are formed during the second desolvation step by 
adding 50 mL acetone slowly under stirring. After period of 
time, glutaraldehyde grade II (25%) are added to the solu-
tion to crosslink the nanoparticles. Last, remove the acetone 
by using vacuum air pump for 24 hours. 

b) Method B 
Gelatin nanoparticles were formulated according to the 

double desolvation approach by Manoj Maha et al. in 
2008[2] with modifications. The following primary prepara-
tion procedure: dissolve 200mg of type-A gelatin into 10 
mL milli-q water under 40°C. The first desolvation step is 
commence by the addition of 10 mL acetone. After sedi-
mentation for a certain time, the supernatant which consist 
of some desolvated gelatin as well as gelatin in solution has 
to be removed. Then the sediment is once more dissolving 
by adding 10 mL Milli-Q water under 50°C, gelatin nano-
particles are formed during the second desolvation step by 
adding 30 mL acetone slowly under stirring. After period  
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of time, glutaraldehyde grade II (25%) are added to the 
solution to crosslink the nanoparticles. Last, remove the 
acetone by using vacuum air pump for 24 hours. 

C.  Formulation of Ascorbic Acid-Loaded Gelatin 
Nanoparticles 

The required volume of stock drug solution was added 
after the first step of desolvation. Then the second desolva-
tion was then executed by adding drop wise acetone. Next, 
glutaraldehyde grade II (25%) are added to the solution to 
crosslink the nanoparticles and stirring for 12 hours. Last, 
remove the acetone by using vacuum air pump for 24 hours.  

D.  Evaluation of Ascorbic Acid Loading into Gelatin 
Nanoparticles 

Base on the research by Kenneth Ofokansi et al in 2010. 
[3]  The ascorbic acid-loaded nanoparticles was centrifuged 
at 16,000g for 20 min and the ultraviolet light intensity of 
the supernatant measured to obtain the amount of ascorbic 
acid bound to the surface of the particles. The sediment was 
finally dispersed in 5 ml of trypsin solution (0.4 mg/ml) and 
stirring until a clear solution was obtained which indicated a 
complete digestion of the gelatin nanoparticles and release 
of all ascorbic acid entrapped in the core of the particles. 
The loading capacity of ascorbic acid was calculated from 
the obtained values.  

E.  Cell Culture 
NCTC clone 929 cell line (Fibroblast) was used for the 

cell uptake studies. The fibroblast was thaw from the liquid 
nitrogen.  

a)  Culture 
Place culture vessels in a laminar flow hood along with 

the culture medium components which have been pre-
warmed to 37°C. Aspirate medium and wash cells twice 
with PBS before adding the new medium.  

b) Subculture 
Place culture vessels in a laminar flow hood along with 

the culture medium components which have been pre-
warmed to 37°C. Aspirate medium and wash cells twice 
with PBS. Add Trypsin to disaggregate the cells. Incubate 
culture vessels at 37°C and monitor cell detachment under 
the microscope. After cells detach, add medium to stop 
trypsinization and to disperse the cells. Transfer cells to two 
sterile culture vessels. 

F.  In vitro Cell Uptakes Studies 
Fibroblast were cultured in 10ml dish at 37 °C in an at-

mosphere of 5% CO2, 95% air and 95% relative humidity  
 

using medium supplemented with 10% fetal bovine serum 
and 10% ascorbic acid-loaded nanoparticle as the culture 
medium. The culture medium was replaced every 48 hours. 
The proceeding sustained for 96 hours. At definite intervals 
of time, observe the fibroblast under the microscope.  

III. RESULTS  

A.  Preparation of Gelatin Nanoparticles  

Several key formulation parameters were investigated 
and optimized which according to the exhaustive research 
by Verleg Dr. Hut et al in 2006 [4]. The adjustment of the 
pH was adjusted to 3.0.and the volume of glutaraldehyde 
grade II (25%) was also been adjusted. In this research, 
nanoparticles were analyzed with particle size analyzer. The 
studies were focus on the size of nanoparticles.  

Table 1 Characteristics of the method A gelatin nanoparticles 

Mean size(nm) Polydispersity  

494.7 nm 0.146 

619.4 nm 0.242 

785.2 nm 0.279 

1093  nm 0.239 

977.9 nm 0.216 

1111  nm 0.105 

Table 2 Characteristics of the method B gelatin nanoparticles 

Mean size(nm) Polydispersity  

235.0 nm 0.210 

198.9 nm 0.267 

206.3 nm 0.353 

314.3 nm 0.198 

181.3 nm 0.164 

301.3 nm 0.207 

 
According to the results, the preparation of gelatin nano-

particles were not quite stable, the reason caused might be 
the temperature in the second step of desolvation  and the 
stirring speed  of the stirrer. Therefore, we will attempt to 
figure out the effect of the parameter and successfully pre-
pare the gelatin nanoparticle.  

B.  Formulation of Ascorbic Acid-Loaded Gelatin 
Nanoparticles 

The pH of the gelatin nanoparticles was adjusted to 
2.1~2.6 is because of the adding of the ascorbic acid. 
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Abstract— Liposome is by far the most successful drug  
delivery vesicle commercialized for clinical use, and can fun-
damentally modify the performance and clearance of encap-
sulated drug. The encapsulation of contrast medium of  
computed tomography in liposome could improve the lesion 
screening efficiency by EPR effect of liposome, and prevent the 
incidence of contrast medium induced nephropathy by shiel-
ding of liposome. * 

 
Keywords— liposome encapsulation, computed tomography, 

contrast medium, lesion malignancy screening, contrast me-
dium induced nephropathy. 

I. INTRODUCTION  

Nanoparticles (NP, such as liposome, dextran, dendrimer, 
other polymer……) have been extensively investigated as 
conventional iodinated contrast medium (CM) carrier for 
improving in vivo circulation time and passively targeting 
liver and spleen lesion detection [1-4]. For general lesion 
malignancy prediction, the passive enhanced permeation and 
retention (EFR effect, enhanced permeation from leaky 
neovascular vessel to tumor than normal peripheral blood 
vessel with smaller pore, and limited development of lym-
phatic drainage in tumor tissue) associated with liposome in 
malignant tumor could improve the diagnosis outcome of 
dynamic computed tomography with iodinated CM encap-
sulated. The Encapsulation can also prevent the renal 
cells/tissue from direct exposure to contrast medium and the 
corresponding chemical or physical damages [5].  

II. MATERIAL AND METHOD 

A.  Preparation of CM Encapsulated Liposome 

Long circulation liposomes (DPPC : SoyPC : Chol : 
DSPE-PEG2k = 54 : 27 : 16 : 6) were fabricated by thin film 
hydration with iobitridol (Xenetix, Guerbert, France) and 
extrusion method, then purified by either size exclusive gel 
filtration with sephadex G-75 or dialysis if necessary. The 
                                                           
* Corresponding author. 

size distribution of the resulting liposomes was measured by 
dynamic laser scattering. The stability of liposomes was 
monitored with self-quench fluorescein solution encapsu-
lated, and was calculated by the time-dependent release 
percentage detected fluorescence increase (eliminating 
self-quench by dilution of released fluorescein) with the 
following equation: 

 release t, %   

B.  In Vitro Cell Viability and Apoptosis Study 

MDCK cells were seeded on 24-well plate to reach 70% 
confluence, and then treated with mixture of DMEM me-
dium and iobitrodol or saline (same osmolarity as iobitridol) 
or column chromatography purified iobitridol encapsulated 
liposome (distributed in saline with the same osmolarity as 
iobitridol) in the volume ratio, 1:1, for 24 hours. Cell viabil-
ity was detected by MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5- 
diphenyltetrazolium bromide) assay with spectrophotometer 
(Synergy Mx , BioTeK). Cell apoptosis was quantified by 
annexin-V-FITC/PI assay with Flow Cytometry (Cytomics 
TM FC500 flow cytometry, Beckman Coulter). 

C.  In Vivo Lesion Diagnosis and Contrast Medium 
Bio-distribution 

NU/NU mice, implanted with both malignant (MDA-MB 
231) and benign (matrigelTM) xenografts, were admini-
strated with iobitridol, or partially encapsulated iobitridol in 
liposome (dried lipid film, 10mg or 20mg, was rehydrated 
by iobitridol) intravenously as a bolus through the tail vein 
at the dosage of 1mg iodine / g. Dynamic CT imaging was 
acquired with Philips BR64 (Andover, MA, USA).  

III. RESULT AND DISCUSSION 

A.  Properties of CM Encapsulated Liposome 

CM encapsulated liposomes were with 113 ± 17.8 nm 
diameters. About 55% liposomes maintained integrity in rat 
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plasma or cell culture medium (with 10% FBS) between 3-24 
hours (180-1440 minutes) at 37ºC.  

B.  In Vivo Lesion Screening with/without Liposome  

CM/liposome increased the peak malignant implant en-
hancement (with partial CM, 35%, encapsulation in lipo-
some) by 2 folds (of enhancement by CM without liposome 
encapsulation). However, the maximal enhancement contrast 
of malignancy (SImalignant/SIbenign) of CM/liposome group was 
471.3 at 24 hours post administration, compared to merely 
2.36 at 20 minutes of CM group (Fig. 1). 

 

 

Fig. 1 Cell damage caused by CM (24 hours treatment) 

C. In Vitro CIN Prevention with Liposome Encapsulation 

The preliminary results indicated that CM concentrations, 
which were larger than 18mg/ml, caused statistically signif-
icant cell damage as shown in Fig. 2. It was also found that 
chemical effect of CM caused more significant damage than 
physical effect (under saline with similar osmolality) as 
shown in Fig. 3.   

 
Fig. 2 Cell damage caused by CM (24 hours treatment) 

 
 
 

 
Fig. 3 Prevention CM caused damage in vitro (8 hours treatment) 

D.  In Vivo CM/Liposome Biodistribution 

CM/liposome reduced 56-76% CM accumulation con-
centration in kidney between 30-300 min, and resulted in 
narrower harmful dosage (>18mg/ml) of CM distribution by 
41-61% between 10-90 min.   

 

 
Fig. 4 Reduced accumulation of CM in kidney with liposome  

encapsulation 

IV. CONCLUSIONS  

The encapsulation of iobitridol in liposome could signif-
icantly enhance the contrast of malignant lesion and reduce 
CM accumulation in kidney from xenograft study. It also 
restored the renal cell viability and reduced cell apoptosis 
from cell culture studies. 
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Abstract— Nanomaterials is one of the areas most highly 

concerned about medical technology nowadays.Such as metal 
nanoparticles,nanorods,and so on. 

Functionalized nanoparticles can be used as cancer probes, 
drug carriers to help us to investigate more research about 
biotechnology. 

In this study,we synthesize different size metal nanopar-
ticles and conjugate with Amine-Polyethylene glycol-Biotin 
(NH2-PEG-Biotin) to functionalize it. We can control the num-
ber of NH2-PEG-Biotin on the surface of nanoparticles  
successfully. 

We believe the interaction of different size nanoparticles 
and different numbers of NH2-PEG-Biotin can improve the 
area for biomedical application. * 

Keywords— nanoparticles,amine-polyethylene glycol-biotin. 

I. INTRODUCTION  

The importance of nanoparticles for areas ranging from 
contrast agents of electrons microscopy,chemical and bio-
logical sensors, drug carrier, cancer target. 

Biological molecules have been immobilized on polymer 
matrices and inorganic supports through a variety of tech-
niques that includes physical adsorption, electrostatic bind-
ing,specific recognition, and covalent coupling.[1] 

II. METHODS 

A.  Gold Nanoparticles Synthesis 

Materials: Gold(III) Chloride 99%,5g, ACROS, Tetrabu-
tylammoniumborohydrid(TBAB), 10g, Aldrich, Didodecyl-
dimethylammonium bromide(DDAB),50g,Fluka, Decanoic 
acid,250g,Alfa, HAuCl4,5g,ACROS,Oleylamine, 
1L,ACROS,Toluene,4L,J.T.Baker. 

6nm AuNPs: We added 2.5 ml Decanoic acid solution 
(17.2 mg Decanoic acid/1 ml toluene) as stabilizer in the 
via, and added 1 ml TBAB solution (25 mg TBAB / 1 ml 
100mM DDAB solution in Toluene) as reduction. DDAB is 
used as surfactants in this synthesis, and added 0.8 ml 
AuCl3 solution (7.5 mg Gold(III) Chloride 99% / 1ml 
100mM DDAB solution) as precursor. Stirred 24 hours , 
and 6nm AuNPs was synthesized.[2]  

                                                           
* Corresponding authors. 

15 nm AuNPs:  15 nm Au nanoparticles were obtained 
by quickly injecting a solution of 50 mg (0.15 mmol) of 
HAuCl4 in 1.0 g (3.7 mmol, 1.2 ml) of oleylamine (technic-
al quality, Acros) and 1.0 ml of toluene into a boiling solu-
tion of 1.7 g (6.4 mmol, 2.9 ml) of oleylamine in 7.5 ml of 
toluene. Over the course of 5-10 min, the color of the reac-
tion mixture changes to bright yellow and then gradually to 
deep red. Heating was stopped after 2 hours.[3] 

Phase tansfer: We addad methanol appropriately when 
the particle color changed from deep red to deep brown. 
Centrifuge 3000 r.p.m. , 5mins . Drying in vacuo yielded the 
product as a black solid, which could be readily redissolved 
in organic solvents.We added 0.8 M polymer appropriately 
and mixed with nanoparticles to transfer water phase. We 
used concentrated under reduced pressure machine to dry out 
organic solvent and redissolved in the water.[4] 

III. RESULT 

A. Gold Nanopartlces Properties 
When an author or the institution of the author has a  

relationship, financial or otherwise, with individuals or 
organizations that could influence the author’s work inap-
propriately, a conflict of interest may exist. Examples of 
potential conflicts of interest may include but are not li-
mited to academic, personal, or political relationships;  
employment; consultancies. 

300 400 500 600 700 800
0.00

0.02

0.04

0.06

0.08

0.10

Ab
s.

Wavelength(nm)

 6nm AuNPs 

  
Fig. 1 Absorbtion of 6 nm gold nanoparticles 
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Abstract— Many researchers have found that the stability of 
SAMs is an issue for long-term biomedical applications. The 
surface functional group is not stable under ambient condi-
tions. To address this problem, we use cysteine, natural sulfur-
containing zwitterionic compounds, and cysteine betaine which 
is the derivative of cycteine, with quaternary ammonium 
group at its terminal end, to decorate Au substrate by using 
the chemisorbing properties of the thiol group. By adding 
various different additives into the solution of alkanethiols 
during SAM formation to eliminate unbound thiol and to 
prevent the degradation processes of alkanethiol SAMs, we can 
decrease the film thickness and increase the wettability. Fur-
thermore, we also compared their physical and chemical prop-
erties of amino acids SAMs on Au that were stored under 
different conditions for various lengths of time. Based on the 
above, our study aims to investigate the influence of different 
SAMs condition and chemical structure for anti-fouling prop-
erties. Contact angle analysis indicated that after degradation, 
the photooxidation sample decreased relative to that of the 
freshly prepared SAMs. X-ray photoelectron spectroscopy 
(XPS) not only used to detect the chemical elements of SAMs 
on Au substrates, but also detect the changes in the chemical 
state of the surface oxidized atoms. The bacterial adhesion 
tests revealed the excellent anti-fouling properties of zwitterio-
nic amino acids SAMs. And adopt MTT assay to assessing cell 
viability. * 

Keywords— self assembled monolayers, amino acids, zwitte-
rionic materials, stability, anti-fouling. 

I. INTRODUCTION 

Surface modification in biomaterials is of tremendous 
importance in determining their biocompatibility and appli-
cability. Enormous efforts were devoted to develop toolkits 
for engineering surfaces, with an attempt to meet desirable 
interfacial properties, such as roughness, wettability, free 
energy and chemical functionality [1-3]. In order to achieve 
this purpose, the spontaneously self-assembling surface 
ligands into an orderly packed monolayer at interfaces have 
attracted substantial attentions due to their unique proper-
ties, such as the ease of preparation and the potential to 
functionalize/pattern the nanostructure for different surface 
physicochemical properties [4].The most studied and best 
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understood system among many ligands are the alkanethiol 
on Au(111) surfaces, which take advantage of the environ-
mental inertness of gold substrate, the high affinity of the 
sulfur-gold bonding and the strong van der Waals forces 
between long carbon chains [4-5]. 

However, numerous researchers have investigated the 
stability of functional groups on Au substrate. Particularly, 
desorption of thiol groups to sulfonate groups has been 
reported [6-7]. In addition, Shyue et al. revealed that the 
amino groups were oxidized to nitroso groups [8], indicat-
ing that amine-modified Au surfaces are not stable in am-
bient environments. 

 

Fig. 1 Schematic diagram of photo-oxidation of amine-terminated SAMs 
& degradation of alkanethiol on Au surfaces. 

Amino acids should have good biocompatibility and he-
mocompatibility because they are the basic components of 
protein which is required by human nutrition. As a natural 
zwitterion, cysteine has a carboxyl (-COOH), an amino (-
NH2), and a thiol functional group. The presence of one 
sulfur atom in cysteine makes it possible to modify Au 
substrate by covalent bond. On the other hand, we can also 
prevent the oxidation of amino groups via replacing it by 
quaternary ammonium group. 

 

 

Fig. 2 The chemical structure of cysteine and cysteine betaine. 
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In this study, X-ray photoelectron spectroscopy (XPS) 
was utilized to identify the elemental composition of SAMs. 
The surface wetting was measured using a contact angle 
goniometer. For the bacterial adsorption, gram positive 
(Staphylococcus epidermidis) and negative (Pseudomonas 
aeruginosa), the common bacterial pathogens of humans, 
was used to test the antifouling properties of amino acids 
SAMs surface. MTT cytotoxicity assays were performed to 
evaluate biocompatibility by 3T3 cells cell viability. 

II. EXPERIMENTAL SECTION 

1. Preparation of SAMs by natural organosulfur com-
pounds. 

2. Contact angle measurements. 
3. XPS for element analysis on surfaces. 
4. Bacteria anti-fouling tests. 
5. Cytotoxicity (MTT assay). 

III. RESULTS AND DISCUSSION 

 

Fig. 3 Contact angle measurements for various additives into the DI H2O 
of cysteine and cysteine betaine during SAM formation on Au substrate. 

 

Fig. 4 Contact angle of cysteine and cysteine betaine modified on Au 
substrate after 12 hours photo-induced oxidization. 

In Fig 1, the surface wetting tests for SAMs show that 
films prepared by adding a small amount TFA exhibited 
super-hydrophilicity (contact angles of θ=~5°) due to their 
complete coverage and strong hydration via ionic solvation 
and hydrogen bonding. 

The methods for studying the oxidation of the amine 
functional group in 12 hours photo-induced oxidization 
experiment are shown in Fig 2. By isolating the SAM from 
either light or air, the oxidation is suppressed and the sur-
face properties are preserved in Cysteine betaine SAMs. In 
other words, the shelf life of the amine-modified gold sub-
strates is prolonged. 

Table 1 XPS for Element Analysis on Surfaces 

 Atomic Concentration (%)   

Sample  C1s N1s O1s S2p 
N/S ratio 

Theoretical
N/S ratio 

Experimental 

Cysteine  15.66 2.72 19.48 2.84 1 0.95 

Cysteine betaine 13.27 3.30 15.17 3.06 1 1.07 

 
The atomic concentrations of different elements detected 

at the organosulfur-modified surfaces are shown in table 1. 
The experimental ratio of N and S is the area ratio of the N 1s 
and S 2p in the XPS spectra; the theoretical ratio of N and S 
is calculated by a stoichiometric ratio of SAMs on surfaces. 

 

 

Fig. 5 XPS spectra of cysteine betaine SAMs stored in different environ-
ments for 12 hours 

 

Fig. 6 XPS spectra of cysteine SAMs stored in different environments for 
12 hours. 
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In X-ray photoelectron spectroscopy (XPS), the O1s in-
creases significantly in Cysteine SAMs on Au substrate 
stored in 12 hours photo-induced oxidization environments 
(Fig 5-6). These results are consistent with previous study, 
which reveals that surface element of S and N is partially 
oxidized [8]. 

 

 

Fig. 7 P.aeruginosa (gram-) fouling on cysteine betaine patterned Au 
surface. 

 

Fig. 8 S.epidermidis (gram+) fouling on cysteine betaine patterned Au 
surface. 

There is an absence of attached bacteria in the treated 
section after exposure to P.aeruginosa (Fig 7.) and 
S.epidermidis (Fig 8.) for 3 hours, while bacteria are readily 
attached to the unmodified portion of the substrate. These 
results reveal the excellent performance of the modified 
surfaces to resist bacterial adhesion/biofilm formation. 

 

 

Fig. 9 The cell viability of 3T3 cells in MTT assay 

The cytotoxicity was investigated by measuring the via-
bility of 3T3 fibroblasts as a function of the concentration of 
cysteine betaine (Fig 9). MTT assay showed no obvious 
cytotoxicity on 3T3 fibroblast cells. 

IV. CONCLUSIONS  

By adding a small amount TFA into the DI H2O of cys-
teine and cysteine betaine SAM formation, the formation of 
interplane hydrogen bonds between the terminal groups of 
bound thiolate on the surface and free thiols in the bulk is 
disrupted. Our study demonstrates that SAMs prepared in 
this method have better hydrophilic property than those 
prepared by adding other additives. 

In addition, by changing the structure of cystine to 
cystine betaine, we can efficiently prevent the oxidation of 
nitrogen and maintain the well-known nonfouling ability of 
zwitterionic simultaneously. Furthermore, due to the non-
toxic characteristic of these compounds, the medical appli-
cation will be extensive, especially in the field of medical 
implants. 
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Abstract— Use of synthetic biomaterials as blood-contacting 
devices typically accompanies considerable nonspecific adsorp-
tion of proteins, cells and bacteria. These may eventually in-
duce adverse pathogenic problems in clinic practices, such as 
thrombosis and biomaterials-associated infection. An effective 
surface coating for medical devices has been pursued to repel 
nonspecific adsorption from surfaces. In this study, bio-
inspired adhesive dopamine conjugated with zwitterionic sul-
fobetaine moieties (SB-DA) was developed for anti-biofouling 
properties. The molecules can anchor onto various substrates 
via catechol groups to form a stable thin film. The results 
indicated that the formation of self-assembled monolayers 
(SAMs) was strongly dependent on the pH values in prepara-
tion, which correlates to the oxidization and reduction (redox) 
of catechol groups in dopamine molecules. The Other mussel-
inspired catecholic zwitterionic nitro-sulfobetaine moieties 
(SB-nDA) assembly possessing antifouling and photocleavable 
characters for spatiotemporal tailoring of interfacial proper-
ties and controlling bio-adsorption. X-ray photoelectron spec-
troscopy (XPS) was used to analyze the bonding mechanism, 
accounting for distinct wetting and fouling levels from contact 
angle and quartz crystal microbalance with dissipation (QCM-
D) measurements. The thickness simulation from XPS and 
ellipsometry showed about 1.1 nm for intact SB-DA films and 
1.03 nm for intact SB-nDA. In addition, the bacterial test indi-
cated the excellent resistance of films against P. aeruginosa. 
This work provides not only new surface chemistry but the 
new route for surface modification. Currently, SB-DA is ap-
plied onto various materials with different dimensions as a new 
generation of self-assembling biomaterials for a wide spectrum 
of applications then SB-nDA for potential applications in light-
guided targeting and releasing of drug delivery and molecular 
imaging. * 

Keywords— zwitterionic, anti-biofouling, self-assembled 
monolayers, photocleavable, spatiotemporal tailoring. 

I. INTRODUCTION  

A newly emerging class of charged materials, named 
zwitterionic materials, permits effective biofouling repel-
lence, long-term durability, and environmental stability [1] . 
The promising achievements provoke the development  
of methodologies based on zwitterionic materials for sur-
face engineering. Recently, increased numbers of assem-
blies carrying a variety of functional groups have been  
                                                           
* Corresponding author. 

developed, and thereby constitute a toolkit for manipulating 
surface properties at a molecular level. A mussel-inspired 
adhesive chemistry based on catecholic derivatives has 
attracted wide-spread interest [2]. These researches carried 
out bio-inert interfaces via either the “graft-from” or “graft-
to” strategies based on catecholic chemistry, showing the 
potency of thin films strongly depends on the grafting den-
sity of adhesive groups. However, the adhesion mechanism 
of catechol groups remains poorly understood [3]. 

In this work, we report our systematic investigations on 
the binding mechanism of zwitterionic sulfonbetaine dopa-
mine (SB-DA) in response to pH transition and develop a 
modification strategy allowing formation of compact and 
stable antifouling SB-DA SAMs. zwitterionic nitro sulf-
obetaine moieties (SB-nDA) assembly possessing anti-
fouling and photocleavable characters for spatiotemporal 
tailoring of interfacial properties and controlling bio-
adsorption. 

 

 

Scheme 1 (a) Synthetic route and chemical structures of SB-DA and SB-
nDA. (b) Functions and photochemical mechanism of SB-nDA.  

II. EXPERIMENTAL PROCEDURES 

A. Preparation of SAMs by Zwitterion Dopamine Molecule 
A metallic substrate was prepared by deposition of tita-

nium onto a 20 mm × 20 mm glass slide in a high-vacuum 
thermal evaporator. A 50-nm thick layer of titanium was 
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formed and oxidized in ambient to have a layer of oxide. 
The TiO2 substrates were cleaned by thoroughly washing 
with 1% SDS detergent, deionized water, and absolute etha-
nol, followed by drying in a stream of nitrogen. The sub-
strates were exposed to O2 plasma in a plasma cleaner 
(PDC-32G, Harrick Plasma, NY) for 10 min in order to 
remove final trace of organic contaminations on the surface. 
Buffers were prepared by titrating PBS with hydrochloric 
acid ( pH 3, pH 4, pH 6) and Tris buffer (pH 8).The cleaned 
TiO2 substrates were immersed in solutions (pH 3, pH 4, pH 
6, pH 8) containing SB-DA molecules at a concentration of 
2 mg ml-1 for 15 h at room temperature. In the pH transition 
approach, the substrates were subsequently transferred to a 
pH 8 buffer and incubated for 20 min. Afterwards they were 
washed with copious deionized water and dried in a stream 
of nitrogen for further measurements. 

III. RESULTS AND DISCUSSION 

A.  Elemental Composition and Chemical State of Thin 
Films by Using XPS 

As shown in Fig. 1a, N peak components with BE at 
402.5 eV appear in the XPS N 1s core-level spectra for both 
samples. The peak components are associated with the qua-
ternary ammonium cations (-N(CH3)3

+) [4]. The S 2p doub-
lets at the BEs of 167.0 and 168.2 eV are attributed to sul-
fonate C-SO3

- species in the side chains of SB-DA(Fig. 1b). 
In Fig. 1c, the C 1s spectra with four peaks were assigned to 
CHx-/C-NH2, C-O/C-N+/C-SO3-, C=O and ππ* species 
at BEs of 284.4, 285.6, 287.7 and 292.4 eV, respectively 
[5]. The O 1s region is fit with two peaks assigned to Ti-O2, 
and C-O-H/C-O-Ti/Ti-OH species at BEs of 530.3 and 
531.6 eV, respectively. In Figure 1d, the fraction of C-O-
H/C-O-Ti/Ti-OH species for the sample of SB-DA(3-8) (f = 
52.1 %) is lower than that of SB-DA(3) (f = 68.8 %). Ac-
cording to the proposed binding mechanism in previous 
literature[6] the DA derivatives bind to TiO2 surfaces by 
condensation between surface hydroxyl groups (i.e. Ti-OH) 
and  catecholic hydroxyl groups (i.e. C-OH), forming C-O-
Ti. Therefore, the decrease in the fraction of the peak at 
531.6 eV observed in this work by XPS can be viewed as 
the formation of SB-DA molecular bonding with 
TiO2.Besides, the thickness of the SB-DA(3-8) film was 
estimated using XPS and ellipsometry. The XPS with the 
angle resolved technique and the ultrathin-film analysis 
built into Multipak provided a thickness of 1.12 nm that is 
comparable with that from the ellipsometry measurement as 
1.25 nm. 
 

 

Fig. 1 XPS spectra of N 1s (a), S 2p (b), C 1s (c), and O 1s (d) for samples 
of SB-DA(3) and SB-DA(3-8). 

B.  Antifouling Properties of SB-DA SAMs 

The antifouling properties of the SB-DA SAMs were 
demonstrated in protein and bacterial adsorption tests. For 
the protein fouling experiment, the QCM-D sensor was 
employed to monitor the increased surface mass on mod-
ified surfaces. Herein, based on aforementioned assumption, 
we examined the effectiveness of the pH transition approach 
for the formation of the SB-DA SAM and, thereby, the 
SAMs were prepared at distinct pH values from 3 to 8, 
followed by rinsing with the buffer at pH 8. The modified 
QCM-D chips were mounted on the sensors. After the base 
line was established in PBS, the protein solution containing 
BSA at a concentration of 1mg mL-1 in PBS was flowed 
over the surface for 15 min, then PBS washing for 20 min. 
Interestingly, the changes in ΔF attributable to protein ad-
sorption increased with decrease in the initial pH value (Fig. 
2a). The fouling resistance of SB-DA(8) is insignificant to 
the bare TiO2 surface. The increased mass on the chip is 
well related to the change in frequency of the oscillating 
crystal through Sauerbrey relationship. The calculated sur-
face mass of adsorbed BSA as a function of the initial pH is 
showed in Fig. 2b. The surface mass of the protein fouling 
on the SAM of SB-DA(3-8) (10.6 ± 2.5 ng cm-2) was re-
duced by 97 % relative to that on the bare TiO2 surface 
(310.5 ng cm-2). Therefore, the antifouling capability of the 
SB-DA SAM prepared by the pH transition approach as 
demonstrated here has achieved an extent that is nearly 
compatible with established thiol-based systems to effec-
tively repel the nonspecific adsorption. 
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Fig. 2 QCM-D studies for the BSA adsorption on SB-DA SAMs prepared 
at the initial pH values of 3-8. The real-time kinetics of BSA adsorption are 

shown in the changes of resonance frequency (a). The calculated surface 
mass through Sauerbrey relationship as a function of the initial pH values 

is present (b) 

As one can see in Fig. 3a, b, the numbers of adhered bac-
teria on samples of SB-DA(3-8) for P. aeruginosa and S. 
epidermidis are obviously lower than the other samples. The 
reductions in bacterial adsorption for P. aeruginosa and S. 
epidermidis reach 96.9 and 97.4 % relative to bare TiO2 
surfaces. For the SB-DA(8) sample, the numbers of adhered 
bacteria are significant higher than SB-DA(3-8), which can 
be the result of the insufficient coverage of SB-DA due to 
fast oxidation of catecholic hydroxyl groups at a high pH as 
discussion above. A convincing evidence showing the anti-
fouling property of SB-DA(3-8) was present in Figure 3c, in 
which the surface was patterned with SB-DA(3-8) for the 
adsorption of P. aeruginosa. Clearly, the bacteria are favor-
able to attach onto the untreated TiO2 surface, while only 
few cells are observed on SB-DA(3-8).  
 

 

Fig. 3 The bacterial adsorption tests for P. aeruginosa (a) and S. epidermi-
dis (b) on samples. Patterned TiO2 surface with SB-DA(3-8) was incubated 

with P. aeruginosa solution and imaged under fluorescence microscope 
after washing (c). 

C.  Biofouling Resistance of SB-nDA SAMs 
Moreover, the SB-nDA substrate was temporally ex-

posed to UV in the time-resolved QCM-D sensor equipped 
with a quartz window on the flow cell. The sample was 
initially treated with a BSA solution for 14.5 min and, af-
terwards, the UV light source was turned on to in-situ trig-
ger the photo-cleavage. As a result in Fig.4, the protein 
adsorption level after UV exposure is obviously higher than 
that before and increases 89.8 %. 
 

  

Fig. 4 QCM-D studies for the BSA adsorption on SB-DA SAMs (black), 
SB-nDA SAMs (red) and O2-Plasma TiO2. and dissipation (b).  

The photo-responsive property of SB-nDA was carried 
out by UV irradiation at a laboratorial ambient environment. 
Firstly, the SB-DA and SB-nDA samples were exposed to 
UV light for 120 min, followed by washing with PBS. The 
samples were incubated with bacterial solutions as de-
scribed above. Two representative strains of common pa-
thogenic bacteria were used to contact with samples, which 
are the P. aeruginosa and S. epidermidis. The bacterial 
solutions were incubated with samples at 37°C for 2 h. 
After washing with PBS and dye staining, the samples were 
observed and quantified under a fluorescence microscopy. 
One can see in Fig. 5 where the bacterial adsorption levels 
on SB-nDA were significantly increased 95.7 % and 96.5 % 
for P. aeruginosa and S. epidermidis bacteria, respectively, 
while SB-DA remained its antifouling properties after UV 
light treatment. This should be namely attributed to the 
photo-cleavable property of SB-nDA to remove the SB 
moiety to become the vinyl group upon UV irradiation as 
illustrated in Scheme 1. More strikingly, the UV light spa-
tially exposure to SB-nDA SAMs and afterwards to bring to 
contact with the bacterial solution in Fig. 5. The bacteria 
clearly appeared on the areas subjecting UV irradiation, 
while the shielded one preserved its intact antifouling  
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function. Herein, we prepared the TiO2 samples modified 
with SB-DA and SB-nDA SAMs as well as untreated  
substrates to compare their capability to repel protein and 
bacterial adsorption. Samples of SB-DA and SB-nDA ex-
pressed comparable capability to reduce the adsorption of 
both bacteria. With SB-DA, the adsorption were reduced 
96.9 % and 97.4 %, respectively, with SB-nDA with respect 
to un-modified TiO2. These results reflect the unique  
characters of SB moiety that possesses strong interaction 
with water and charge-balance to eliminate electrostatic 
interaction . 

 

 

Fig. 5 The bacterial adsorption tests for P. aeruginosa and S. epidermidis 
on samples with UV light treatment (red) (a). Patterned TiO2 surface with 
SB-nDA(3-8) was inc bated with P. aeruginosa solution and imaged under 

fluorescence microscope after washing (b) 

IV. CONCLUSIONS  

We have shown that bio-inspired zwitterionic SB-DA 
enables to form a stable and fully-covered self-assembled 
monolayer (SAM) through the pH transition approach for 
effective antifouling property. The redox reaction of cate-
cholic hydroxyl groups serves an important role in molecu-
lar assembly on TiO2 surfaces. The results indicate that the 
SB-DA adsorbs on surfaces via hydrogen bonding with 
oxidized TiO2 surface at low pH in the initial stage.The 
bonding of adsorbed SB-DA likely converts to bidentate 
bonds with the TiO2 surface by the replacement of surface 
hydroxyl groups by deprotonated catecholic hydroxyl 
groups, leading to high coverage and stability of the SB-DA 
layer. More strikingly, owing to the charge-balance and 
hydrophilicity of SB moieties, the SAM was demonstrated 
to be capable to resist BSA and bacteria adsorption under a 
physiological condition. 

 
 
 
 
 

Other hand we have developed a new zwitterionic SB-
nDA assembly with integrated characters of simultaneous 
self-assembling, antifouling, and photo-cleavable proper-
ties. The formation of SAMs of SB-nDA was confirmed by 
contact angle, ellipsometry, and XPS measurements, show-
ing the highly compact film can be established via a pH 
transition approach. In addition, the fouling resistance of 
SB-nDA against protein and bacterial adsorption was dem-
onstrated to be employed as a biocompatible surface coat-
ing. More importantly, the spatiotemporal control over the 
bio-adsorption via UV light exposure with SB-nDA was 
verified and may be applied to nano-carriers for selective 
uptake by target cells for potential applications in molecular 
imaging and drug delivery. 
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Abstract— In this work, a composited guided bone regenera-

tion (GBR) membrane made of hydroxyapatite (HA) minera-
lized on electrospun chitosan (CS)-coated poly (lactic acid) 
(PLA) nanofiber mat was prepared and compared in terms  
of mineralization characteristics. Fabrication parameters of 
CS-co-PLA nanofibers and mineralized of calcium phosphate 
crystals were discussed in details. Fourier transform infrared 
spectroscopy (FTIR) showed a compositions of CS/PLA mix-
ture and X-ray diffraction results further indicated that the 
composition of the deposited mineral was a mixture of dical-
cium phosphate dehydrates and apatite. These results indicated 
the HA crystals can be simple mineralized on CS/PLA nanofi-
ber mat which provides notonly better geometric properties but 
also biological functions for GBR application. * 

 
Keywords— chitosan, poly (lactic acid), electrospinning, 

guided bone regeneration, mineralization. 

I. INTRODUCTION  

Because of the excellent biological properties, such as 
biodegradability, nontoxicity, antibacterial ability and bio-
compatibility, chitosan (CS) composite electrospun mem-
brane has been known as promising material in many  
biomedical fields from skin to bone or cartilage [1]. However, 
the scaling-up of CS nanofiber fabrication by electrospinning 
is problematic and challenging. Due to its polyelectrolyte 
nature, CS cannot be continuously spun as droplets persis-
tently [2]. Neat CS electrospun membrane has some other 
significant shortcomings such as poor mechanical strength, 
especially in vitro, chitosan hydrolysis might happen under 
the conditions of water or tissue fluid. To solve these prob-
lems, blending CS with some water-soluble polymers was 
available to make CS electrospinnable. As reported in the 
previous literature, poly(ethylene oxide) (PEO) and 
poly(vinyl alcohol) (PVA) were the most commonly em-
ployed to help the fabrication of chitosan-based nanofibers 
[3] and for the applications of tissue engineering scaffolds 
and wound healing dressings [4]. 

II. EXPERIMENTS AND RESULTS 

A.  Preparation and Characterization of Chitosan 
Derivative (SDS-CS) 

A detail process was displayed as flowchart shown in 
Fig. 1. Briefly, chitosan (0.8 g) was dissolved in 50 mL 2 
                                                           
* Corresponding author. 

wt% acetic acid solution. Excess SDS (4.14 g) was dis-
solved in 50 mL distilled water. The above mixed solution 
was constantly stirred into homogeneous solution for 4 h at 
25 ◦ C. SDS-CS was precipitated from the mixed solution, 
then was collected by high-speed centrifugation and washed 
with deionized water. Finally, the white powder SDS-CS 
was obtained from freeze-drying.  

 

 

Fig. 1 Experimental flowchart 

B.  Preparation of Homogeneous Solution and 
Electrospinning 

PLA and SDS-CS were dissolved in dichloromethane 
(DCM) and dimethyl sulfoxide (DMSO), respectively.  
The prepared two transparent solutions were than further 
mixed under different weight ratios. (PLA/SDS-CS = 80/20; 
75/25; 60/40. Here the PLA only solution was marked  
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as PLA/SDS-CS = 100/0 for the comparison). The electros-
pinning PLA/SDS-CS solution was prepared with the total 
concentration of 3%. 

The electrospinning was performed at room temperature. 
The above mixed solution was placed into a plastic syringe 
(10 mL) equipped with a single nozzle. The electrospinning 
conditions were set as follows: The solution was supplied 
by a syringe pump which maintained at a constant feed rate 
of 0.5 ml/h. The positive electrode of a high voltage (25 kV) 
power supply was applied between the syringe tip and col-
lector. An aluminum foil was used as the collector, tip-to-
collector distance was fixed at 15 cm. The nanofibrous 
membranes were collected on the surface of aluminum foil 
and dried at room temperature in vacuum for 24 h.  

C. Analysis of Chitosan-Bland Polymer 

The morphology of electrospun nanofibers and the fibers 
diameter were significantly influenced by the composition 
of electrospinning solution [5]. The SEM micrographs  
and diameter distributions of electrospun PLA/SDS-CS 
nanofibers with different weight ratios from 80/20 to 60/40 
were shown in Fig. 2. With SDS-CS increasing, it was 
difficult to form continuous nanofibers, the nanofibers might 
show a large number of beaded structure. It could be seen 
that the uniform ultrafine electrospun PLA/SDS-CS 
nanofibers had smooth and homogeneous morphology. With 
the increasing proportion of CS, the average diameter of the 
nanofibers gradually decreased. Generally, it was known 
that CS was a polyelectrolyte and electrospinning of poly-
mers with higher polarity provided nanofibers with smaller 
diameters. Additionally, the influence of CS with lower 
weight could be explained by strong mobility. In this case, 
the PLA/SDS-CS solution was stretched into thinner fibers 
with smaller diameters than neat PLA nanofiber. 

Fourier transform infrared spectroscopy (FTIR) data ma-
nifested very important information about the inter-
molecular and intramolecular interactions in polymers. 
Figure 3 displayed the FTIR spectra of neat electrospun 
PLA fibers and PLA/SDS-CS blend fibers with different 
weight ratios, neat CS and SDS modified CS powder. Com-
pared with CS, the infra-red data of SDS modified CS 
showed the characteristic peaks at 1226 cm−1 (RO−SO3 − 
stretch) and 818 cm−1 (S−O stretch). The absorption bands 
at 2800–3000 cm−1 (CH2 stretch) significantly increased due 
to the existence of SDS. The result suggested SDS has been 
coupled onto the amino group of CS. The broad band at 
around 3400 cm−1 could be obviously observed (NH2 and 
OH stretches). The coupling effect of NH3

+ and SO3
− broa-

dened the shape of the peak, but no peak position change 
was observed. 

Figure 4 showed the EDS analysis results of casted  
thin film (A1, A2) and the electrospun fiber mats (B1, B2). 

Carbon atomic ration increased from 40% to 55% while 
chitosan content rose from 20% to 25%. Moreover, both 
casted thin film and electrospun fiber mat represents the 
similar results as results sowed.  

 

 

Fig. 2 SEM of casted film and electrospun fibers mat. 

 

Fig. 3 IR spectrum of casted thin film (A1) and the electrospun fiber  
mats (A2). 

 

Fig. 4 EDS of casted thin film (A1, A2) and the electrospun fiber mats 
(B1, B2). 

D. Analysis of Mineralized Membrane 
SEM images showed the surface morphology of HA mi-

neralized electrospun nanofiber mat which immersed in 
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self-designed double diffusion chamber for 24 and 48 h. As 
shown in Fig. 5, the electrospun fiber mat was fully covered 
by mineralized HA crystalline with highly uniformity. By 
using EDXA analysis, calcium phosphate crystals represent 
in the apatite form and these crystals was precipitated on the 
surface and also within in the interior pore region of mem-
brane. Moreover, the Ca/P ratio of apatite crystals increased 
from 1.9 to 2.7 when mineralization time was prolonged up 
to 48 h. 
 

 

Fig. 5 SEM images of various mineralization time (24 and 48 h). Button 
figures represents an enlarge images.  

Wide-angle X-ray diffraction was utilized to reveal the 
crystalline structure of electrospun nanofibers. Figure 6 
illustrated XRD patterns of PLA nanofibers, SDS-CS and 
PLA/SDS-CS nanofibers with different polymer weight 
ratios. Here SDS-CS was a semi-crystal polymer and its 
XRD patterns exhibited a sharp diffraction peaks at the 2θ 
angle of 6.5 o and 20.5o. The sharp diffraction peaks might 
be explained that SDS existing along the molecular chains 
to form crystal structure. Increasing the ratio of arranged 
molecular chains led to increase the polymer crystallinity. 
For PLA nanofibers,  

XRD pattern showed only broad diffraction peak at 
17.5o. The obtained diffraction patterns of PLA/SDS-CS 
nanofibers with various weight ratios exhibited almost the 
similar pattern as SDS-CS powder, however, but the posi-
tion of the characteristic peaks changed to 15 o and 20 o, 
which might cause by the influence of amorphous structure 
within the PLA.  

The X-ray diffractograms of mineralized membrane with-
in 48 h of immersion time is shown in Fig. 7. All the pat-
terns look similar and show a strong reflection with a broad 
peak around 31 (2θ), which the hydroxyapatite formed on 

chitosan matrix is in apatite structure and no other calcium 
phosphate phases such as tricalcium phosphate was ob-
served. The broader peak is due to the nano-crystalline of 
the nature apatite and a noise level exists in the diffraction 
data caused by the present of amorphous layer in the pre-
pared polymer. The broad peak at 2 θ of 31o is defined by 
lattice planes (211), (112) and (300) of hydroxyapatite [6]. 

 

 

Fig. 6 XRD pattern of prepared casted thin film (B1) and electrospun fiber 
(B2). 

 

Fig. 7 Effect of mineralization time on XRD patterns. 

III. CONCLUSIONS 

The chitosan-blended PLA nanofiber mat is successfully 
prepared by using electrospun technology. Mineralized 
crystals with apatite structure are precipitated on both  
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surface and inner connection pores of nanofiber mats via 
direct SBF immersion. Ca/P ration increased from 1.9 to 2.7 
while immersion time up to 48 h. The HA mineralized elec-
trospun CS/PLA nanofiber mat was successful prepared by 
combination of simple SBF immersion and electro-spinning 
technology.  
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Abstract— The purpose of this study was to develop kinds of 
multi-walled carbon nanotubes (MWCNT)-based materials, 
which could replace current autografts for neuron regenera-
tion. The alternative MWCNT films was developed by encap-
sulated chitosan. To evaluate the characteristics of MWCNT 
films after modification, the measurements of electrical con-
ductivity, contact angle and the degree of degradation were 
carried out. Two kinds of chitosan film preparation were de-
signed, one was the dish film and the other was microscope 
slide film. The microscope slide film was exterior, however, the 
dish film was wrinkling. Comparing the thickness by 
micrometer caliper, the thickness of the dish film was 0.1950 to 
0.0425 mm, and the microscope slide film was 0.0584 to 0.0109 
mm. This result indicated the microscope slide film was more 
suitable for the following experiment because of less error 
value. The contact angle of the chitosan film was measured 
between 60~90 deg, it indicated the film was more hydrophob-
ic. In order to achieve better biocompatibility, adding 
MWCNT significantly increased hydrophilicity of chitosan 
film. * 

Keywords— Carbon nanotubes, chitosan, NGF. 

I. INTRODUCTION  

Nerve damage is quite common the clinical problem 
which is caused by physical trauma, infection, traffic acci-
dents, sports injuries, stroke, aging and genetic diseases. 
With damage of the central nervous system (CNS), message 
transduction will be affected and functional impairment 
resulted. Therefore, repairing the damaged neuron is one of 
the most important way to treat those patients with neuron 
injury. 

To avoid rejection by immune system, traditional surgery 
for nerve repair usually uses autografts harvested from a 
remote site where minor sensory loss can be tolerated. Such 
treatment makes the best neurological recovery, but it still 
has lots of disadvantages, such as rare sources, repeated 
surgical interventions, multiple scars, hematoma, infection 
and painful neuroma formation. Recent studies, have dis-
closed some alternative materials for nerve repair. Among 
them, carbon nanotubes are kinds of new synthetic materials 
with properties of high strength, semiconductivity and sta-
bility, thus they have been wildly used in nerve repair. 
Nerve cells proliferation could be enhanced by electrical 
                                                           
* Corresponding author. 

stimulation, so the carbon nanotubes are best to be made 
into encapsulated materials.It is possible to create a tunnel 
in the materials so that electric current can pass through  
to stimulate nerve regeneration, then improve functional 
recovery. 

The purpose of this study was trying to develop a new 
multi-walled carbon nanotubes (MWCNT) with high activi-
ty and hydrophilic property. This modified materials of 
carbon nanotubes will be able to trap active compounds 
which are helpful for nerve repair. More studies such as 
biocompatibility should be carried out in the future. 

II. M ATERIALS AND METHODS 

A.  Materials 

Chitosan from crab shells (C3646-100G), NaCl (S5886), 
CNT(687804), 99.9% acetic acid(9012-76-4), Poly-L-
Lysine(P4707) were purchased from Sigma-Aldrich. NaH-
CO3 (3506-01), Na2HPO4 (3828-01), KH2PO4 (3246-01), 
EDTA (8991-01) and KCl (4001-01) were purchased from 
J.T. Baker (America). 

B.  Preparation of Purified CNTs 
MWCNTs was purified by mixed strong acid with sulfur-

ic acid and nitric acid which proportion is 3:2 under 100 ° C 
for 3 hours. After acid treatment method we repeatedly 
washed MWCNTs with milli-Q water by vacuum air pump 
until that pH value reached to neutral (pH = 7) and put it in 
the oven to dry for 24 hours. That obtained high purity 
MWCNTs[1]. 

C.  Preparation of Chitosan Film 
The primary preparation procedure of 3.5wt% solution of 

chitosan were as follows. Both 3.5 g of chitosan and 1.2 ml 
of 0.2 M acetate were dissolved into 100 ml of milli-Q wa-
ter under 50°C for 24 hours. Based on dry-wet process, take 
different milliliters of chitosan solution on a dish and a 
microscope slide, placed in ventilated place for 24 hours 
until the solvent has evaporated. The sample was then 
placed in oven of 50 ° C for 24 hours. The films were 
soaked into a solution of 1 M NaOH for 24 hours and 
washed with a large amount of milli-Q water repeatedly 
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Abstract— We have synthesized and characterized a novel 
zwitterionic nanocomposite hydrogel as effective chronic 
wound healing dressings. The hydrogel is composited of non-
fouling zwitterionic polymer as a major composition, plus 
small quantity of nano-sized clay for improved mechanical 
strength and in-situ formation silver nanoparticles for anti-
microbial function. The novel zwitterionic nanocomposite 
hydrogel possesses unique features, including 1. biocmpatibili-
ty; 2. high water content; 3. anti-biofouling properties; 4. 
strong durability; 5. suppression of bacterial growth; 6. con-
trolled release of Ag ions. These features allow developed for-
mulation becoming extraordinary chronic wound dressing for 
clinical applications.The hydrogel was fabricated via a “one-
pot synthesis” approach and the physicochemical properties 
were characterized detail. Moreover, the antifouling properties 
of hydrogels were evaluated in contact with a protein and 
bacterial solutions.* 

Keywords— Zwitterionic hydrogel, chronic wound healing 
dressings, silver nanoparticles, antifouing properties.  

I. INTRODUCTION 

The management for the chronic wounds, such as pres-
sure sore, diabetic foot wound and vein/arterial ulceration 
wound, is a critical issue and remains great challenge in the 
medical care. They exist long healing time (>12 weeks) and 
persistent wound infection. So far, the commercial wound 
dressing products on the market are insufficient for rapid 
and scar-less healing at reasonable cost with minimal in-
convenience to the patient. Generally, the ideal wound 
dressings should provide a warm moist environment, re-
moval of excess exudate and prevention of harmful bacteria 
into the wound. Besides, the anti-fouling properties of 
dressings are realized of importance in healing, especially 
during frequent change of dressing in clinical practices. 
Currently, a new emerging class of polymeric biomaterials, 
called zwitterionic polymers, has attracted a great deal at-
tention due to its superhydrophilic and charge-balanced 
characteristics, which are primary factors for antifouling 
materials. These zwitterionic materials have been used for 
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resisting biofouling of proteins, cells and bacteria, showing 
their excellent and advantageous capabilities over tradition-
al poly(ethylene glycol) (PEG).The hydrogel based wound 
healing dressing can effectively retain hydration of micro-
environment for injured wound and promote the healing 
process. Besides to nonfouling properties, the zwitterionic 
hydrogels were recognized as the best materials to adsorb 
and storage water. The achievement has not been accom-
plished by other types of hydrophilic materials. However, 
the weak mechanical strength of hydrogel typically is unfa-
vorable for the practical operation for clinical uses. Mean-
while, although the non-sticking properties of zwitterionic 
hydrogels, the bacteria from patients or environment could 
not be removed from the surfaces of materials without ex-
ternal forces, such as flowing stream. The adherent bacteria 
may cluster together and eventually result in the formation 
of biofilms. Therefore, in this study, we will combine the 
unique characteristics of the raw materials, i.e. zwitterionic 
polymer, nano-clay and Ag nanoparticles, together to de-
velop novel zwitterionic nanocomposites for wound  
dressing, which possess strongly hydrated, non-sticking, 
mechanically durable and anti-microbial properties for the 
treatment of chronic wound healing. 

II. MATERIALS AND METHODS 

A. Materials 

The zwitterionic sulfobetaine monomers used here were 
N,N-dimethyl(acrylamidopropyl) ammonium propanesulfo-
nate(SBAA).2-Hydroxyethyl methacrylate (HEMA) 
(97%)was purchased from Acros organics.Oxygen dis-
solved in the purified water was removed by bubbling with 
nitrogen gas for more than 3 hours prior to use.The SBAA 
monomer was synthesized in a manner similar to that re-
ported by Seubert et al. 

B. Synthesis of Zwitterionic Nanocomposite Hydrogels 

Zwitterionic hydrogels were prepared by creating solu-
tions of sulfobetaine acrylamide and 2-hydroxyethyl metha-
crylate monomers in deionized water. The concentration of 
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monomer was 50% by weight. To these solutions, the clay 
(Laponite, XLS, Rockwood) was added at a weight ratio of 
5 % and silver nitrate was 0.01M. For the crosslinker addi-
tion, the crosslinker Poly(ethylene glycol) methyl ether 
methacrylate was added at a cross-linker ratio of 1 % mole 
ratio to monomer. After sonication in an ice bath to prevent 
premature polymerization, the initiator, potassium persul-
fate,was added at 1M to the solutions and the cata-
lyst,TEMED, 1ml homogenized by stirring at ice water  
temperature. Then, using UV 362 nm to reduce silver nano-
particle on clays surface within the hydrogel networks for 2 
hours. Finally, free-radical polymerization was then allowed 
to proceed for 20 h at room temperature. The gels were then 
removed from the slides and immersed in phosphate-
buffered saline (PBS) to hydrate. This hydration water was 
changed daily for 5 days to remove unreacted chemicals and 
excess salt. 

C. Characterization of Silver Nanoparticle Formation of 
Hydrogels 

The Ag nanoparticles in the hydrogels were characterized 
by UV-vis absorption using a JASCO V-630 spectrophoto-
meter. The UV absorption was measured at the concentra-
tion of 0.1 g crushed sample in 3.0 ml of distilled water. The 
range of scanning was set from 300 nm to 800 nm. 

D. Swelling Ratio of Hydrogels in Difference Solution  

The nanocomposite hydrogels are placed in the presence 
of the solutions of difference salt concentration for deter-
mining the water absorbing properties of materials. The 
dried hydrogels is immersed in deionized water (ddH2O), 
phosphate buffered saline (PBS) and aqueous solution con-
taining 1M NaCl for 48 hours at room temperature on a 
roller mixer. After swelling, the hydrogels are dried in oven 
60oC for 1 day and under vacuum 60 oC 1 day. The swelling 
is calculated as follows: 

Swelling(φ)=(Ws-Wd)/Ws*100%  (1) 

Where Ws and Wd represent weights of swollen and dried 
hydrogels, respectively  

E. Measurement of Mechanical Property of Hydrogels 

Compressive properties of each hydrogel were deter-
mined using an Instron 4467 mechanical tester with a 10N 
load cell. Cylindrical samples with a size of 1 cm in diame-
ter and ~1 cm height are compressed to failure at a rate of 1 
mm/min. The modulus was calculated from the linear por-
tion of the stress-strain curves. 

F. Anti-protein Fouling Properties of Hydrogels 
The adsorption of bovine serum albumin (BSA) on the 

hydrogel disks was evaluated using the enzyme-linked  
immunosorbent assay (ELISA) method. The ELISA mea-
surement was repeated using six independent disks (n = 3 in 
total)for each hydrogel substrate and the average result was 
reported. 

G. Anti-bacterial Fouling Property of Hydrogels 
Staphylococcus epidermidis was used to investigate bac-

terial adhesion behavior on the surface of hydrogels.  
S. epidermidis was cultured in a Luria−Bertani solution over 
night. These cultures were incubated at 37 °C and were 
shaken at 100 rpm.Then,centrifugation of bacterial solu-
tion,4000 rpm,10mins,to transfer bacterial suspension into 
PBS buffer.Dilution of bacterial suspension concentration 
with UV-vis absorption 670 nm to 0.1. The hydrogel disks 
were incubated with 75 wt % ethanol for 1 h at 25 °C and 
washed by PBS 3 times in a 24-well plate. A total of 2 mL 
of bacteria suspension was added to sample. The bacteria 
were then incubated with the samples for 3 hours in incuba-
tor, 37 °C, CO2 . The bacterial solution was removed after 3 
hours and each sample was then washed with PBS 3 times 
to remove the attached bacteria. Bacteria adhering to the 
sample surfaces were stained with 20 μL of Live/Dead Bac-
Light for 10 min. After washing with PBS three times, sam-
ples with stained bacteria were observed with a CCD camera 
mounted on CCD-Cool SNAP camera (Roper scientific, Inc., 
USA) and epifluorescent illumination through a FITC filter.  

H. Anti-bacterial Property of Hydrogels 
The anti-bacterial effect of hydrogels involving honey 

was examined on agar plates inoculated with Staphylococ-
cus epidermidis(S.epidermidis) and Pseudomonas aerugino-
sa(P. aeruginosa) by using the inhibition of zone tests. The 
anti-bacterial experiment were prepared by smearing with 2 
mL freshly grown bacterial inoculums and put on several 
the hydrogels(1 x 1 cm2) on plate, then incubated at 37 oC in 
incubator1 for 12 h.  

III. RESULTS AND DISCUSSION 

A. Silver Nanoparticle Formation in Hydrogels 

In Fig. 1, samples of SBAA hydrogel and hydrogel con-
taining Ag nanoparticles were examined using a UV-vis 
spectrophotometer to confirm the existence of Ag. As 
shown, the clear absorption at λ=398 nm is observed for the 
sample of SBAA+Ag, which reflects the reduction of Ag0 
from Ag+ during the polymerization of SB materials. 
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Fig. 1 The UV-vis spectroscopic spectrum for SBAA and SBAA+Ag 

nanocomposite hydrogels. 

B. Swelling Ratio of Hydrogels in Difference Solution 

We prepared nanocomposite hydrogels from SBAA, 
SBAA with silver nanoparticles in comparison with HEMA. 
The samples were immersed in deionized water, PBS and 
1M NaCl solutions for 48 h, followed by weighting for 
swelling ratios. The different hydrogels swelling ratios in 
difference solutions were shown in Fig. 2. The swelling 
ratios for SBAA in DI, PBS and 1N NaCl are φ = 77±0.4 %, 
84±0.3 % and 84±0.3 %. The swelling ratios for SBAA with 
silver nanoparticles in DI, PBS and 1N NaCl are φ =75±0.2 
%,85±1.3 % and 84±1.4 %. The swelling ratios for HEMA 
in DI, PBS and 1N NaCl are φ = and 72±1.5 %, 61±0.1 % 
and 56±0.9 %. 

 

Fig. 2 Hydrogel swelling ratios in difference solutions. 

Obviously, the swelling ratios change with composition 
of gels and environments. The SBAA-based materials exhi-
bited higher water contents in all conditions than HEMA-
based materials. Presence of silver nanoparticles does not  
 

 

influence the hydration of nanocomposites significantly. 
Meanwhile, the finding indicates that the nanocomposite 
hydrogels absorbed water molecules in high ionic strength 
environments, such as PBS, particular for the SBAA-based 
hydrogels. This proves the unique properties of zwitterionic 
materials, i.e. the “anti-polyelectrolyte effect”[1] the ion-
induced hydration enables us to manipulate the architecture 
and conformation of zwitterionic materials to be responsive 
smart polymeric devices for future applications.  

C. Measurement of Compression Modulus of Hydrogels 
The zwitterionic hydrogels studied so far have shown low 

mechanical strength, which limits their potential biological 
uses[2]. So,we added clay into zwitterionic hydrogels to 
improve stiffness of materials.In Fig. 3, we added difference 
weight percentage of clay in hydrogels and measure the 
compressive modulus. 

 

Fig. 3 The compressive modulus histogram of difference weight percen-
tage clay in hydrogels.  

In Fig. 3,we can find the positive correlation of compres-
sive modulus when clay percentage increases in all hydrogels. 
But the compressive modulus of SBAA-based hydrogels 
exhibited higher compressive modulus than SBMA-based 
hydrogels. In the Zhao et al. study, they proved the acrylamide 
structure have more hydrogen bond between water molecules 
than acrylate structure. So, we suggested acrylamide exhibits 
inter/intra molecular interaction via hydrogen boding.   

D. Anti-protein Fouling Properties of Hydrogels 

In the present work, we investigated the non-specific pro-
tein adsorption of bovin serum albumin(BSA) on the hydro-
gel. The adsorption of BSA on the hydrogel was evaluated 
using the enzyme-linked immunosorbent assay (ELISA) 
method. The result in the Fig. 4.  

AgNP Plasmonic Resonance 
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Fig. 4 The relative comparison of protein adsorption on hydrogels surface 

was evaluate by ELISA,detected absorption on 450nm.     

From Fig. 4, the hydrogels of SBAA and SBAA/Ag NPs 
have lower degree of protein adsorption than HEMA  
hydrogel. So,we suggested that the hydrogels of SBAA and 
SBAA/Ag NPs can reduce protein fouling when frequency 
change wound dressings. 

E. Anti-bacterial Fouling Property of Hydrogels 
In Fig. 9, S. epidermidis was in contact with SBAA 

(left)and HEMA(right) hydrogel for 3 h, and observed under 
fluorescence microscope after staining. The amount of adhe-
rent bacteria on HEMA hydrogel was significantly higher 
than that on SBAA hydrogel. We nearly cannot see the 
existence of bacteria on SBAA hydrogel, which proves the 
excellent antifouling properties of pSBAA hydrogels. 

 
Fig. 5 The S. epidermidis was in contact with SBAA hydrogel (a) and 

HEMA hydrogel (b) for 3 hours, and observed under fluorescence micro-
scope after staining. 

F. Anti-bacterial Property of Hydrogels 

In Fig. 6 shows the effectiveness of nanocomposite hy-
drogels to kill bacteria on agar plates. The parallel compari-
son experiment was performed with SBAA/MA hydrogel 
without reduction of Ag nanoparticles and SBAA/MA na-
nocomposite with Ag nanoparticles . The white hazy areas 
indicate bacterial growth, whilst the more transparent areas  
 

surrounding the Ag nanocomposite hydrogel indicate bacte-
ria free region or zones of inhibition. This result provides 
strong evidence of anti-microbial properties of nanocompo-
site hydrogels arising due to the presence of the Ag nano-
particles. 

 
Fig. 6 The S. epidermidis(A) and P. aeruginosa(B) was in contact with 

SBAA/MA and SBAA/MA+Ag hydrogel. 

IV. CONCLUSION 

In this work, we successfully synthesized novel nonfouling 
zwitterionic nanocomposite hydrogels and present the func-
tions of materials as wound dressing. The zwitterionic  
nanocomposite hydrogels have higher water absorption than 
nonionic hydrophilic hydrogel in physiological environment 
(i.e. PBS). In the bio-fouling tests, the zwitterionic nanocom-
posite hydrogels can reduce bovine serum protein and S. 
epidermidis to adsorption on surface. We confirmed the pres-
ence of Ag nanoparticles in the network of hydrogel by using 
UV-vis spectroscope. This nanocomposite hydrogel exhibits 
excellent capability to repress the growth of bacteria.Finally, 
the mechanical property of hydrogel was enhanced by adding 
clay to increase durability in operation. This novel zwitterio-
nic nanocomposite hydrogel has potential to become a new 
generation of chronic wounds dressing.  
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Abstract— Gene delivery by non-viral vectors is limited by 
cytotoxicity. In this study, we transferred plasmid DNA into 
stem cells by seeding cells on substrates with different physico-
chemical properties. Gene entry was facilitated by the activa-
tion of integrins and cell motility on different material surface. 
The finding could be used to screen materials that promote cell 
migration and endocytosis.* 

Keywords— substrates, gene delivery, cell motility, integrin.  

I. INTRODUCTION 

Cells are very sensitive to the cell culture surface. Sub-
strate topography can modulate stem cell function and  
endocytosis [1]. The culture substrates can enhance mesen-
chymal stem cells forming three-dimensional spheroids and 
facilitate the transfection efficiency [2]. The topography 
may also activate the integrins. The distribution and turno-
ver of integrin receptors influence cell behavior and endocy-
tosis [3,4]. Knockdown of integrin β1 by siRNA inhibits the 
cell migration and endocytosis [5]. 

Since substrates can modulate integrin receptor [3] and 
endocytosis [2] while integrin receptor is associated with 
endocytosis and migration [5], we assume that substrates 
that promote cell motility may mediate endocytosis  
(Fig 1a). In this study, the migration and gene transfer of 
human umbilical cord mesenchymal stem cells (UCMSCs) 
were investigated on substrates with different physico-
chemical features. This could be used to design materials 
for promoting gene delivery. 

II. WRITING THE PAPER 

A. Preparation of Hyaluronan-Modified Chitosan (CS-HA) 
Membranes 

The Chitosan powder molecular weight was ~ 510 kDa 
and the degree of deacetylation was ~77%. Hyaluronan 
molecular weight was about 2,500 kDa. To prepare CS-HA 
membranes, chitosan was dissolved in 1% acetic acid, and 
coated on coverslip glass (~300 μl). After dry, the HA solu-
tion (3mg/ml, ~300 μl) was dropped onto the glass. The  
CS-HA coated coverslip glass was crosslinking by 
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ethyl(dimethylaminopropyl) carbodiimide/N-hydroxysucci-
nimide for 48 h and then washed with PBS before the cell 
study.  

B. Preparation of Polyurethane (PU) Films and Grooves 
To prepare PU films (Flat), 300 μl of PU dispersion was 

directly coated on coverslip glass. To prepare PU grooves 
(Groove), templates were first made of micropatterned sili-
con wafer (microgrooves with 3 μm depth and the aligned 
ridges and grooves with spacing size of 20 μm). 
Poly(dimethylsiloxane) (PDMS) was used to produce the 
submaster templates. The PDMS templates were covered by 
2.5 ml of PU dispersion and the coverslip glass was placed 
on the template to print the pattern. After dried, the cover-
slip glass with PU grooves was removed from the templates. 

C. Electrospinning of PU Random Fibers and Aligned 
Fibers 

Thin PU films were first cast on coverslip glass from 100 
μl of PU dispersion at 5000 rpm for 20 s. On the thin PU 
films, random and aligned PU fibers were deposited by 
electrospinning. Dried PU was dissolved in a co-sovlent 
comprising 2,2,2-Trifluoroethanol (TFE) and N,N-
Dimethylacetamide (DMAc) (TFE:DMAc= 54.5:35.5 
weight ratio) to achieve a concentration of 10 wt% PU. The 
flow rate was fixed at 10 μl/min and the high-voltage power 
supply was set at 20 kV. For random fibers (ES), the coated 
glass was placed on an aluminum plate at a distance of 32 
cm for collection. For aligned fibers (Aligned-ES), the 
coated glass was taped on a rotating disk at a distance of 5 
cm with a rotation speed of 900 rpm. The collection time 
was 20 min for both fibers. 

D. Stem Cell Culture and Transfection of Plasmid DNA 
Human UCMSCs (BIONET Corp) were used passages 6 

to 8 for the study. UCMSCs were seeded (5×104 cells)  
onto different substrates and cultured with 1 ml of serum-
free medium that contained 1 μg naked GATA4 plasmid 
(encoded GFP fluorescence is shown in Fig. 1b) for 12 h 
and then the medium was changed to 10% serum-containing 
medium without plasmids. At 60 h after cell seeding, cells 
were collected for gene expression experiment. Real-time 
RT-PCR was used to analyze the gene expression. The 
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expression of ITGα5, and ITGβ1 were determined at 12 h, 
and for the expression of GATA4 were determined at 60 h. 
All expression levels were normalized to GAPDH. 

E. Analysis of Cell Migration 
For time-lapse examination of UCMSCs motility, the da-

ta were recorded by a real-time Cultured Cell Monitoring 
System for 48 h at 10 min intervals. Cell migration distance 
was determined by the ImageJ software. The cell migration 
rate was calculated as the travelling distance divided by the 
total recording time (60 h).  

III. RESULTS 

The morphology of UCMSCs cultured with the naked 
GATA4 plasmid on TCPS, CS-HA, Flat, ES, Aligned-ES, and 
Groove for 24 h are shown in Fig. 2a. UCMSCs on CS-HA 
formed spheroids and those on TCPS and ES were attached 
with fully spread morphology. In contrast, a part of cells 
formed spheroids and the other part of cells were attached 
with spread morphology on Flat, aligned-ES, and Groove. 

 

Fig. 1 (a) Schematics of the different materials and topography inducing 
naked gene delivery. (b) The structure map of the GATA4 plasmid DNA. 

 

Fig. 2 (a) The morphology of UCMSCs cultured on TCPS, CS-HA, PU 
Flat, ES, Aaligned-ES, and Groove. (b,c) Transfectability of UCMSCs 
expressed as the level of GATA4 gene expression on different materials. 
The statistical significance difference was evaluated by one-way analysis 
of variance (ANOVA). **, p< 0.01; ***, p< 0.001.  

The GATA4 expression levels of UCMSCs after trans-
fection of the naked GATA4 plasmid on various materials  
 

are shown in Fig. 2b-c. In particular, cells transfected on 
CS-HA, Flat, Aligned-ES and Groove showed more 
GATA4 expression than those on TCPS and ES. 

The ITGβ1 and ITGα5 gene expressions of UCMSCs for 
12 h on various materials are shown in Fig. 3a-d. The gene 
expression of ITGα5 had the same tendency as that of 
ITGβ1 on different materials. The highest expression levels 
of these two genes were observed on Groove. The migration 
rate of UCMSCs cultured on various materials for 60 h is 
shown in Fig. 3e-f. The cell migration rates on CS-HA and 
on Groove were similar (~150 μm/h). Cells on TCPS and 
ES migrated slower (~80 μm/h) than those on the other 
materials. 

 

Fig. 3 The expression of integrin at 12 h post cell seeding, including that of 
(a,b) ITGβ1, and (c,d) ITGα5 on different materials. (e,f) The cell migra-
tion rate on different materials. *, p<0.05; **, p<0.01; ***, p<0.001. 

IV. DISCUSSION 

Previous literature has explored the surface designs of 
material to affect cell function [6] and improve gene deli-
very [7]. The surface structures may also play a key role in 
gene delivery and cell morphology. The activation of inte-
grins can affect the cell motility and endocytosis [5]. 

We hypothesized that the surface properties of a culture 
substrate may change the cell morphology and then affect 
the endocytosis. Cells that formed spheroids may move 
faster and enhance the transfection efficiency. We also 
suggested that different integrins may be activated by the 
substrate materials, changing cell motility and endocytosis.  

V. CONCLUSIONS  

Substrate materials may be designed to increase the 
transfection of GATA4 plasmid into UCMSCs. The mate-
rials with unique physico-chemical properties can activate 
the integrins and affect the cell motility, thereby enhancing 
the transfectability.  
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Abstract— Diabetes mellitus is one of the most common dis-
eases in the world and can causemany types of neuropathies, 
and even mortality. It is therefore important to understand 
how diabetes mellitus alters the mechanical properties of nerve 
tissues and their blood vessels. In this study, in situ compres-
sion-and-hold circular compression tests were applied to the 
sciatic nerves of both diabetic rats and normal rats. Doppler 
optical coherence tomography (Doppler OCT) was then uti-
lized to monitor the configuration of the arterioles in two 
groups of rats. The force data acquired in the compression 
tests were fitted by using Fung’s quasi-linear viscoelastic mod-
el (QLV) to determine the viscoelasticity of the nerves. The 
results show that the nerves in the diabetic group had a longer 
relaxation time than those in the normal group. Consequently, 
the Doppler OCT observations reveal that in contrast to the 
normal arterioles, the diabetic arterioles did not dilate in the 
relaxation phase. The results of the force data integrated with 
the corresponding arteriole dilatation images may explain why 
the diabetic patients are more prone to carpal tunnel syn-
drome. The results may facilitate developing new approaches 
for treating diabetic neuropathy and for nerve repair and 
regeneration.* 

Keywords— diabetic mellitus, nerve tissue, arterioles, quasi-
linear viscoelasticity, Doppler optical coherence tomography.  

I. INTRODUCTION 

Diabetes mellitus is one of the most common diseases in 
the world and can cause many types of neuropathies, and 
even mortality. Diabetes induces abnormalities in the blood 
vessels within nerve tissues and causes nerve ischemia, 
which leads to a degeneration of the nerve fiber. In develop-
ing new treatments for diabetes, it is therefore important to 
understand how diabetes mellitus alters the mechanical 
properties of nerves and their blood vessels. 

Sunderland and Walsh [1] investigated the axial stress-
strain properties of human nerves removed from autopsy 
specimens within 12 hours. The results showed that the 
peripheral nerve trunks elongated elastically with an  
increasing load to a certain point and then showed a semi-
plastic deformation behavior thereafter. Rydevik and Lund-
borg [2, 3] used a specially designed compression chamber 
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to examine the variation of the nerve conduction speed due 
to external pressure. It was shown that under a pressure of 
200-400 mmHg, the nerve was injured even when the pres-
sure was applied for only a few minutes. Kwan and Hanno 
[4] examined the viscoelastic property of living nerves, but 
did not consider how the material constants of the nerves 
could be determined using a viscoelastic model. In general, 
the above studies investigated the mechanical properties of 
nerves and try to explain how traumas result in nerve tissue 
injury. However, chronic diseases, e.g., diabetes mellitus, 
are another important category of etiologies in causing  
neuropathies.  

In our past studies [5], in situ compression-and-hold cir-
cular compression was used to analyzed the material proper-
ties of diabetic nerves using Fung’s QLV model [6]. The 
results revealed that in contrast to normal nerves, diabetic 
nerves took a longer time to reach equilibrium during the 
relaxation phase. However, the study did not consider the 
effect of compression on arterioles (vesa nervonum). 

Accordingly, in this study, the compression-and-hold 
testing device is integrated with the Doppler optical cohe-
rence tomography (OCT) to acquire the force responses and 
corresponding images of arterioles of nerves in both diabet-
ic rats as well as normal rats. The main goal of this study is 
to investigate the differences of responses to compression in 
diabetic and normal arterioles within their sciatic nerves. 

II. MATERIALS AND METHODS 

A. Samples Preparation 
The present experiments were performed using a normal 

and a diabetic neuropathic Wistar rats with weights ranging 
from 550-700 g. Diabetes mellitus was induced in the six 
rats by means of a single injection of streptozotocin (STZ) 
three months prior to the experiments. All of the rats were 
anesthetized by injecting 0.05 ml/100 g of Zoletil- 50, and a 
cut with a length of around 5-7 cm was made at the lateral 
thigh in order to reveal the sciatic nerve. The nerve was 
encircled by a polypropylene (PP) sheet and the rat was then 
transferred to the experimental system shown in Fig. 1 in 
order to perform the compression tests. 
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Fig 1. Circular compression apparatus and OCT setup and the geometry of 

polypropylene (PP) sheet 

B. Experimental Setup 
Prior to each compression test, the nerve was precondi-

tioned by repeated (6 times) cyclic compression to a strain 
of 0.1 at the strain rate 0.01 s-1 in order to stabilize the inter-
nal structure of the nerve[6]. Compression-and-hold tests 
were performed to obtain the stress and strain histories of 
the sciatic nerves in both the normal and the diabetic rats. 
The nerve was compressed to a final strain of 0.1 under 
strain rate of 0.01 s-1. After that the nerve was held at the 
final strain of 0.1 for 240 s and then the compression force 
was removed.  

For each sample, the force data collected during the three 
compression tests were converted to the radial compressive 
stress (σr) and strain (εr) according to our previous study [5] 
as: 
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where T1 is the tension of the PP sheet, w is the width of the 
PP sheet, μ is the kinetic friction coefficient between the PP 
sheet and the nerve, and r and r0 are the radius of the nerve 

under tension T1 and the initial radius of the nerve,  
respectively.  

C. Image and Data Analysis 
The cross-sectional images of the sciatic nerves were 

captured by THORLABS SS-Doppler OCT software and 
were rendered to image sequence format to better examine 
the dilatation of the arterioles. The image was then inte-
grated with the stress data in order to establish the relation-
ship between the recorded stress values and the arteriole 
dilation. Finally, the viscoelasticity of the nerve were fitted 
by using the QLV model[6], which was described in details 
in the previous study [5]. 

III. RESULTS AND DISCUSSIONS 

Figure 2 shows the typical stress-strain curve of a normal 
rat nerve tissue and its corresponding images captured by 
Doppler OCT. The typical curve fitting result is shown in 
the lower plot of Figure 2(a). The stress responses are fitted 
by QLV model with the relaxation time constant τε = 112.9. 
From Figure 2(b), the dilatation of the arteriole can be clear-
ly seen in the normal rats. At the beginning, the arteriole 
collapses due to the compression (Fig. 2(b) i & ii). After 
110 seconds (Fig. 2(b) iii), the arteriole dilates gradually 
and finally returns to its original size after 190 seconds  
(Fig. 2(b) iv). 

Figure 3 shows the typical stress-strain curve of a diabetic 
rat nerve and its corresponding images captured by Doppler 
OCT. In contract to the normal rat nerve, in diabetic rat nerve 
τε value is greater (τε = 1000), which means the diabetic 
nerve takes longer time to relax to steady stress state. From 
Figure 3(b), the arteriole does not dilate even to the end of the 
recording in the relaxation phase (Fig. 3(b) ii, iii, iv). 

The results show that the relaxation time of a nerve will 
influence the dilatation of arteriole. The arteriole inside a 
normal nerve dilates at the relaxation phase but that in the 
diabetic nerve tissue does not. In physiological environ-
ment, a nerve is usually compressed by muscle around it. If 
the material properties of the nerve change, the arterioles 
will collapse when the muscles contract, just as similar to 
the condition observed in the experiment. In addition, the 
dilatability of diabetic blood vessel is smaller than normal 
blood vessel[7]. This will cause ischemia of the nerve and 
result in nerve degeneration [2, 3]. 

The methodology developed in this study may offer an 
objective and relatively non-invasive way to evaluate the 
mechanical properties of vessels inside a nerve and the 
results may help to explain the pathophysiology of diabetic 
polyneuropathy.  Further analyses on the loads on the 
buckling of arterioles are on-going. 
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Fig 2. (a) Stress-strain curve of normal nerve tissue measured (blue solid 
line) and analyzed by QLV model curve fitting (red dotted line). (b) Cor-

responding tissue images captured by Doppler OCT 

 
 
 
 
 
 
 
 

 

 

Fig 3. (a) Stress-strain curve of diabetic nerve tissue measured (blue solid 
line) and analyzed by QLV model curve fitting (red dotted line). (b) Cor-

responding diabetic tissue images captured by Doppler OCT 
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Abstract— In the context of biological applications, the 
timely delivery of molecules can be critical for cellular and 
organ function. As such, previous studies have demonstrated 
the superior long-term protein delivery, by way of protein 
tethering onto bioengineered scaffolds, compared to 
conventional delivery of soluble protein in vitro and in vivo. 
Despite such benefits little knowledge exists regarding the 
stability, release kinetics, longevity, activation of intracellular 
pathway and functionality of these proteins over time. By way 
of example, here we examined the stability, degradation and 
functionality of a protein, glial derived neurotrophic factor 
(GDNF), which is known to influence neuronal survival, 
differentiation and neurite morphogenesis. Enzyme-linked 
immuno-sorbent assays revealed that GDNF, covalently 
tethered onto polycaprolactone electrospun nanofibrous 
scaffolds, remained present on the scaffold surface for 120 
days, with no evidence of protein leaching or degradation. The 
tethered GDNF protein remained functional and capable of 
activating downstream signalling cascades, as revealed by its 
capacity to phosphorylate intracellular Erk in a neural cell 
line. Furthermore, immobilisation of GDNF protein promoted 
cell survival and differentiation in culture at both 3 and 7 days. 
This study provides important evidence of the stability and 
functionality kinetics of tethered molecules. * 

Keywords— protein tethering, scaffolds, stability, neurons.  

I. INTRODUCTION 

Soluble proteins in their natural physiological environment 
execute their function and are then degraded by enzymes, 
oxidation, hydrolysis and other reactions over relatively short 
periods of time, thereby losing their original bio-
functionality. As such, repeated synthesis and delivery from 
the local environment is required for ongoing activity [1]. 
Consequently there is increasing interest to develop improved 
methodologies to enable the stable delivery of molecules and 
proteins, and to ensure these factors can be administered in 
temporally and spatially appropriate manners. Work by us 
has already demonstrated demonstrated that when tethered 
onto electrospun nanofibrous scaffolds both brain derived 
neurotrophic factor (BDNF) and glial-cell derived 
neurotrophic factor (GDNF) were capable of promoting 
neural stem cell proliferation and influencing differentiation 
                                                           
* Corresponding authors.  

in vitro to a greater extent than culturing cells in the presence 
of soluble protein [2, 3]. Furthermore, tethered GDNF 
maintained long-term biofunctionality in vivo, supporting the 
survival, differentiation, and integration of transplanted 
neural stem cells for up to 28 days [3].  

Despite evidence for the benefit of immobilised proteins, 
little attention has been paid to the amount of protein 
tethered to biomaterial surfaces, stability and longevity of 
tethered proteins, activation of intracellular signalling 
pathway. Here we investigated the stability of a tethered 
protein, GDNF, its activation of intracellular signalling 
pathway, and its functionality. GDNF represents an 
example whereby prolonged protein delivery could have a 
significant impact on stem cell populations in vitro, disease 
progression and disease treatment.  

II. EXPERIMENTAL PROCEDURES 

A. Synthesis of Electrospun Scaffolds and Protein 
Tethering 

Electrospun fibres were produced from polycaprolactone 
(PCL, Mn 70-90k), dissolved in a 3:1 (v/v) solution of 
chloroform and methanol respectively. Spinning was 
performed at room temperature using a 20 kV voltage, a 
21G needle, a 2 mL/hr flow rate, and a 13 cm working 
distance. The scaffolds were then aminolysed by immersion 
in 0.05 M ethylene diamine (ED), diluted in 2-propanol 
(Merck Pty) for 15 minutes. For immobilisation of GDNF 
onto PCL scaffolds, 4-(N-maleimidomethyl) cyclohexane-
1-carboxylic acid 3-sulfo-N- hydroxy-succinimide ester 
sodium salt (sulfo-SMCC) was used as a cross-linker. The 
PCL scaffolds were immersed in the sulfo-SMCC solution 
(2.5 mg/mL in PBS) for 2 hours at room temperature, then 
transferred to a GDNF solution (4 mg/ml) overnight at 4 °C.  

B. Enzyme-linked immunoabsorbent assay (ELISA) 
Scaffolds were incubated in 1 mg/mL of goat anti-GDNF 

antibody (R & D Systems) containing 5% donkey serum in 
PBST (PBS containing 0.05% Tween-20) for 2 hours. The 
scaffolds were washed three times in PBST before being 
immersed in anti-goat horseradish peroxidase (HRP, 1:2000 
in PBST solution containing 2% donkey serum) for 1 hour. 
Scaffolds were assessed by colour development using TMB 
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microwell peroxidase system (R & D). 30 μl of 1M HCl 
was added to stop the reaction, and the absorbance (at 450 
nm) was measured with a plate reader (SpectraMax).  

C. BET Surface Area Analysis of PCL Scaffolds 
Brunauer-Emmett-Teller (BET) surface area analysis was 

performed using a micromeritics TriStar II surface area and 
porosity instrument to determine the surface area of the 
scaffolds [4], and subsequently the amount of GDNF 
tethered onto the PCL surface.  

D. Immunoblotting 
The dopaminergic neural stem cell line, SN4741, was 

cultured in DMEM, 10% FBS, L-glutamine (2 mM), 
penicillin/streptomycin (50 U/ml), and glucose (0.6%). For 
analysis of intracellular GDNF signalling, 100,000 cells 
were seeded; and at 70% confluency the cells were changed 
into serum-free media with or without GDNF (soluble, 
30ng/ml or immobilised) prior to being lysed in ice-cold 
buffer (containing 20 mM Tris-Cl, pH 7.5, 150 mM NaCl, 
1% Triton X-100, 1% protease inhibitor cocktail, 50 mM 
NaF, and 0.2 mM Na3VO4) for 20 minutes on ice.  Lysates 
were centrifuged at 14,000 rpm for 20 minute at 4 °C to 
collect supernatants. Protein was quantified using the 
bicinchoninic acid assay kit. Protein (50 µg) was 
electrophoresed through 12.5% SDS polyacrylamide gels 
and transferred to Immobilon PVDF-FL membarne 
(Millipore). Membranes were blocked with 5% skim milk in 
Tris-buffered saline with Tween-20 (TBST), and incubated 
with mouse pErk1,2 (1:2,000) and rabbit total Erk1,2 
(1:1,000) antibodies in 3% BSA in TBST overnight at 4 °C. 
Blots were washed and incubated with IRDYe 680 and 
800CW conjugated secondary antibodies (1:10,000) and 
detected using the Odyssey Classic system.  

E. Microdissection and Culturing of Cortical Neural Stem 
Cells/Progenitors  

All procedures were conducted in accordance with the 
Australian National Health and Medical Research Council’s 
published Code of Practice for the Use of Animals in 
Research, and experiments were approved by the Florey 
Neuroscience Institute animal ethics committee. The 
collected embryos (embryonic day 11.5) were immersed in 
chilled L15 medium (invitrogen), the brains removed and 
ventral midbrain microdissected. Subsequently the tissue 
was incubated in 0.1% DNase and 0.05% trypsin (in HBSS) 
for 15 minutes. Finally, the tissue was dissociated in N2 
media consisting of a 1:1 mixture of F12 and MEM 
supplemented with 15 mM HEPES buffer, 1 mM glutamine, 
6 mg/ml glucose, 1.5 mg/ml bovine serum albumin, and 1% 
N2 supplement. Cells were seeded at a density of 175,000 
cells/cm2 and incubated at 37 oC in 5% CO2. 

F. Immunocytochemistry 
Fixed cultures were incubated overnight in the following 

primary antibodies: mouse anti-β tubulin (TUJ1, 1:1500) 
and rabbit anti-tyrosine hydroxylase (TH, 1:400). Cultures 
were then washed in PBS before secondary antibodies were 
added for an hour. Secondary antibodies (1:300): DyLight 
488 donkey anti-rabbit, DyLight 549 donkey anti-mouse.  

III. RESULTS AND DISCUSSION 

A. Confirmation of Protein Immobilisation and Maintained 
Presentation without Degradation 

The electrospun PCL scaffolds were treated with 
ethylenediamine (ED) to produce amine groups on the fibre 
surface for protein (GDNF) attachment via a crosslinker, 
SMCC [2]. The amount of fluorescamine on the scaffolds 
after aminolysation was measured to be 1.2 × 10 -11 mol/g. 
Subsequent GDNF attachment onto the scaffolds (24 cm2), 
via SMCC crosslinking, was confirmed by ELISA. Results 
showed significant levels of GDNF on the scaffold 
(PCL_iGDNF; 975 + 115 pg), compared to PCL scaffolds 
alone (75 + 45 pg) or in the absence of the SMCC 
crosslinker (PCL_sGDNF, 180 + 30 pg; reflective of 
physically absorbed GDNF into the scaffold), Figure 1A. In 
light of BET analysis, demonstrating a total surface area of 
24cm2 for the 0.6cm diameter PCL scaffold, and a total of 
975 + 115 pg GDNF on the scaffold, we were able to 
estimate a total of 41 pg of tethered GDNF per cm2 of PCL 
scaffolds.   

To confirm that the majority of the protein was tethered, 
and not absorbed onto the scaffolds, we vortexed the 
scaffolds that had been immobilised with GDNF to ‘shake 
off’ any protein embedded but not tethered to the PCL fibres. 
Under these conditions, no significant difference was seen in 
GDNF levels on PCL_iGDNF and PCL_iGDNF with 
vortexing (PCL_iGDNF: 975 + 115 pg, and PCL_iGDNF(v): 
650 + 60 pg, respectively, Figure 1A), indicating that the 
majority of the protein was covalently attached. 

Importantly, we confirmed that freezing of scaffolds had 
no effect on the stability of the protein, with no significant 
difference observed in the amount of tethered protein at day 
0 from fresh versus frozen PCL_iGDNF samples (Figure 
1A-B). Examination of PCL_iGDNF scaffolds, with or 
without vortexing, showed no significant difference in 
GDNF concentration over time, demonstrating that the 
protein remained tethered on the scaffold without 
degradation for at least 120 days (Figure 1B) and thereby 
highlighting the potential application of these scaffolds for 
long-term protein presentation. Results from the supernatant 
revealed that any absorbed protein leached from the scaffold 
within 24 hours (225 + 75 pg, Figure 1C). Interestingly,  
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GDNF was only marginally detectable in the supernatant at 
3, 7, and 14 days, indicating that the protein measured in the 
supernatant after 24hrs had likely degraded, and thereby 
further highlighting the benefit of protein tethering for 
biological applications.  

Here we demonstrate the ability to covalently tether 
GDNF onto the surface of electrospun PCL scaffolds using 
the sulfo-SMCC protein crosslinking reaction. This linking 
is dependent on the protein of interest possessing 
sulfhydryls (thiols, -SH), which readily react with the 
maleimide group within the sulfo-SMCC at pH 6.5-7.5. 
However, it is still possible for maleimides to react with 
amines, such as those found on the N-terminus of a protein 
or peptide [5]. At pH > 7.5 the reactivity of maleimides to 
amines begins to increase and as our reactions were 
conducted in PBS (pH 7.4); the same chemistry can be used 
to tether a protein that does not posses a free sulfhydryl 
group, although the reaction will be slower.  

 

Fig. 1 Confirmation of protein tethering and stability on electrospun 
nanofibers. 

(A) Immobilisation of GDNF on PCL scaffolds (iGDNF) significantly 
increases the presentation of protein in culture.. (B) Amount of GDNF 
presents on scaffolds after attachment without vortexing (black bars) and after 
attachment with vortexing (white bars). (C) A small amount of GDNF was 
absorbed onto the scaffolds at the time of tethering, which leached from the 
biomaterial within the first day. Data represents Mean + SEM. *P < 0.05, **P 
< 0.01, ***P < 0.001, One-way ANOVA with Tukey post-hoc test. 

B. The Biofunctionality of Tethered GDNF in Vitro 
Next we investigated the bio-functionality of tethered 

GDNF on a neural stem cell line. Using the dopaminergic 
cell line (SN4741), known to express the GDNF receptors, 
c-ret and GFRa1, we examined the ability of tethered 
GDNF to induce intracellular phosphorylation of ErK1 and 
ErK2, key components of the GDNF-ErK signalling 
pathway. Comparable levels of total ErK1 and 2 could be 
detected in cells cultured on both PCL and PCL_iGDNF. 
However, the presence of GDNF significantly increased the 
phosphorylation of ErK (Figure 2A), indicating that tethered 
GDNF was capable of mediating intracellular GDNF 
signalling. Quantification of band density revealed a 
significant (4.4-fold) increase in the ratio of phospho-ErK to 

total ErK following culturing on tethered GDNF, Figure 2B. 
Next we examined the duration of functionality of tethered 
GDNF. While soluble GDNF (30 ng/ml) significantly 
increased pErK levels after 1 hour of stimulation, by 3 days 
in culture pErK levels were not significantly different to 
untreated cultures, reflective of degradation of the GDNF 
protein. By comparison, tethered GDNF resulted in a 
significant increase in pErK levels at 1 day and was 
maintained for 3 days in culture (Figure 2C-D). Here we 
demonstrate tethered protein is capable of activating 
intracellular Erk and maintain sustainable signalling (i.e. 
phospho-Erk levels), and may therefore present a superior 
method to prolong functional protein delivery for in vitro 
and in vivo applications.  

 

Fig. 2 Phosphorylation of intracellular ERK confirms functionality and 
longevity of tethered GDNF.  

(A) Culturing of SN4741 neural cells on PCL and PCL+iGDNF (B) 
Ratio of phospho-ERK/total ERK level. (C-D) Phospho-ERK levels were 
significantly elevated after 1 hour of stimulation of SN4741 cells with 
soluble GDNF, but returned to basal levels within 3 days. By contrast 
culturing cells on iGDNF resulted in maintained elevated pERK levels (at 1 
and 3 days in culture). Data represents Mean + SEM. *P < 0.05, **P < 
0.01, ***P < 0.001, Students t-test and One-way ANOVA. 

Finally we examined the ability of tethered GDNF to not 
only induce an intracellular response, but also provide a 
prolonged effect on neural progenitors in culture. Here we 
demonstrate that soluble GDNF increased cell survival at 3 
days, however viability significantly diminished thereafter 
to levels not different from untreated controls, presumably 
reflecting insignificant GDNF levels in the media beyond 
this time. By contrast, tethering GDNF onto the scaffold 
surface significantly increased and maintained cell survival. 
After 3 days in culture, we demonstrated that tethered 
GDNF significantly improved the viability of VM cells in 
culture compared to cells cultured in control (56.37% + 0.96 
and 44.04% + 1.78, respectively), or PCL scaffolds alone 
(46.74% + 2.86), Figure 3A,C-F. Similarly immobilised 
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GDNF enhanced the number of dopaminergic cells (TH+) 
in culture, Figure 3B,K-N. After 7 days, cells cultured in the 
presence of immobilised GDNF showed no decrease in cell 
viability or the proportion of dopaminergic neurons 
compared to 3 days in culture, demonstrating maintained 
activity of GDNF (Figure 3).  

 

Fig.3 GDNF immobilisation enhances cell viability and differentiation. 

(A)Protein tethering with or without vortexing, significantly increased 
the viability and (B) proportion of tyrorine Hydroxylase-immunoreactive 
(TH+) cells in ventral midbrain cultures. Black bars: 3 days in vitro (DIV), 
White bars: 7 DIV. (C-F) Hoechst labelled nuclei, (G-J) TUJ+ neurons, (K-
N) TH+ dopaminergic neurons, and (O-R) merged images of VM cells. 
Data represents Mean + SEJM. *P< 0.05, **P< 0.001.  

IV. CONCLUSION 

Protein immobilisation on the surface of tissue 
engineering scaffolds has been investigated for their  
 

 
 
 
 
 
 
 
 
 
 

potential to influence cellular responses in vitro and in vivo. 
While the benefits of tethered proteins have been recognised 
for some years now, there has been a notable lack of 
research concentrating on their stability and bio-
functionality kinetics. Here we demonstrate, by way of 
GDNF as an example, that tethered proteins on electrospun 
scaffolds are stable for prolonged periods of time (with no 
evidence of degradation), activate intracellular signalling 
cascades, and maintain cellular effects (GDNF influencing 
cell viability and differentiation). These findings hold 
significant potential for the use of biomaterials in presenting 
and maintaining the activity of proteins in vitro and in vivo.  

 
Abbreviations— iGDNF, immobilised GDNF; iGDNF(v), 

immobilised GDNF scaffolds that have been exposed to 
vortexing; sGDNF, soluble GDNF. 
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Abstract— Clinically, physical, electrical or ultrasound sti-

mulation is used to promote cell and tissue self-repairing. 
Though research on ultrasound stimulation mostly uses high 
frequency ultrasound stimulation, in our project, we use low 
frequency ultrasound stimulation of different intensities to 
treat AML-12 hepatocytes. The cells growth condition and 
albumin secretion was tested. The results show no difference 
related to ultrasound intensity for the growth condition and 
albumin secretion of AML-12, but ultrasound did not cause 
apoptosis. 

Keywords— Ultrasound stimulation, AML-12, Hepatocytes, 
Albumin.  

I. INTRODUCTION 

The largest organ in our body is the liver which has the 
ability of metabolism, detoxification, protein synthesis, 
secretion, and excretion. The liver is the only organ which 
can regenerate itself, but with limited functionality. In our 
study, in order to enhance the ability of regeneration, we 
consider the use of one of the physical stimulations, low 
intensity ultrasound. Experimental conditions in this study 
involved ultrasound stimulation of low frequency and with 
different intensities. AML-12 hepatocytes were cultured and 
exposed to ultrasound. These cell cultures were then tested 
for proliferation and albumin secretion [1], [2]. 

II. MATERIALS AND METHODS  

A. Cell Cultures 
AML-12 liver cells were cultured in 75-Tflasks, and 

placed in an incubator at 37 ºC, 5% carbon dioxide for 7 
days. While testing the growth condition, on days 0, 1, 3 
and 7, the culture medium was changed on days 2, 4 and 6. 
For albumin secretion testing, the cells were cultured for 7 
days but with no medium changes. 

B. Ultrasound Stimulation 

In order to use the ultrasound transducer on the bench, a 
silicon case was fit around the transducer. The transducer  
 

was then connected to a custom-made matching circuit and 
then to an RF amplifier. A diagram showing the experimen-
tal configuration is presented in Fig.1. A photograph of the 
experimental configuration for the ultrasound stimulation is 
shown in Fig.2. The 75T-flask containing the AML-12 
hepatocytes was put on the ultrasound transducer on which 
ultrasound transmission gel was applied. A function genera-
tor generated a continuous sine wave signal of 32.8 kHz 
frequency. The signal passed through the RF amplifier and 
through the matching circuit to the ultrasound transducer. 
The output powers used were at 30mW and 100 mW. Zero 
output power was used for a control group. The exposure to 
ultrasound stimulation was 20 minutes per day. Albumin 
secretion tests were performed on the days 0, 1, 3 and 7. 
Albumin secretion tests and cell growth condition tests were 
performed on the days 0, 1, 3 and 7. The experimental pro-
tocol is presented in Fig.3. 

 

Fig. 1 Ultrasound stimulation system. 

 

Fig. 2 Ultrasound stimulation system. 
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Fig. 3 Experimental protocol. 

C. Cell Growth Condition Test  
MTT reagent was added into the 75T-flasks, and react in 

the incubator for 3 hours. Then the liquid was withdrawn 
and centrifuged. 

The supernatant was removed and DMSO was added to 
dissolve. An OD value was obtained by an ELISA Reader. 

D. Albumin Secretion 
The medium collected from the 75T-flasks and concen-

trated using concentrating tubes, the upper liquid was  

withdrawn, and coloring agents were added. Finally, OD 
values were obtained by an ELISA reader. 

III. RESULTS 

In Fig. 4, pictures of the cell cultures are shown from 
day0 to day7 and for all the ultrasound power conditions. 
Fig. 5 shows the result of the MTT tests and Fig. 6 shows 
the albumin secretion results. Observed with an optical 
microscope, at the group of 30mW, the number of cells and 
their activity has increased along with the days, but its  
albumin secretion, does not have any significant change 
within 7 days. In addition, as the number of cells and cell 
activity also increased with 100mW stimulation, the albu-
min secretion was not significantly changed. 

Although in this study changes cannot be seen in the 
AML-12 hepatocytes proliferation due to the ultrasound 
stimulation, it seems that ultrasound does not affect nega-
tively the cells or cause apoptosis. 

 

 

Fig. 4 AML-12 Hepatocytes with Low Frequency-Low Intensity Ultrasound Stimulation. 
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Fig. 5 Cell growth condition test. 

  
Fig. 6 Albumin secretion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

IV. CONCLUSIONS 

From this study it can be concluded that low frequency 
low intensity ultrasound stimulation does not cause apopto-
sis for AML-12 hepatocytes. It shows that the powers of 
30mW and 100mW may be too low to cause a significant 
change. In the future, we will try higher intensities and 
exposure times, and further study the cell growth condition 
and albumin secretion. 
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Abstract— To investigate the hemodynamic performance of 
overlapping bare-metal stents treatment of thoracic aortic 
aneurysms (TAA), three simplified geometric models, named, 
no stent, with one single stent and two overlapped stents were 
studied and compared in terms of velocity profiles and wall 
shear stress (WSS) distributions by means of computational 
fluid dynamics (CFD). The results showed that overlapping 
bare-metal stents intervention significantly decreased the WSS 
and the blood flow velocity in the aneurysm sac, meanwhile the 
vortex in the sac became weaker and weaker. The results indi-
cated that overlapping stents intervention may effectively 
isolate the thoracic aortic aneurysm, protecting it from rup-
ture. In conclusion, overlapping bare-metal stents may serve a 
similar purpose to that of the multilayer flow modulator 
(MFM) manufactured by Cardiatis SA (Isnes, Belgium).* 

Keywords— thoracic aortic aneurysm, overlapping bare-
metal stents, hemodynamics, numerical simulation.  

I. INTRODUCTION 

Since the debut of endovascular repair of abdominal aortic 
aneurysm in the 1990s, it was introduced as a less invasive 
method than traditional open repair [1]. However, if an aneu-
rysm is adjacent to or involving major arterial branches, 
stent-grafts would occlude the branches as well [2]. 

To solve this, a new type of multilayer flow modulator 
(MFM) technology manufactured by Cardiatis SA (Isnes, 
Belgium) has been developed that may offer an endovascu-
lar alternative to surgery in such cases [2, 3]. Clinically, it 
has shown positive superiority in reducing blood flow ve-
locity and inducing the formation of organized thrombus in 
the aneurysm sac, hence provides protection for the aneu-
rysm wall [2, 4-6]. The MFM, however, is now in high cost 
and still in clinical trials [7]. 

Some researchers proposed that several overlapping bare-
metal stents can serve a similar purpose to the multilayer 
stent. Several clinical trials using overlapping bare-metal 
Wallstents (Boston Scientific, Natick, Mass) have been 
carried out to repair aortic aneurysms in the Peking Univer-
sity Third Hospital, China (unpublished data, personal 
communication). Rare studies, regretfully, have been  
reported to the aortic aneurysm treatment by using  
                                                           
* Corresponding authors.  

overlapping bare-metal stents and its hemodynamic perfor-
mance is still unclear. Therefore, it is very necessary to 
investigate the hemodynamic features of overlapping bare-
metal stents by means of numerical simulations. 

The aim of the present work is to evaluate the hemody-
namic performance of this treatment using CFD method. To 
do so, simplified TAA models in three cases, namely, with-
out stent, with a single stent and with double stents over-
lapped, were constructed and compared numerically in 
terms of velocity profiles and WSS distributions. 

II. METHODS 

A. Fluid Dynamic Models 

 
Fig. 1 The schematic of 3 aneurysm models. (a) Model 1 is the aneurysm 

geometry without stent intervention;(b) Model 2 is the aneurysm geometry 
with a single stent intervention; (c) Model 3 is the aneurysm geometry with 

double stents overlapping. 

Three simplified geometrical models of thoracic aortic 
aneurysm were created using commercial software Solid 
Works (Solid Works Corp, Concord, MA), named Model 1, 
Model 2 and Model 3 (Fig. 1). The geometry of the artery 
was created according to Liu's aorta model [8], in which the 
diameters of inlet and outlet sections were 25mm and 17mm 
[8]. A typical aneurysm was created at the descending aorta 
with the maximum diameter of 40mm (Model 1). One sin-
gle stent and double stents overlapped were set in Model 2 
and 3 respectively. The stents have a total length l=70 mm 
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and 20 wires with 1mm circular cross-section, which are 
fixed to the proximal and distal necks of the aneurysm. 
Specifically, the stent was assumed to have half of its thick-
ness embedded into the arterial wall and the two stents were 
stagger completely spatially (Fig.2B). 

B. Numerical Grids 
The meshing software ANSYS ICEM CFD (ANSYS 

Inc., Canonsburg, PA, USA) was used in all the models. A 
hybrid discretization method which used both tetrahedral 
and hexahedral elements was applied to the stented models 
(Fig.2A). After an appropriate mesh independence study, 
the final volume grids were 191,268 cells for Model 1, whe-
reas 2,957,879 cells and 4,157,954 cells, respectively, for 
Model 2 and Model 3. 

 

Fig. 2 The schematic of grids in the stented model (A) and the spatial 
structure of overlapping double stents (B). 

C. Numerical Approaches 
1. Assumptions 

Flow simulation under steady-state condition was per-
formed in the present work. The artery walls and the stent 
surfaces were defined as rigid and no-slip [9]. Blood was 
assumed as incompressible, laminar, non-Newtonian fluid 
[10]. The Carreau model was used to calculate the blood 
viscosity: 

1
2 2

0( ) ( ) 1 ( )
n

η γ η η η λγ
−

∞ ∞ ⎡ ⎤= + − +⎣ ⎦        (1)                   

where η∞ = 3.45×10-3 kg/(m.s), 0η = 5.6×10-2 kg/(m s), 

n = 0.3568, λ = 3.313s[11]. 

2. Governing Equations 
The flow simulation is based on the three-dimensional 

incompressible Navier-Stokes and continuity equations: 

u u u p
t

ρ τ∂⎛ ⎞+ ⋅∇ = −∇ + ∇ ⋅⎜ ⎟∂⎝ ⎠
         (2) 

0u∇ ⋅ =                  (3)          

where u and p represent, respectively, the fluid velocity 
vector and the pressure. ρ = 1050 kg/m3[10]. 

3. Boundary Conditions 
At the inlet, a flat spatial velocity profile was imposed, 

assuming the time-average Re= 790 based the MRI mea-
surements [12]. At the outlet section, the outflow boundary 
condition was set, that is, the flow at the outlet was set as a 
fully developed flow. 

4. Computation 
The numerical calculations were carried out using a vali-

dated finite volume-based algorithm ANSYS FLUENT 
CFD (ANSYS Inc., Canonsburg, PA). The discrete form of 
the differential governing equations of blood flow follows 
the second-order upwind scheme. Pressure was solved 
through the pressure-velocity coupling method known as 
the SIMPLE algorithm. The convergence criterion was set 
to 10-5 for continuity and velocity residuals. 

III. RESULTS 

A. Velocity Profiles 
To facilitate the presentation of the velocity profiles in 

the aneurysm sac, three representative slices were selected 
along the longitudinal direction of the centerlines shown in 
Fig.1 (Model 3). Slice 1 is located at the proximal neck of 
the aneurysm sac, Slice 2 at the middle part of the sac, Slice 
3 at the distal neck of the sac. The view of the velocity pro-
files for all the slices is shown in Fig.3. 

 

Fig. 3 Contours of velocity at different locations of the aneurysm indicated 
by the slice letters. Slice 1 is the cross-section in the proximal neck of the 
aneurysm. Slice 2 is the middle cross-section of the aneurysm. Slice 3 is 

the cross-section in the distal neck of the aneurysm. 
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In Model 1, the velocity of blood flow near the outer sur-
face of the aneurysm is higher than that near the inner sur-
face. In particular, the flow velocity in central area of the 
sac is high relative to the surrounding area. In Model 2, this 
kind of velocity distribution is changed, and the flow veloci-
ty near the outer surface of the sac decreases. This trend is 
more obvious in Model 3, presenting more uniform distribu-
tion of velocity. In addition, the flow velocity near the cen-
tral area of the stents has been enhanced in Model 3 when 
compared with that of Model 1 and 2.  

Streamlines in these 3 models are shown in Fig. 4, co-
lored by velocity magnitude. The flow field is characterized 
by evident vortex in Model 1, presenting recirculation and 
stagnation emerged in the aneurysm sac. While in Model 2 
and 3, the vortex in the sac becomes weaker and weaker due 
to the stent(s) introduced. 

 

 

Fig. 4 Velocity streamlines in the three models. 

B. WSS Distribution 
Contours of WSS on the surface of the aneurysm are 

shown in Fig. 4. On the whole, the WSS on the aneurysm  
 

 

Fig. 5 WSS distributions on the aneurysm wall of the three models. 

wall is reduced after stent implantation and in Model 3 WSS 
is reduced to no more than 0.4-0.6 Pa in most of the aneu-
rysm area. Specially in Model 1, the WSS distribution is 
uneven, presenting a relative high WSS area at the outer 
surface close to the distal neck of the aneurysm, which is 
worthy of notice. By stent(s) implantation, high WSS in this 
area has been reduced in Model 2 and 3. 

IV. DISCUSSION 

The clinical trials at the Peking University Third Hospital 
in China indicate that overlapped bare-metal stents might 
serve a similar purpose to that of the MFM in treatment of 
aortic aneurysms (unpublished data, personal communica-
tion). In the present article we numerically analyzed the 
hemodynamic features of this overlapping stents interven-
tion treatment by using a simplified TAA model with two 
overlapped stents deployed in the aneurysm sac. We com-
pared the double overlapping treatment model with aneu-
rysm models without stent or with only one single stent 
deployed in terms of velocity profiles and wall shear stress 
distributions. 

The numerical results confirmed that overlapping stents 
intervention led to an evident decrease in blood flow veloci-
ty near the aneurysm wall and significantly reduced WSS. 
The resulted hemodynamic features by the overlapping 
stents may certainly provide favorable conditions for the 
formation of thrombus in the aneurismal sac, which may 
effectively isolate the aneurysm and serves a similar result 
to this of the multilayer stent. 

The recent clinical trials of the multilayer stent indicate 
that it instigates a process of aortic remodeling involving 
initial thrombus deposition [6] and significantly reduces 
blood flow velocity and WSS, while inducing laminar flow 
in the aneurismal sac[4, 6, 13, 14]. This can facilitate the 
formation of organized thrombus in forms of stable layers, 
which gives protection against rupture of the aneurysm [5, 
15, 16]. The present numerical study showed that the double 
overlapping stents could also induce a similar flow field of 
slow velocity and low shear stress in the aneurysm sac 
(Figs. 3 and 5), hence provide protection for the aneurysm. 

In this pilot study, as a main limitation, smoothed wall 
and simplified aorta model without the existence of arch 
branches was used in the present study, which may have a 
non-negligible influence on flow patterns in the TAA.  

V. CONCLUSION 

In conclusion, overlapping bare-metal stents can create a 
favorable blood flow environment promoting thrombus 
formation in the aneurismal sac, hence effectively isolate 
the thoracic aortic aneurysm. It can be considered as an 
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alternative option for the treatment of TAAs, serving a  
similar purpose to that of the MFM. 
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Abstract— This work aims at developing a system dynamic 
model that can simulate various hemodynamic and wave cha-
racteristics associated with the counter-pulsation circulation 
support. A novel hybrid circulation model consisting of a one-
dimensional (1-D) flow model and a lumped parameter Wind-
kessel model was constructed. High-resolution Roe-splitting 
was developed for wave capturing and Runge-Kutta method 
was used for time-stepping this coupled hybrid circulation 
system. Wave propagation phenomenon in the arteries was 
successfully simulated. By adjusting the time-varying elastance 
of the ventricles, the healthy and failed heart conditions can be 
simulated. Failing heart supported by intra-aortic balloon 
pump (IABP) was simulated. These simulation results indicate 
that for 40 ml IABP support, cardiac output was elevated 
4.1%. During systolic unloading, IABP deflation generated a 
backward decompression wave, with a ‘‘sucking’’ effect to-
ward the aortic root, resulting in a reduced left ventricular 
afterload. During diastolic augmentation, IABP inflation gen-
erated a backward compression wave, with a ‘‘pushing’’ effect 
toward the aortic root to help coronary diastolic perfusion. 
Wave patterns of counterpulsation can be investigated using 
wave intensity analysis, which is able to quantitatively assess 
diastolic augmentation and systolic unloading of IABP coun-
terpulsation based on a strict energy transport theory of  
wavelet. 

Keywords— Intra-aortic balloon pump, Lumped parameter 
method, Hybrid circulation model, Heart failure, Ventricular 
assist device.  

I. INTRODUCTION 

The development of left ventricular assist devices 
(LVADs) has been advanced substantially for treating heart 
failure in recent years. The intra-aortic balloon pump 
(IABP) is the most widely used acute LVAD to date, with 
beneficial hemodynamic outcomes reported clinically [1]. 
IABP operates on the principle of counterpulsation, which 
has two key effects: 1) reduction of aortic pressure during 
systole to decrease ventricular ejection afterload, namely 
systolic unloading and 2) augmentation of diastolic pressure 
to enhance coronary perfusion during diastole, namely dias-
tolic augmentation [2].  

Counterpulsation effectiveness has been assessed using 
peak and trough values of aortic and left ventricular pres-
sure waveforms, and the pressure-derived indexes such as 
tension time index and endomyocardial viability ratio [3]. 

Strictly speaking, these traditional measures have been 
made with assumptions and hence are sometimes inaccu-
rate, or even misleading in the evaluation of counterpulsa-
tile support efficacy [4]. Moreover, none of these traditional 
indexes connect to the wave phenomena of pulsatile blood 
ejection and the IABP-generated counterpulsation. This 
work proposes a new assessment method using system dy-
namic model for simulating the characteristic hemodynamic 
features of intra-aortic counterpulsation. Wave intensity 
analysis (WIA) was employed to analyze and assess IABP 
counterpulsation, providing an alternative perspective 
stressing pulse wave mechanics in the circulatory blood 
flow.  

II. METHODOLOGY 

A. Governing Equations for Intra-aortic Balloon Pump 
Pulse waves propagating along vascular segments have 

been modeled using one dimensional (1-D) flow conserva-
tion laws of mass and momentum augmented by a structural 
state equation representing vessel wall mechanics. The 
newly derived 1-D equations with IABP being inserted in 
the aorta ( see Fig. 1) can be expressed as [5]: 

 2

0

2 ( )

A q
t x
q q A p q R R
t x xA A

∂ ∂+ =
∂ ∂

⎛ ⎞ ′∂ ∂ ∂ πν ++ + = −⎜ ⎟⎜ ⎟∂ ∂ ρ ∂ δ⎝ ⎠




 

 (1) 

where A A A′= −  is the effective lumen area of the tubular 
conduit with A  and A′  representing aortic lumen and 
IABP outer cross-sectional area, respectively; q  is the flow 
rate, ρ  is the blood density, ν  is the kinematic viscosity 
(assumed to be constant), δ  is the boundary layer thick-
ness (assumed to be constant), R  is lumen cross-sectional 
radius, and p  is the static pressure. The independent va-
riables x  and t  represent, respectively, the spatial and 
time coordinates of the postulated 1-D equations. 

To close up the above flow equations with three state va-
riables ( A , q , and p ), a third equation is necessary, name-
ly the state equation of the tube structure, which is presently 
modeled as a two-dimensional thin-walled elastic structure 
described by the tube law [6]:  
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where p0 is the ambient or tissue pressure, A0 is the cross-
sectional area with radius r0 at zero transmural pressure 
(i.e., at p=p0 ), and E and h are the Young’s modulus and 
thickness of the vascular wall, respectively. 

B. System Dynamic Modeling 
Wave propagation phenomenon in aorta with IABP em-

bedded is presently simulated using 1-D flow model. This 
1-D flow model is coupled with other segments of the car-
diovascular system, represented by lumped parameter mod-
els (Windkessels), forming a closed-loop hybrid circulation 
model that simulates the IABP-assisted circulation (see  
Fig. 1). The system dynamic model, after semi-discretized 
in space, can be expressed in a state-space form as: 
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where the state variable V is the volume, C is the com-
pliance, and R is the resistance. The subscript i indicates the 
i-th cell of the 1-D flow model whereas the digital numbers 
1 to 7 denote the seven lumped blocks depicted in Fig. 1. 
Left and right hearts are modeled using the pressure-volume 
relationship suggested by Suga et al. [7], in which the ven-
tricular contractility is controlled by the amplitude of a 
time-varying elastance. The inserted IABP balloon is mod-
eled using a predetermined volume time series. The detailed 
derivation of this hybrid circulation model can be found  
in [5].  
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Fig. 1 Hybrid circulation model 

C. Numerical Methods 
A high-resolution finite-volume Roe-splitting flux-

difference method in conjunction with a time-accurate 
Runge-Kutta marching method was developed to solve the 
hybrid circulation model, Eq. 3 [5,8]. As heart contraction 
and IABP pumping are put into action, pulsatile blood flow 
can be generated with various kinds of waves propagating 
and reflecting in the closed-loop circulation circuits. 

D. Wave Intensity Analysis (WIA) 
The wave splitting introduced by Parker and Jones [9] for 

calculating wave intensity (WI) was used in this work. The 
net WI, or the energy of a wavelet sampled over an infinite-
simal time period is defined by: 

 dI dPdU=  (4) 

where dP and dU are the pressure and velocity differences 
between two consecutive instances of time, respectively. WI 
can be decomposed into contributions associated with the 
forward ( + ) and backward ( − ) propagating wave compo-
nents: 

 ( )21

4
dI dP cdU

c± = ± ± ρ
ρ  (5) 

where c is the wave speed. Note that forward propagating 
waves have 0dI+ > always, while backward propagating 

waves having 0dI− < always. 

E. Inflation/deflation Timing Definition 
Inflation/deflation (or augmentation/unloading) timing 

plays a critical role in determining counterpulsation efficacy 
[4,10,11]. The temporal zero-point references for inflation 
and deflation timings are defined to be at the dicrotic notch 
(aortic valve closure) and at the onset of blood ejection, 
respectively. The notation of 1 count (50 milliseconds) was 
used to denote the unit inflation or deflation time interval 
after the reference zero-point.  
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F. Simulation Scenarios 
Numerical simulations including healthy, heart failure, 

and IABP-assisted cases are present. Peak values of the 
isovolumetric time-varying elastance of left heart are set 2.6 
and 0.78 mmHg/ml for the healthy and heart failure sub-
jects, respectively. In the device assisted case, IABP with 40 
ml stroke volume and with inflection/deflection timing of 
1/-1 (count) are used to treat heart failure. All simulations 
are conducted using the heart rate (HR) of 60 beats/min.  

III. RESULTS 

A. Baseline in healthy and heart failure subjects 
The simulated hemodynamic characteristics are shown in 

Table 1 and Fig. 2. In the healthy subject, the systol-
ic/diastolic aortic pressure (AOP), stroke volume (SV), and 
cardiac output (CO) are 129.8/75.0 mmHg, 81.0 ml, and 4.8 
L/min, respectively. These hemodynamic characteristics 
and features are clinically similar to what generally ob-
served. In the heart failure case, however, CO reduces 
23.8% by reducing the elastances of the right and left hearts.  

Table 1 Simulated hemodynamic characteristics 

Parameter Healthy Failure IABP 
Aortic pressure (mmHg) 129.8/75.0 92.6/57.5 75.1/39.6 
Left heart pressure (mmHg) 140.0/0.5 98.6/10.4 75.0/7.5 
Left heart volume (ml) 151.6/70.6 215.0/153.4 181.2/116.5
Stroke volume (ml) 81.0 61.6 64.7 
Cardiac output (L/min) 4.8 3.66 3.81 
Stroke work (mmHg*ml) 9235.07 4652.5 3288.32 

 

Time (sec)

Pr
es

su
re

(m
m

H
g)

97.8 98 98.2 98.4 98.6 98.8

40

60

80

100

120

140

Healthy
Heart failure
IABP-assisted

IABP 40 ml
Inf= 1
Def= -1

EDBP

SBP

DBP

 

Fig. 2 Pressure waveforms for healthy, heart failure and IABP-assisted 
heart failure cases. SBP: systolic blood pressure, EDBP: end-diastolic 

blood pressure, DBP: diastolic pressure. Balloon inflation (Inf) and defla-
tion (Def) are timed using count units (1 count=50 milliseconds). 

 
 

B. Counterpulsation Features 
For the IABP-assisted failing heart, CO is elevated 4.1%. 

The efficacy of counterpulsatile support is evident by com-
paring the pressure characteristics between the heart failure 
and the IABP-assisted cases. Systolic unloading decreases 
both end-diastolic blood pressure (EDBP) and systolic 
blood pressure (SBP), whereas diastolic augmentation in-
creases diastolic blood pressure (DBP), as shown in Fig. 2.  

C. Deflation Timing Control 
The effect of deflation timing is evaluated under IABP 

counterpulsatile support with deflation timings ranging from 
1 to 3 counts before blood ejection while keeping inflation 
timing fixed at 1 count after dicrotic notch. The aortic pres-
sure and the deduced wave intensity characteristics are 
depicted in Fig. 3. There are 3 intensity peaks (marked with 
Eu1, Cu2, and Ca3) that are essential to the counterpulsa-
tion performance. Upper case letters “C” and “E” denote the 
compression (pushing) or expansion (pulling or sucking) 
nature of the wave, respectively, and the numeric value 
represents the sequence in which the waves arise. Lower 
case letters “a” and “u” refer to IABP-generated augmenta-
tion  and unloading waves. It is seen that backward propa-
gating Eu1 and Ca3 waves are IABP generated as a result of 
balloon deflation and inflation, respectively, whereas Cu2 
corresponds to the accelerated systolic ejection caused by 
the balloon-induced contraction unloading.  

IV. DISCUSSION 

The main wave corresponding to systolic unloading in the 
aorta was characterized by the Eu1 backward decompression 
wave (Fig. 3) that was generated by IABP deflation. Cu2 
wave was the subsequent forward compression wave generat-
ed by left ventricular ejection. The main wave corresponding 
to diastolic augmentation in the aorta was characterized by 
the Ca3 backward compression wave that was generated by 
IABP inflation. These wave patterns are consistent with those 
previously found with the in-vivo IABP support [4]. 

IABP-generated backward-traveling waves have been 
shown predominantly in driving aortic and coronary blood 
flow to achieve counterpulsatile support [4,10]. During 
systolic unloading, IABP deflation generated the Eu1 wave, 
with a ‘‘sucking’’ effect toward the aortic root that trans-
lates to reduced left ventricular afterload, resulting in the 
reduction of the subsequent systolic Cu2 wave. During 
diastolic augmentation, IABP inflation generates the Ca3 
wave, with a ‘‘pushing’’ effect toward the aortic root that 
helps coronary diastolic perfusion. 
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Fig. 3 Deflation timing influence on the aortic hemodynamic and wave 
intensity characteristics. See text for definitions of Eu1, Cu2, and Ca3. 

Deflation timings are set at 1, 2, and 3 counts before the onset of ejection. 

The aortic wave intensities were found sensitive to the 
timing of the balloon deflation. When the deflation timing 
was set preceding to ejection onset by -1 to -3 counts, the 
wave intensities Eu1 corresponding to systolic unloading 
were progressively weakened and the following ejection-
induced compression waves Cu2 became less depleted due 
to decreased compression-decompression wave merging 
and cancellation, as shown in Fig. 3. 

Via WIA, complex wave interaction can be decomposed 
into wave motion events disclosing the onset, strength and 
direction of the forward- or backward-going wave compo-
nents. This analysis is very instrumental in quantifying the 
energy carried by these constituent wavelets in the explana-
tion of the pulsatile blood flow characteristics. 

V. CONCLUSION 

A system dynamic model that can simulate the hemody-
namic features of the intra-aortic balloon counterpulsation 
was developed. With the aid of wave intensity analysis, 
counterpulsation effectiveness can be better quantified with 
propagating wave features revealed. During systolic unload-
ing, balloon deflation generates a backward decompression  
 

wave, with a ‘‘sucking’’ effect toward the aortic root that 
translates to reduced left ventricular afterload. During dias-
tolic augmentation, balloon inflation generates a backward 
compression wave, with a ‘‘pushing’’ effect toward the 
aortic root that helps coronary diastolic perfusion. These 
waves are sensitive to inflation/deflation control timings. 
Premature balloon deflation leads to much weaker back-
ward decompression wave sent toward aortic root and re-
sults in lesser afterload reduction. Wave intensity analysis is 
shown to be effective in revealing wave characteristics and 
is able to quantify balloon- and heart-generated waves when 
interacted together. 
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Abstract— To test the hypothesis that the venous graft when 
implanted in an arterial bypass might endure a fast 
infiltra-tion/accumulation of low-density lipoproteins (LDLs) 
within the vessel and hence the accelerated atherogenesis. we 
meas-ured measured DiI-LDLs uptake by both arteries and 
veins under arterial condition. The experimental results 
showed that that the amount of DiI-LDLs uptake by the venous 
wall was much higher compared with arterial wall, which was 
con-sistent with our hypothesis.*  

Keywords— venous graft, Low-density lipoprotein, 
acceler-ated atherosclerosis.  

I. INTRODUCTION 

Arterial grafts made by synthetic polymers have achieved 
a great success in vascular bypass surgery and arterial 
re-construction for more than 50 years[ 1 ], but when the 
coro-nary arteries and the low extremity peripheral arteries 
char-acterized by small caliber and low flow are bypassed, 
autologous veins (for example the greater saphenous vein) 
are the prior option. Nevertheless, once a vein implanted into 
the arterial system as graft, it will develop atheromatous 
lesions at an accelerated rate, which is the major cause of 
venous graft late failure[ 2 ,  3 ].  

It has been demonstrated that the hydraulic conductivity 
(filtration flow) and endothelial permeability of blood ves-sel 
walls are key factors affecting lipids transport and 
de-velopment of atherosclerotic lesions[4, 5 ]. Because the 
venous wall is much thinner than the arterial wall, under 
arterial pressure the venous graft might have a much higher 
filtration rate than the artery[6, 7]. Moreover, the excessive 
distension of the venous graft under arterial pressure will 
certainly disrupt its wall structure, in turn augmenting its 
permeability[ 8 ]. Based on this reasoning, we hypothesize 
that the pathologically enhanced filtration rate and 
permea-bility of the venous graft might lead to fast 
infiltra-tion/accumulation of lipids within the graft wall. This 
may account for the accelerated genesis and development of 
atherosclerosis in the venous graft.  
                                                           
* Corresponding author. 

To verify this hypothesis, in the present study, we 
meas-ured the DiI-LDLs uptake by both artery and vein 
under arterial condition.  

II. METHOD 

A. Preparation of Vessel Segments 
Swine femoral artery and lateral saphenous vein were 

harvested from farm pigs weighing 120–140 kg at a local 
abattoir. Our experiment was approved by the university 
ethics review board. Immediately after the swine was 
sacrificed, the leg was excised and transported to our 
labora-tory in low temperature. In a laboratory biological 
safety cabinet, the vessel was exposed and the surrounding 
tissue was carefully removed. A 6 to 7 cm-long segment of 
blood vessel was cannulated on both sides using thin-walled 
stain-less steel pipes. Then the two cannulas were fixed 
rigidly onto a specially designed metal supporting frame to 
hold the vessel at its in vivo length and minimize endothelial 
damage. The vessel was flushed internally with Krebs 
solution (con-centrations in mmol/L: NaCl, 118; KCl, 4.7; 
NaHCO3, 25; KH2PO4, 1.2; MgSO4, 1.2; CaCl2, 2.5; 
glucose, 11) to wash away all remaining blood. In order to 
check its integri-ty, the blood vessel was pressurized with a 
head tank filled with Krebs solution. Any points on the vessel 
that leaked were sealed by coagulating with an electrical 
fulgurator and all branches were ligated. The cannulated 
vessel was then dissected from the body and transferred to a 
stainless steel chamber (Fig. 1A).  

B. Perfusion Solution 

Krebs solution containing DiI-LDL (5μg/mL) was 
fresh-ly prepared as the perfusion solution, in which the pH 
value was adjusted to 7.4. Before the experiment, DiI-LDL 
(Bio-medical Technologies Inc, Stoughton, MA, USA) were 
diluted in RIPA Lysis Buffer (biomiga) with a concentration 
range of 0-0.5 μg/mL. Fluorescence measurements were 
performed using a spectrofluorometer (Cary Eclipse, Varian, 
UT, USA) with excitation and emission wavelengths set at 
549 and 564 nm, respectively. Then, the standard curve could 
be obtained (Fig. 2).  
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Fig. 1 (A) Schematic drawing of the stainless steel chamber encasing the test 
blood vessel. (B) Schematic drawing of the experimental perfusion system. 
The over flow head-tank provides a steady flow to the test vessel segment. 
The pressure gauge and the flowmeter are for monitoring the pressure and 

flow rate in the test vessel.  

C. Experimental Procedure 
Firstly, the harvested vessel segment was connected into 

the perfusion system (Fig. 1B) and the stainless steel 
cham-ber was filled with the Krebs solution. Then, the test 
vessel segment was perfused under arterial condition at a 
tempera-ture of 23°±0.5°C.   

(i) Analysis of DiI-LDLs distribution: After 3-h perfu-sion 
with saline solution plus 5μg/ml DiI-LDL, the vessel was 
embedded in Tissue-Tek optimum cutting temperature 
(OCT, Sakura Finetek USA, Torrance, CA) medium and 
frozen quickly on dry ice mixed with methanol bath. Then 
the frozen vessel was sliced into 6 μm sections by using a 
Leica CM1950 cut machine. After mounting with Anti-fade 
Fluorescence Mounting Medium with DAPI (HelixGen, 
Guangzhou, China), the sections were imaged under a Leica 
TCS SPE confocal microscope (Leica Microsystems, 
Wetzlar, Germany) by using a 40× oil objective lens.  

(ii) Measurement of the amount uptaken by vessel wall: 
during the experiment, the outer diameter and length of the 
test vessel were measured with a caliper, which was later 
used to determine the volume of the vessels. After three-hour 
perfusion, the vessel segment was flushed with Krebs 

solution to wash off the dissociative DiI-LDLs, and then the 
vessel segment was dissected from the cannulas and given a 
brief rinse in Krebs solution. Then, the vessel segment was 
digested in RIPA Lysis Buffer (biomiga) and complete lysis 
of the tissues was achieved by gentle pipetting of the lysate, 
followed by removal of cell debris by centrifugation(1000 
rpm, 15 min). The fluorescence of the vessel tissue was 
measured with a spectrofluorometer (Cary Eclipse) with 
excitation and emission wavelengths set at 549 and 564 nm, 
respectively. The fluorescence intensity was then converted 
to the concentration of lipoproteins with the standard curve 
of DiI-LDL. The uptake by the vessel wall was expressed as 
the weight of DiI-LDL taken up per volume (μg/mm3).  

 

Fig. 2 Standard calibration curve of DiI-LDLs used in the experiment.  

D. Statistical Analysis 
SPSS19.0 (SPSS Inc.) software was used for statistical 

analysis. All experimental results are expressed as means ± 
the standard deviation (SD). One-way ANOVA was used to 
compare mean values of the measured data of the vein and 
artery. Differences were considered significant at P<0.05.  

III. RESULT 

The distribution of DiI-labeled LDLs (DiI-LDLs) across 
the test vessel wall is depicted in Fig. 3. It shows the 
fluorescence intensity of venous wall is higher compared 
with arterial wall. The concentration of DiI-LDLs within the 
vessel walls is presented in Fig. 4. As evident, the amount of 
DiI-LDLs uptaken by venous wall (48.26±6.56×10-3 
μg/mm3) is significantly higher than that by the arterial wall 
(1.30±0.24×10-3 μg/mm3) (n=4, P<0.05).  
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Fig. 3 Micro-images of the DiI-LDLs distribution across the venous and 
arterial wall under the arterial hemodynamic condition. Scale: 50μm. The 
fluorescence intensity of venous wall was higher than that of arterial wall.  

IV. DISCCUSION  

When implanted into the arterial system as grafts, veins 
will develop atheromatous lesions at an accelerated rate, 
which is the major cause of venous graft late failure. The 
process of atherogenesis in venous grafts is very similar to 
the one in the arterial system, in which the deposi-tion/ 
accumulation of lipids such as low density lipoproteins 
(LDLs) within the arterial wall is the initial event[ 9 ], and the 
high LDLs concentration within vessel wall could accel-erate 
the atherogenesis[ 10, 11].   

When subjected to the arterial pressure, the filtration rate 
and endothelial permeability of the venous wall would be 
elevated sharply, we therefore believe that the LDL would  
be fast accumulated within the wall of venous graft and 
hence the accelerated atherogenesis.  

To verify this hypothesis, we carried out an experiment in 
which the harvested artery and vein was perfused with 
DiI-LDL solution under arterial condition, and then the 
DiI-LDLs concentration within vessel wall were compared. 
Our measurement showed that the amount of DiI-LDLs 
uptaken by the venous wall was much higher than that by the 
arterial wall.  

We suppose that two reasons might account for the fast 
accumulation of LDL within the graft wall. First of all, the 
higher filtration rate of venous graft can not only cause 
enhanced concentration polarization of LDLs at the luminal 
surface of the graft, in turn enhancing the transport of LDLs 
into the venous graft wall by the mechanism of concentra-tion 
gradient, but also can directly lead to high influx of LDLs to 
the vessel wall. Secondly, the higher endothelial permeability 
of venous graft also could increase the LDL infiltration and 
accumulation within the vessel wall[ 5 ].  

 
 

 

Fig. 4 Experimental result of the DiI-LDLs concentration within the ve-nous 
and arterial wall under the arterial hemodynamic condition. The vertical bars 
indicate the standard deviations. The amount of the DiI-LDLs uptake by the 
venous wall was significantly higher when compared the arterial wall (n=4, 

P<0.05).  

Nevertheless, in this preliminary study, we failed to 
measure the endothelial permeability and hydraulic 
conduc-tivity (filtration flow) of the venous wall. Therefore, 
it is difficult to quantify the relative importance of them in 
LDL uptakes by the venous graft.  
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VI. CONCLUSIONS 

When implanted into the arterial system, the venous graft 
will endure a fast infiltration/accumulation of atherogenic 
lipids (LDLs) within the vessel wall. This may contribute to 
the accelerated genesis and development of atherosclerosis in 
the venous graft.  
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Abstract— In order to verify whether differentiation of hu-
man stem cells toward bone tissue is promoted by higher 
acoustic vibration (≥90 Hz), human mesenchymal stromal cells 
(hMSCs) were mechanically stimulated with vibration (400 
and 800 Hz, 0.3 g acceleration)  for 30 min every 24 h for 7 or 
14 days in vitro. Cells were seeded in osteogenic medium, 
which enhanced differentiation towards bone tissue. The  
osteogenic differentiation of hMSCs under the vibrated and 
non-vibrated conditions was assessed by examining mRNA 
expression of various osteoblast-associated markers (ALP, 
Runx2, osterix (Osx), collagen type I (Col I) and osteopontin 
(OPN)), and matrix  mineralization. Our results indicated 
that acoustic vibration at frequency 800 Hz was more favora-
ble for hMSCs osteogenic differentiation: the gene expression 
involved in osteogenic differentiation was significantly in-
creased after 7 and 14 days, and deposition of calcium was 
almost 1.5-fold. Further studies are necessary to verify the 
long-term viability and commitment to osteogenic differentia-
tion of hMSCs in vitro and in vivo, and select the optimum 
sensitive acoustic frequency, with the purpose of determining 
whether acoustic vibration could become a novel means to 
treat osteoporosis. 

Keywords— Acoustic vibration, Human mesenchymal 
stromal cells, Osteogenic differentiation, Osteoporosis.  

I. INTRODUCTION 

Osteoporosis is a disease characterized by progressive 
deterioration of bone tissue due to an imbalance in the 
breakdown and rebuilding of bone, giving rise to increased 
bone fragility and susceptibility to fracture. Current me-
thods for the prevention and treatment of osteoporosis are 
primarily drug-based, which delay disease progression but 
do not fully restore the balance in bone resorption and  
formation[1, 2].  

As bone is a dynamic and self-regulating organ capable 
of adapting its mass and morphology according to its me-
chanical environment, some researchers have turned to a 
biomechanical approach to treating osteoporosis[3]. 

In fact, in recent years application of mechanical vibra-
tion in clinical trials has greatly increased for osteoporosis. 
And there is abundant in vivo evidence of osteogenic activi-
ty both in whole body and in local repair[4].  

Recent studies suggest that low acoustic vibration (20-90 
Hz) has the ability to direct the lineage commitment of bone 
marrow mesenchymal stromal cells (BMSCs), the progeni-
tors of osteocytes and osteoblasts, by biasing cell fate in 
favor of osteogenesis over adipogenesis[5, 6]. If there ex-
isted the optimum acoustic vibration — that enhances 
BMSCs toward bone formation, which could be a cue for 
recovering bone loss arising from osteoporotic conditions. 
More specially, vibration frequency in these studies mostly 
focused on the range of low acoustic frequency[7, 8]. How-
ever，the effect of higher acoustic frequency (90-20000 
Hz) vibration applied on BMSCs has not been studied. 

Therefore, in this study, we aimed to delineate whether 
acoustic  vibration(≥90 Hz) signals could influence hu-
man mesenchymal stromal cells (hMSCs)  toward bone 
formation in vitro. hMSCs were exposed to repeated bouts 
of the stimulus at an acceleration of 0.3 g and different 
frequencies of 0, 400 and 800 Hz. hMSCs markers of os-
teoblastic differentiation, and their functional capacity to 
form mineralized bone nodules were examined. 

II. MATERIALS AND METHODS 

A. Culture of hMSCs 

Primary hMSCs were isolated from human umbilical 
cord blood of a healthy donor (aged 4 yrs). The cells were 
cultured up to 80% confluence in 175 cm2 cell culture flasks 
using α-MEM medium supplemented with 10% fetal bovine 
serum (10% FBS), 100 U/ml penicillin, and 100 mg/ml 
streptomycin in humidified atmosphere of 5% CO2 at 37°C. 
Cells were then harvested using 0.25% trypsin and seeded 
in 12-well plate, then incubated in osteogenic medium: 
DMEM containing 10% FBS, 100 U/ml penicillin, 100 
mg/ml streptomycin, 10 nM β-glycerophosphate disodium 
salt hydrate, 0.1 μΜ dexamethasone and 50 mg/L lascorbic 
acid and subjected to mechanical strain detailed described 
as follows. The medium was changed every 3 days.  

B. Acoustic Frequency Mechanical Loading Platform 

A vibration loading of cell cultures was developed to 
stimulate hMSCs with different vibrations. 12-well plates 
cultured with hMSCs were mounted onto the platform of  
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a vibration shaker which was excited by one channel of 
functional generator providing the amplitude, waveform, 
and frequency of the vibration. When the platform was 
placed in the cell culture incubator, hMSCs cultures re-
ceived perpendicular mechanical stimuli (magnitude of 0.2 
g, frequencies of 400 and 800 Hz) for 30 min every 24 h for 
various time periods as indicated in each experiment. Cells 
that were not stimulated with mechanical stimuli served as 
the negative control. The effects of acoustic vibration  
on hMSCs proliferation, osteogenic differentiation and 
mineralization were evaluated.  

C. RNA Extraction and RT-PCR Analysis 

After the acoustic vibration of 7 and 14 days, total RNA 
was isolated from cells using TRIzol reagent according to 
the manufacturer’s protocol. For the detection of the mRNA 
level of osteogenic genes, the total-RNA was reverse-
transcribed with a 5 × PrimeScript RT Master Mix and the 
transcription level of GAPDH was validated as the norma-
lizer. Real-time quantitative PCR was performed with 
SYBR Green PCR Master Mix on Chromo4 Real-Time 
PCR Detection System. ∆Ct was calculated by subtracting 
the Ct of GAPDH mRNA from the Ct of the mRNA of 
interest genes. The relative mRNA level was calculated 
according to the equation 2-∆∆Ct. All reactions were done in 
triplicate. The sequences of primers for RT-PCR are listed 
in Table 1. 

D. Alizarin Red Stain 

Following the experiment, cells were washed twice with 
ice-cold PBS and fixed in 4% polyoxymethylene for 30 min 
at 14 days. Cultures were stained for 30 min with a 1% 
alizarin red solution for calcium detection. Following the 
stain, cultures were rinsed with ddH2O. Graphs express 
mineralization as a percent of the experimental control. The 
calcium deposition was then dissolved with perchloric acid 
and quantified by measuring the absorbance at 420 nm.  

E. Statistics 

Values were calculated as means ± standard deviation 
(SD). The expression of osteogenic genes and quantity of 
calcium deposition in cells between different groups were 
compared by t test. P < 0.05 was considered statistically 
significance. All tests were two-sided and were conducted 
using SPSS 16.0 software. 

 
 
 
 

Table 1 Primers used for Real-time RT-PCR 

Gene Primer sequence(5’- 3’) 
GeneBank 
accession 

GAPDH F: AGAAAAACCTGCCAAATATGATGAC NM_002046 

 R: TGGGTGTCGCTGTTGAAGTC  

Col I F: CAGCCGCTTCACCTACAGC NM_000088 

 R: TTTTGTATTCAATCACTGTCTTGCC  

ALP F: AGCACTCCCACTTCATCTGGAA NM_000478.3 

 R: GAGACCCAATAGGTAGTCCACATTG  

OPN F: GCGAGGAGTTGAATGGTG NM_013227.2 

 R: CTTGTGGCTGTGGGTTTC  

Runx2 F:AGAAGGCACAGACAGAAGCTTGA NM_001015051.3 

 R:AGGAATGCGCCCTAAATCACT  

Osx F: CACTCACACCCGGGAGAAGA NM_152860.1 

 R:GGTGGTCGCTTCGGGTAAA  

III. RESULTS 

A. Changes in mRNA Expression of Osteogenic Genes 
Real-time RT-PCR revealed that the expression of osteo-

genic differentiation related genes, ALP, Col I, OPN, 
Runx2, and Osx were all up-regulated in vibrated cells at 7 
days. The highest response of these related genes was due to 
the 800 Hz regime. It enhanced ALP, Col I and Osx mRNA 
expression most significantly, which exhibited 5.3-, 2.4 and 
4.6-fold increases, respectively, compared with the non-
vibrated cells, and significantly larger than the response to 
400 Hz (Fig.1). 

 

Fig. 1 Real-time RT-PCR of osteoblastic differentiation markers, ALP, Col 
I,  OPN, Runx2 and Osx was performed after 7 days of vibration(0, 400 

and 800 Hz). Statistically significant values are indicated as *, < 0.05; **, 
< 0.01; ***, < 0.001. 

However, after 14 days of acoustic vibration, RNA level 
of ALP, ColⅠ, OPN, Runx2, and Osx were inhibited in the  
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osteoblasts and crucial for osteoblast formation, the increase 
in Osx expression might have contributed to the accelera-
tion of matrix mineralization observed in the 800 Hz vi-
brated cultures. 

In this study, we might consider that hMSCs responded 
to acoustic vibration (800 Hz) toward osteogenic differen-
tiation. These differential sensitivities reflect gene-specific 
preferences for specific frequencies. This finding is quite 
interesting, and it is possible that vibration at 800 Hz might 
activate the signaling pathways involved in osteogenesis. 
We speculate some specular acoustic frequency vibration 
might have affected the phosphorylation pattern of proteins 
that regulate the cell cycle. Thus, further investigations are 
necessary to test these hypotheses and to better understand 
the molecular mechanisms underlying the cellular responses 
to acoustic frequency. 

As we known, acoustic frequencies cover a wide range of 
20 ~ 20000 Hz. The frequency we employed in our study 
was a small part of acoustic frequency. It is necessary to 
systematically investigate the response of hMSc to acoustic 
frequencies and find a series of the specific sensitive  
frequencies. These studies will pave the way for the  
development of an acoustic based therapeutic system for 
osteoporosis in the elderly. 

V. CONCLUSION 

Our study provided a glimpse at how hMSCs respond to 
acoustic vibration at the level of gene transcription and 
matrix mineralization. At 400 Hz vibration, we observed 
markers of osteogenesis increased after 7 days, then de-
creased significantly after 14 days. Our results indicate that 
acoustic vibration at frequency 800 Hz, with a 0.3 g accele-
ration was more favourable for hMSCs osteogenic differen-
tiation. Further studies are necessary to verify the long-term 
viability and commitment to osteogenic differentiation of 
hMSCs in vitro and in vivo, with the purpose of determin-
ing whether acoustic vibration could become a novel means 
to treating osteoporosis. 
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Abstract— The epithelial to mesenchymal transition (EMT) 
involves several physiological and pathological phenomena and 
endows cells with invasive and migratory properties. We use 
the microplate measurement system (MMS) to measure cells 
stiffness. The EMT cells will have higher stiffness. However, 
treating inhibitor Cyto-D and ML-7 will lower cells’ stiffness. 
Based on this, we can use mechanical properties, to be a 
principle of the EMT process. 

Keywords— EMT, microplate measurement system, cell 
stiffness.  

I. INTRODUCTION 

The epithelial to mesenchymal transition (EMT), which 
converts polarized epithelial cells into motile mesenchymal 
cells and promotes invasive and migration properties plays a 
key role in the early stages of metastasis. Cancer metastasis 
remains the leading cause of death worldwide. Thus, 
identifying and prohibiting cells undergoing EMT has 
important clinical relevance, especially in cancer diagnosis 
and therapy. 

Recently, stiffness has been recognized as a quick and 
quantitative measure to differentiate the types of cells[1], 
such as compressive stiffness of cells might possibly be used 
to predict the onset of leukostasis [2] and tensile stiffness of 
cells could be used to grade the metastatic potential of tumor 
cells [3]. The importance of cell mechanical properties 
(CMs) to cancer is appreciated, yet the contributions of 
specific cytoskeleton to cells undergoing EMT and their 
physiological significance are needed further elucidation. 

II. MATERIALS AND METHODS 

MMS was modified version of previous set-up [4] to 
axially compress-relax-retract individual cells captured 
between a rigid plate and an AFM tip which were oriented 
horizontally in order to simultaneously observe cells and 
measure their stiffness. In addition, the commercial product 
as AFM cantilever overcame the inconvenience of glass 
microplate reproduction [5]. Though prior research has 
investigated the TGF-β1 effects on the cell in resisting 
compression, those studies only examined forces applied 
locally onto the cell [6, 7]. However, cells typically 
experience mechanical forces applied along them entirety 

[8]. A schematic representation of the experimental 
geometry and optical phase contrast images are shown in 
Fig. 1(a), (b) and (c). 

 

Fig. 1 (a) Schematic drawings of the MMS setup A cell is placed between 
two plates symmetrically mounted on each side of the microscope stage. The 
Cartesian coordinate axes of the images are defined by the indicated plot, 

and the flexible cantilever is driven along the X-axis by a stepper motor. (b) 
Representative phase contrast images of NMuMG cells undergoing 

mechanical measurements. The dotted line represents the edge of the glass 
slide, where the measured cell adhered. (c) Representative phase contrast 

images of NMuMGemt cells. The dotted curve in red indicates the 
speculated end-reinforced adhesion of NMuMGemt during retraction. 

A. Experimental Setup of Force Measurements Using MMS 
Glass microscope slides were sterilized in 70% ethanol 

overnight and exposed to UV irradiation for 15 minutes. To 
coat an extracellular substrate layer, the slides were 
incubated in 10 μg/cm2  type I collagen from rat tails (BD 
Bioscience, California, USA) overnight followed by washing 
in PBS twice. Suspended NMuMG or NMuMGemt cells 
(2×105 cells/ml) were allowed to adhere to the 
collagen-coated slides in a 6 cm dish. Meanwhile, the 
NMuMGemt cells were additionally treated with TGF-β1 for 
EMT induction. What’s more, we treat Cyto-D and ML-7 to 
inhibit NMuMGemt cells. After a 48 h incubation, the cell 
seeding glass slides were perpendicularly placed in a 10 cm 



70 

dis
to 
exp
(A
ant
an 
con
40
sca
obj
Th
pix

B. 

E=
sys
a p
in 
the
def

con
sub
wa
can

can
sub
we
wh
30
acc
spr
can
res
wa
can
mu
the

C. 

hem
Th

 

sh. Culture med
the dish to pr

periment. The 
AE31, Motic, 

ti-vibration tab
incubation 

ntrolled CO2 l
× objective fo
ale, a standard
jective with a

hese images we
xels/μm calibra

Cantilever Ca
For calibration

=5kPa was esti
stem (LRX5K,
previous study 
this case, the s

e relationship b
formation was 

Where L (≒1
ntact area and
bstrate and Yo
as 0.09 μN/μm
ntilever and PD

The tensile f
ntilever deflect
bstrate. During
e could measu
here (δp) was 3
μm. Therefor
cording to equ
ring constant 
ntilever used 
spect to the sta
as calculated f
ntilever by u
ultiplied by the
e cantilever. Th

Image Analys

Each cell w
mi-spheroid w

he x- and y-dim

 
 

dium containin
revent pH cha
dish was place

China) that
ble, and all exp
chamber at 

levels. Selected
or all experime
d grid image 

a CCD camera
ere subsequent
ation constant. 

alibration 
n, a PDMS su
imated in adva
, Lloyd Instrum
[9] for simulat
spring constan
between the pu
given by Eq1:k EL

 

0μm) is the len
d ν (≒0.25) i
oung's modulus

m. The mechani
DMS then implk δ k
force generate
tion induced te

g a cantilever-P
ure the elonga
μm and the def
re, the estim
uation (2), and
for the standa
in our exper

andard cantilev
from the deflec
using minimu
 calibrated spri
herefore, the es

sis and Mechan

as recognized
with rotational 
mensions were 

ng 30 mM HEP
anges over the
ed on an invert
t was positi
periments were
constant tem

d cells were ob
ents. To obtain

was taken u
a (TCA-10, T
tly examined t

ubstrate of Yo
ance using a m
ment, England)
ting this substr

nt of PDMS, kp
ulling force, and

  

              

ngth of the can
is the Poisson
s E (≒5 kPa). 
ical equivalenc
lied that δ            

ed by the dra
ension force o

PDMS separati
ated deformati
flection of cant

mated kc was
d this was the
ard cantilever.
riments was c
ver. The resol
ction and spri

um unit (1 
ing constant (0
stimated resolu

nical Propertie

d as either a
symmetry arou
defined as the 

IFMBE P

PES was added
e course of the
ted microscope
ioned on an
e performed in

mperature with
bserved using a
n a calibration
sing the same

Tucsen, China)
to obtain a 4.8

oung's modulus
material testing
). According to
rate as a spring
p ,was equal to
d the elongated

           (1)

ntilever-PDMS
n's ratio of the
We can get kp

ce between the

          (2) 

ag force from
onto the PDMS
on experiment
ion of PDMS
tilever (δc) was

s 0.009μN/μm
n applied as a
 Each flexible

calibrated with
lution of MMS
ng constant o
pixel=0.21μm)

0.009μN/μm) o
ution was 2nN. 

es Estimation 

a spheroid or
und the x-axis
cell height and

roceedings Vol. 

 

d 
e 
e 
n 
n 
h 
a 
n 
e 
). 
8 

s 
g 
o 
g, 
o 
d 

; 

S 
e 
p 
e 

; 

m 
S 
t, 
, 
s 

m 
a 
e 
h 
S 
f 
) 
f 
 

r 
s. 
d 

diameter,
change in
initial ce
addition, 
cantilever
symmetry
estimated
progressiv
calibrated
The meas
from the d
spring con
was enco
calculated

Stiffne

First, 
properties
 

Fig. 2 Micr
drugs inhibi
curves of bo
untreated E
And each m
from a grou
compare to 
▽) had sign
cells (indica
stiffness. (E
cells with lo
Between ea
☆: p<0.01, 

47 

 respectively. 
n cell height (m
ell height (me

the contact 
r was assume
y between th
d from the mea
vely during m
d cantilever wa
sured force (F) 
deflection of c
nstant of the ca

oded using the 
d using Eq3: σ
ess (E) was esti

III. RESULT

we use the M
s. We compa

oplate measureme
ition and its additiv
oth (A) compressiv
MT cells (red line

marker with the upp
up of applied stre
control cells (indic
nificantly higher s
ated by ▽), the dru
E) The compliance 
ower stiffness were
ch group, there are
☆☆☆: p<0.001

H.-K

 
 

Axial strain (ε
measured imme
easured prior 
area (Ac) be

ed to be circ
he cell shape,
asured cell dia
measurement. T
as measured by 

was calculated
antilever multi
antilever. An im
MATLAB so
σ

FA  (3) ;  
imated by the E

TS AND DISCU

MMS to meas
ared control 

ent system (MMS) 
ve effects with TG
ve and (B) tensile e
e with square-mar
per and lower bars
ess at specific stra
cated by ▼), the c
stiffness. When co
ug-inhibited EMT 
index (CI) of each

e more compliant to
e significant differ
 

K. Huang and M

ε) was calcula
ediately) divide

to compress
etween cells 
cular because 
, and its val

ameter, which 
The deflection
synchronizing

d by using Hoo
iplied by the ca
mage analysis p
ftware. Stress 

Eq4: E σ

ε
   

USSIONS 

sure cells me
and EMT ce

measured CMs of
GF-β1. The stress v
experiment were sh
rkers) had the stif
s indicated the mea
ain value. (C and 
cells after EMT (in
ompare with untre
cells had significa
h condition showe
o the constant exte
rences in CI. ☆: p

M.-L. Yeh

ated as a 
ed by the 
ion). In 
and the 

of the 
lue was 
changed 
n of the 
g images. 
ke’s law 
alibrated 
program 
(σ) was 

 (4) ;  

chanical 
ells and  

 

f cells after 
verse strain 
hown. The 
ffest slope. 
an and SD 
D) When 

ndicated by 
eated-EMT 
antly lower 
ed that, the 
ernal force. 
p<0.05, ☆



Discuss the Epithelial To Mesenchymal Transition by the View of Mechanics 71
 

 
IFMBE Proceedings Vol. 47 

 
  

 

treating inhibitor cells (Fig. 2). In compressive experiment, 
all groups presented an increment of stress, when the 
acquired strain was above 16%, meanwhile, the nucleus was 
compressed (Fig. 2A). We estimated the compressive 
stiffness (CS) of cells from the slope of curve wholly. From 
the whole-cell-mechanics aspect, we prefer to consider the 
stiffness as the combined contribution from membrane, 
nucleus and cytoskeleton. After drug inhibition, alone or 
combined, the slope of curves seemed flatten in the same 
way, which depicted that the CS was responsive to drugs but 
was not distinguishable. We compressed cell with the 
constant pre-setting working distance, the acquired strain of 
drug-inhibited cells was as high as 30%, indicated that had 
higher compliance.  

The stress-strain curves of tensile experiments (Fig. 2B) 
revealed the tensile stiffness (TS) divergence between 
groups, and demonstrated that TS had an extraordinary 
distinguishable character. Additionally, the compliance of 
cells under tension was intricately responding to the TGF-β1 
and addictive effects of drug-inhibition specifically. 

To compare with control cells, the compressive and 
tensile stiffness were increased after EMT by 23.2% and 
10.2%, respectively (Fig. 2C and D). This increment in CMs 
might contribute to the early process of cancer cell 
metastasis[10], permit cancer cells access to dissemination 
sites such as the lymphatic and blood vasculature through 
EMT[11]. 

The effectiveness of Cyto-D and ML-7 was confirmed in 
EMT cells, whereas, the EMT cells was not varied from the 
control cells in stiffness, after inhibited by Cyto-D or ML-7. 
More than 30% decrease in stiffness after Cyto-D or ML-7 
inhibition indicated that there was an antagonist relationship 
with TGF-β1. Furthermore, combined Cyto-D and ML-7 had 
addictive effect on EMT cells, decreased by 48% and 49% in 
compressive and tensile stiffness, respectively (Fig. 2C and 
D), indicating the different inhibiting mechanism of Cyto-D 
and ML-7.  

After Cyto-D or ML-7 inhibition, the dynamic cell 
morphology adaptation disappeared due to the inhibition of 
F-actin assembly and depression of the self-contractile forces 
at the adhesion sites via connections with the myosin II[12].  

Remarkably, the cell strain progressively increased with 
applied tensile force, represented as compliance index (CI). 
Subsequently, the CI of EMT cell was only a half of control 
cells (Fig. 2E) Consistently, the CI of EMT cells was 
increased by 2, 4 and 5.8 folded after Cyto-D, ML-7 and 
Cyto-D+ML-7 inhibition (Fig. 2E) (p<0.001).  

The main advantage of MMS was that we can observe the 
cell deformation and measure the mechanical properties at 
the same time. The inspection of cell strain was indicated as  
 

CI in this study, which demonstrated a high responsiveness 
to cell stiffness in a reverse relationship.  

IV. CONCLUSION 

The stiffness is an important signal to discuss the EMT 
process. Through the modified MMS system, we can test 
the cells stiffness. The results showed that normal cells 
through EMT will change its properties. The EMT cells 
have larger stiffness than normal cells. But if we add 
inhibitors, we can find that the stiffness of the cells 
significantly decreased. Based on this, we can easily 
distinguish the normal cells and cancer-induced cells. 
Therefore, this property can be used to detect cancer cells 
more quickly in the future.   
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Abstract— Vascular pulsatile tinnitus is a common and se-
rious symptom, but no clear biomechanism. According to 
clinical radiographic reports, coloboma of cortical plate at-
taching sigmoid sinus occurs widely among patients, and most 
of them can be cured through cortical plate reconstruction 
surgery. Therefore cortical plate coloboma is a high-possibility 
etiology causing vascular pulsatile tinnitus. To study the me-
chanical relationship between cortical plate coloboma and 
vascular pulsatile tinnitus, finite element models of sigmoid 
sinus flow field and cortical plate were developed based on CT 
images. The generation and propagation of tinnitus noise were 
simulated separately. The model with and without cortical 
plate were analyzed to make comparison. The evaluation result 
provided a mechanical conclusion that coloboma of cortical 
plate attaching sigmoid sinus would remarkably amplify the 
noise generated in sigmoid sinus, therefore directly leading to 
audible perception. The conclusion also positively supported 
the cortical plate reconstruction surgery to cure vascular pul-
satile tinnitus.  

Keywords— vascular pulsatile, tinnitus, sigmoid sinus, simu-
lation, vibration, noise. 

I. INTRODUCTION * 

Vascular pulsatile tinnitus (PT) is a common symptom in 
otology and neurology. There are about 9 million patients in 
China at present. Prolonged vascular PT would seriously 
harm the quality of daily life of patients, and may even lead 
to mental disorders [1]. The mechanism of vascular PT re-
mains unclear. Several etiology hypotheses have been sug-
gested in previous researches, including abnormal or high 
velocity blood flow in sigmoid sinus (SS) [2,3] , coloboma of 
cortical plate (CP) attaching SS[4] and change of air cell 
density in temporal bone [5] are all thought to be possible 
responsibilities to vascular PT.  Among them, coloboma of 
CP attaching SS was reported as a common character of 
vascular PT patient [6].  According to anatomy structure, 
CP is an important part in the propagation route of noise 
vibration generated by blood flow in SS to the air cells in 
temporal bone (Fig. 1). Coloboma of CP would lead to 
exposure of SS vessel wall to air cells in temporal bone, 
which are connected to tympanic cavity directly by air. 

                                                           
* Corresponding author. 

Fixing CP by surgery has been applied to be an effective 
method against vascular PT, 80% patients were reported to 
be cured by this surgery [7,8]. However, there is still no quan-
titative study about the mechanism of how coloboma of CP 
might cause vascular PT, and why CP fixing surgery is 
effective curing vascular PT. 

 

 

Fig. 1 Horizon CT image of vascular PT patient 

In order to study the mechanism of CP coloboma hypo-
thesis, numerical simulations were performed by the author 
to reveal the relationship between PT sound intensity and 
CP coloboma. The flow field and noise generation in SS 
were simulated by Fluent, and the propagation of sound 
vibration was simulated in Abaqus CAE using explicit dy-
namic simulation. One finite element model with intact CP 
and another without CP were established based on com-
puted tomographic (CT) scanned images of a typical vascu-
lar PT patient. The simulation result was validated with 
subjective PT sound intensity report by typical patient.  
This study would draw a conclusion that the coloboma of 
CP would remarkably increase the noise vibration received 
in tympanic cavity, and that CP fixing surgery would effec-
tively reduce the tinnitus intensity. 

II. METHOD 

The 3D model of flow field in SS, 2D model of SS vessel 
wall and CP were all developed based on CT scanned im-
ages of a typical vascular PT patient. 2 cases were estab-
lished, one with intact CP, while the other without CP due 
to coloboma. The generation of sound in SS flow field and 
the propagation of sound in SS vessel wall and CP were 
evaluated separately using different simulation methods.  
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Fig. 4 Sound intensity spectrum at CP coloboma point, reference pressure 

2×10-5Pa.  

Then this simple harmonic sound pressure load was ap-
plied on the 2D model of SS vessel wall and CP besides SS. 
The vibration velocity history output of edge C in case 1 
was shown in Fig. 5. The steady vibration velocity ampli-
tude and the sound intensity received in air cells were illu-
strated in table 3. It indicates that with an intact CP beside 
SS, the noise generated in SS flow field cannot propagate 
into air cells in temporal bone. But once CP is moved away 
from the model, the vibration of SS vessel wall would be 
considerable enough to cause PT. 

Validation was based on the subjective PT sound intensi-
ty report by a typical vascular PT patient with CP colobo-
ma, who had provided the CT images to the author. The PT 
intensity was described around 45dB. Compared to the 
sound intensity simulation result in air cells (30dB with CP 
coloboma), the author successfully evaluated the sound 
intensity in generation and propagation process, and ob-
tained a convincing relationship between CP thickness and 
PT noise vibration propagation. 

 
Fig. 5 Velocity history output of edge C in case 1.  

Table 3 Velocity output average result and sound intensity validation 

Case number Average velocity (nm /s) Sound intensity in air cells (dB) 

1 5000 30 

2 10 -14 

IV. DISCUSSION 

To find out the mechanism of how CP coloboma might 
be an important pathogeny leading to vascular PT, the au-
thor used numerical method to evaluate the generation and 
propagation of PT noise. The generation of PT noise was 
obtained by computing the peak flow field in 3D SS model, 
and the sound propagation process in SS vessel wall and CP 
was simulated by explicit dynamic method in 2D model. 
Finally the vibration result in 2 cases was validated with the 
subjective PT intensity report by a typical patient.  

Numerical study is generally thought to be not accurate 
enough to achieve precise result data, so this study used 
simulation method to make comparison between the result 
of 2 cases. As experimental study on vascular PT is much 
harder than simulation to implement at present, this numeri-
cal study provided a feasible way for the mechanism re-
search of vascular PT.  

The validation positively supported the accuracy of this 
numerical study, indicating that the error range in the whole 
simulation process is acceptable, and that the comparing 
conclusion obtained from 2 cases is convincing. As the 
simulation of vascular PT model is still in primary stage, the 
accuracy of this study is limited in many aspects, and some 
of them can be improved in further research. Firstly, the 
simulation of blood flow field in SS was done statically at 
the peak velocity moment in this study. If possible, the 
varying velocity of blood in one pulse should be simulated 
in the flow field, as the sound source may be related to the 
velocity variation in flow field. Secondly, the sound pres-
sure was simplified to one simple harmonic load in this 
study. However, octave frequency band should be applied in 
this simplification to enumerate several simple harmonic 
pressure loads without interference with each other. Thirdly, 
in the simulation of sound vibration propagation in SS ves-
sel wall and CP, the 2D geometric models with different CP 
thickness is not equivalent to coloboma of one piece of CP 
shown in the CT images. 3D model should be established 
for better result accuracy in future study.  

The result of this study validated the CP fixing surgery—
—using material with high elastic module to fill coloboma 
of CP could remarkably reduce the PT sound vibration 
propagated into air cells in temporal bone.  

Although this surgery is a main clinical method for vas-
cular PT at present, it is still with high risk, so further study 
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should focus on vascular PT mechanism, making attempts 
on discovering new safer therapeutic methods to cure vascu-
lar PT. There is a promising prospect of this study in the 
future.  

V. CONCLUSION 

Through this numerical mechanism study, we can draw a 
conclusion that coloboma of cortical plate attaching sigmoid 
sinus would amplify the sound amplitude generated in sig-
moid sinus flow field for nearly 3 orders of magnitude, 
which would be a direct pathogeny leading to vascular pul-
satile tinnitus. The feasibility of cortical plate fixing surgery 
applied to cure vascular pulsatile tinnitus is validated in this 
study. 
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Abstract— Pilots have been often sustained ejection-induced 

spine trauma and investigation of dynamic response of spine 
benefit for the insight of injury mechanism and design of pro-
tective device under ejection condition. This study developed a 
nonlinear finite element (FE) model of the thoracolumbar 
spine and a multi-body dynamic model of dummy respectively. 
The kinetic data of multi-body model and stress information of 
FE model have been analyzed. It can be found that ejection 
impact induces obvious axial compression and anterior flexion 
of the spine, which may contribute to the incidence of spinal 
injury. The high stress was located in T1 and L1 which has 
more risk of injury during impact loading. The combination of 
FE method and multi-body dynamic approach provides a 
convenient tool for studying occupants restrained by seat belts, 
such as drives, aviators, etc. 

Keywords— finite element, multi-body, dynamic response, 
biomechanics, ejection. 

I. INTRODUCTION * 

Military aircrew maybe more prone to develop muscu-
loskeletal disabilities involving the spine due to the charac-
teristic of anatomy of spine and complex accelerative  
environment. According to the investigation of Lewis [1], 
the overall percentages of ejection survivals who sustained 
spinal fractures was 29.4% and the majority of fractures was 
located on the thoracolumbar region.  

The method of numerical simulation has been widely 
used to investigate the structural response of the spine to 
impact loading, while these investigations have not con-
cerned ejection-induced injury. Therefore, the aim of this 
study was to investigate the dynamic response of multi-
segment thoracolumbar spine in ejection scenario, which 
may provide the insight of mechanism into spine trauma 
and benefit for design of protective device under ejection 
condition. To realize it, two kinds of model have been de-
veloped. One was the Multi-body dynamics model of dum-
my to provide overall kinematic data of segmental body, the 
other was the finite element model of thoracolumbar spine 
from which internal stress and strain information could be 
obtained. 

 
                                                           
* Corresponding author. 

II. MATERIALS AND METHODS  

A. FE Model of Thoracolumbar Spine 

A serial CT images of a healthy male (age: 35, height: 
174cm, weight: 75kg) from T9 to S1 were obtained. A med-
ical image processing software((Mimics 10.0, Belgium) was 
used to separate the geometrical information of the bone 
and a CAE pre-processoring software (Hypermesh 11.0; 
USA) was used to mesh. The intervertebral disk involved a 
nucleus pulposus and fiber-reinforced annulus ground sub-
stance proportioned according to histological findings (44% 
nucleus, 56% annulus) [2]. The crisscross fibers were di-
vided into 8 layers in the radial direction and were oriented 
at an average angle of ±30°to the endplates. Seven major 
ligaments (All, Pll, Itl, Fl, Ssl, Isl and Cl) were created ac-
cording to the anatomical observations and measurement 
[3]. All the fibers and ligaments were taken as 3D cable 
elements which only sustained tension. 

The pelvis and the seat were meshed using 4-node tetra-
hedral solid elements and 4-node shell elements respective-
ly. All the material properties and element types of compo-
nents of FE model of the thoracolumbar spine in Table 1. 
Abaqus 6.11 and Ls-dyna 971 were used to conduct static 
and dynamic simulation respectively. The interaction be-
tween facet joints was assumed as frictionless surface to 
surface contact. During dynamic analysis, an hourglass 
coefficient of 0.01 was used to avoid the emergence of an 
hourglass scenario. 

B. Validation of FE Model 

Validation was undertaken by comparing the predicted 
data by the current model with the results from other litera-
ture. In vitro experimental results from the investigation of 
Renner was chose to validated the model in quasi-static 
condition [4]. 

The T12-L1 segment was chosen to conduct dynamic va-
lidation and the material parameters of the annulus ground 
substance and nucleus pulposus were increased to get the 
dynamic stiffness. The simulated results were compared 
with experimental data [5].  
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C. Multi-body Dynamic Model 

A facet dummy model of the pilot was developed, having 
the same weight and height as the subject which provide the  
scan data to the previous FE model. This model consisted of 
16 interconnected rigid segments as follows: head, neck, 
upper torso, lower torso, thighs, legs, feet, upper arms, fo-
rearms, hands. These segments were connected with joints 
and the properties of each joint, such as range of motion, 
stiffness, friction, and damping, were included. 

The rigid seat model was built and the retractor and pre-
tensioner were included. A PCU/15P harness restraint was 
modeled directly in Hypermesh 11.0. The geometric infor-
mation and material properties of the harness restraint were 
derived from the related specifications or experimental 
measurement. The dummy was adjusted to the position 
before ejection and the restraint systems were pretensioned 
beforehand.   

 

Fig. 1 Multi-body dynamics model of pilot (left) and FE model of tho-
racolumbar spine 

To use the kinematic data of dynamics model in the FE 
model, the hip joints points and a point corresponding to the 
center of the superior endplate of T9 were chosen as refer-
ence points. The translation and rotation of these reference 
points relative to the seat were recorded and taken as the 
boundary condition to use in the finite element analysis. 

D. Simulation of Ejection 

To consider the inertia force of body during impact, two 
nodal points were created in the mid-sagittal plane: one was 
connected with the upper endplate of T9; the other was 
positioned 10mm anterior to the L2L3 disk and 200mm 
superior to the upper endplate of T9 to represent the weight 
of the rest of the upper body. These two points were con-
nected by a rigid beam. Mass points were created in the 

center of mass of each segment [6]. For each vertebra, a 
rigid beam was constructed to connect the middle region of 
cortical bone with the mass point of each segment.  

The accelerative load with peak value of 15G, duration of 
0.2s, and onset rate of 150G/s, was exerted on the seat pan 
at an angle of 5° to the seat back. During simulation, all 
components in the finite element model were constrained to 
move only in the sagittal plane of the pilot, and the pelvis 
and T9 were allowed to rotate only around the reference 
axis of the seat. 

III. RESULTS  

A. Validation Results 
As shown in Figures 2 & 3, the results predicted by the 
present model were in close agreement with published expe-
rimental data and FE models. Accordingly, this model can 
be further used for study the dynamic response of the 
thoracolumbar spine under various impacts. 
 

 

Fig. 2 Comparison of predicted results by the current FE model against 
investigation by Renner [4] 

 

Fig. 3 Comparison of the FE model with dynamic experimental data 

B. Dynamic response predicted by dynamic multi-body 
model 

The motion (rotation and translation) of the thorax (near 
T9) and hip is shown in Figure 4. The site of thorax and hip 
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have the similar rotational displacement. While the transla-
tional displacement in thorax was far more than it in hip 
joint. This was partly due to the anterior flexion of upper 
trunk before the retractor was activated to be locked. 
 

 

Fig. 4 Motion of different sites of trunk during ejection 

C. Dynamic Response Predicted by FE model 

During the first stage of ejection, a typical pattern of 
stress distribution on the thoracolumbar spine is shown in 
Figure.5. The high stress (vonMises) regions were located 
in anterior parts of the cortical bone of T12 and L1 and 
gradually shifted to the pedicle bases in the lower lumbar 
vertebrae.  

 

 

Fig. 5 Stress distribution on thoracolumbar spine during ejection  
(t=0.12s) 

Variations of maximal stress in the cortical bone and 
endplate during impact loading are shown in Figure.6. Dur-
ing the acceleration onset stage (0-0.1s), the tremendous 
thrust force exerted on the buttocks resulted in a continuous 
increase in maximal stress of cortical bone and endplate. 
After 0.1s, the imposed acceleration remained constant and 
the maximum stress alternated up and down in a little  
range. 

 

Fig. 6 History of maximum stress in the cortical bones and endplates 
during ejection impact 

IV. DISCUSSION 

Compared to experiment, numerical simulations provide 
more detailed information at lower costs and offer better 
repeatability. The dynamic response index (DRI) and multi-
body dynamic are two methods of numerical simulation 
which have been widely used in the biodynamic investiga-
tion of ejection scenario [7,8].However it is hard for these 
two methods to provide the detailed and accurate mechanics 
information of internal tissue such as bone and ligament. 
The FE method allow the calculation of local deformations 
and stress in body during impact loading, but it require 
excessive computing power and time in constructing model, 
choice of materials and mesh of medium. 

This study combined FE and multi-body models to inves-
tigate the dynamic response of pilot trunk especially the 
location of spine in the event of ejection. Based on the pre-
dicted results from multi-body dynamics, the upper trunk 
flexed anteriorly and the buttocks titled backward and 
moved forward along with the seat pan due to the center of 
gravity anterior to the spine and the direction of ejection 
being angled away from the seat back. The rotation and 
translation of the buttocks were all significantly less when 
compared to similar thoracic measurements. Also, compres-
sion of intervertebral discs caused slackening of the shoul-
der harness during ejection, which contributed to the flexion 
of the upper torso. The results of finite element model indi-
cated that high stresses were mainly concentrated on the 
anterior parts of T12, L1 and the region close to pedicle 
bases of the lower lumbar spine. Similar stress distribution 
was reported by Qiu [10] and ejection induced spinal inju-
ries have been occurred in these locations. In this model, the 
maximum stress on the cortical bone reached 97.1MPa, 
which is close to the yield stress of cortical bone (110MPa). 

Many studies have shown that impact loading causes 
fracture of the endplate or vertebral body, although there is 
a lack of consensus on which region fails first. In this study, 
the maximum stress in structure of endplate was less than it 
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in cortical bone throughout the duration of ejection impact. 
It is hard to determine that initial failure occurs in the verte-
bral body or endplate during ejection because the failure 
strengths of these regions are still not very clear.  

It should be noted that there are some limitations to this 
study. In the multi-body dynamic model, the effect of cloth-
ing, soft tissues (skin, muscles, etc.) on the dynamic  
response of the pilot under ejection impact were not consi-
dered. The ligaments were all modeled as 1-dimensional 
nonlinear springs for the convenience of computation. More 
accurate geometrical and material properties should be 
considered in future work. 

V. CONCLUSIONS  

The combination of multi-body and FE models provided 
a suitable tool to study the biodynamic response of re-
strained pilot under ejection scenario. Ejection impact could 
induce obvious axial compression and anterior flexion of 
the spine, which may contribute to the incidence of spinal 
injury. The high stress was located in T1 and L1 which has 
more risk of injury. 
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Table 1 Element Information and Material Properties used in the Finite Element Model 

Components 

 Name 

Young's 

 Modulus 

(MPa) 

Poisson's 

 Ratio 

 Density 

(kg/mm2) 

Cross- sec-

tional 

Area(mm2) 

Type 

of 

Element  

Number  

of 

Elements 

Cortical bone 14000 0.30 1.83E-06        Hexahedral 4744 

Cancellous bone 100 0.2 0.17E-06  Hexahedral 68186 

Posterior elements 3500 0.25 1.83E-06  Hexahedral 40234 

Endplate 10000 0.25 1.06E-06  Hexahedral 11916 

Pelvis 5000 0.2 1.83E-06  Tetrahedral  40327 

Disc       

Annulus  Mooney–Rivlin 

c1 = 0.12, c2 = 0.045 

1.0E-06  Hexahedral 17010 

Nucleus pulpous   Mooney–Rivlin 

c1 = 0.12, c2 = 0.03 

1.2E-06  Hexahedral 12780 

Collagenous fiber Calibrated stress-strain  

curves 

  Cable 38880 

Ligament       

 ALL  

 

 

Calibrated deflection-force 

curves 

 

1.0E-06 63.7 Cable 72 

 PLL 1.0E-06 20 Cable 64 

 FL 1.0E-06 40 Cable 63 

 ITL 1.0E-06 3.6 Cable 36 

 ISL 1.0E-06 40 Cable 45 

 SSL 1.0E-06 30 Cable 9 

 CL 1.0E-06 60 Cable 180 
ALL, anterior longitudinal ligament; PLL, posterior longitudinal ligament; FL, ligamentum flavum; ITL, intertransverse ligament; ISL, interspinous liga-
ment; SSL, supraspinous ligament; CL, capsular ligament. 
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Abstract— Idiopathic carpal tunnel syndrome (CTS) affects 
a significant portion of the population, although its exact etiol-
ogy remains unknown. Based on dynamic ultrasonographic 
examination of the carpal tunnel inlet, in thumb and index 
finger (IF) flexion, we observed that the tendon(s) moves in the 
volar-ulnar direction, displacing the median nerve in the same 
direction. In middle finger (MF) flexion, however, the tendon 
moves dorsa-radially, leading to the volar-ulnar movement of 
the nerve. Median nerve and tendon displacements increased 
from thumb, IF and MF flexion. These general motion pat-
terns were applied to a patient-specific computer-generated 
model of the carpal tunnel to determine the associated pres-
sures. Motions in which the tendons move volarly, as in IF and 
thumb flexion, elicit greater nerve contact and von Mises 
stresses than those in which the tendons move in a dorsal-ulnar 
direction, as in MF flexion. Nerve displacement was also not 
directly correlated with nerve stress. The utilization of finite 
element modeling allows direct quantification of stresses with-
in the tunnel without any invasive procedures, and may pro-
vide insight into the changing intra-carpal mechanics as CTS 
develops, which may lead to more effective CTS treatment. 

Keywords— Carpal tunnel syndrome, median nerve, dis-
placement, intra-carpal tunnel pressure.  

I. INTRODUCTION  

Idiopathic carpal tunnel syndrome (CTS) affects a signif-
icant portion of the population. Although thickening of the 
subsynovial connective tissue[1], and repetitive hand mo-
tions[2] have been associated with CTS development, its 
exact etiology remains unknown[3]. The pathological 
changes do not explain the cause of dynamic symptoms that 
are aggravated during finger motion. This highlights the 
need for a greater understanding of carpal tunnel dynamics 
that could lead to the development of more effective CTS 
preventive therapies and treatment. 

Thus far, previous ultrasonographic studies on median 
nerve displacement have reported differing results. Van 
Doesburg, et al.[4] studied thumb, index finger (IF) and 
middle finger (MF) flexion, and reported a volar-ulnar 
movement of the median nerve and the associated tendons 
in the latter two cases. Yoshii, et al.[5], however, described 
a dorso-radial movement of the tendon and a volar-ulnar 

movement of the median nerve during MF flexion. In addi-
tion, transverse ultrasonographic studies were conducted by 
Ugbolue, et al.[6] on cadaveric specimens during IF and MF 
flexion, and found the transverse displacements to be small 
and irregular. This lack in consistency demonstrates the 
need for a more detailed study into intra-carpal tunnel dy-
namics[2,6]. 

While nerve displacement is useful in understanding 
nerve-tendon interaction, it offers limited insight into the 
stress that the nerve experiences. Previous studies[7,8] con-
ducted in-vivo pressure measurements via a catheter  
connected to a pressure transducer. The use of catheters, 
unfortunately, implies that pressure may only be quantified 
at a single point, and that only fluid pressure may be ob-
tained. Contact pressure may only be measured in cadaveric 
wrists, while the stress actually experienced by the median 
nerve cannot be determined at all. These difficulties high-
light the necessity for the use of a different modality to 
observe intra-carpal tunnel pressure.  

In the first part of this study, based on dynamic ultraso-
nographic examination at the carpal tunnel inlet, movement 
of the median nerve and the associated tendon in thumb, IF 
and MF flexion in normal candidates, was quantified. These 
structures are found to exhibit a general movement in each 
motion. In the second part of the study, these motion pat-
terns were applied to a finite element model of the carpal 
tunnel. The associated pressures were then determined. In 
this way, the motion that elicits the greatest pressure in the 
median nerve may be quantitatively determined. 

II. METHODS 

This study was approved by our institutional review 
board and all participants gave informed consent. 

A. Ultrasound Studies 
A cohort of normal volunteers (11 males and 4 females, 

within the age-group of 30 to 45 years) was studied. We 
utilized the routine 3D ultrasound machine General Electric 
RSP6-16-D 3D/4D linear transducer probe (General Electric 
Voluson E8 expert system, Milwaukee, WI, USA). The 
subjects were seated with the hand in a neutral supine  
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position. The probe was placed at 90-degrees, at the prox-
imal inlet of the carpal tunnel. Candidates were instructed to 
gradually flex the thumb, IF or MF separately, until the 
fingertip touched the hand palm, and then to extend the 
finger again. The real-time videos were recorded and eva-
luated using digital image morphometry. 

The ultrasonographic video images were digitized with 
VirtualDub (v1.9.11, GNC General Public License), and the 
images were input into ImageJ (v1.44, Public Domain Li-
cense) and scaled according to the 1cm grid. The median 
nerve was observed in all motions. The flexor pollicis lon-
gus (FPL) tendon was outlined in the case of thumb flexion, 
flexor digitorum superficialis (FDS) 2 and FDP 2 in IF 
flexion, and FDS 3 in MF flexion. The hyper-echogenic rim 
of the median nerve and tendon was then outlined in each 
image and their centroids calculated. These centroids were 
then plot in Microsoft Excel (Microsoft Office 2008, Red-
mond, WA) to determine the structural displacement. 

B. Finite Element Analysis of the Carpal Tunnel 

MRI scans from a single healthy candidate in the neutral 
supine position were utilized to create a 3D model of the 
carpal tunnel. Images were superimposed in MIMICS 
(v14.1, Materialise, Leuven, Belgium) to create a 3D model, 
which encompassed the transverse carpal ligament (TCL), 
surrounding bone boundary, flexor tendons, the median 
nerve and the interstitial matter. The bone boundary was 
created in the place of the dorsal carpal bones to simplify 
analysis (Fig. 1). 3D tetrahedral meshes were created in 
HYPERMESH (v11.0, Altair Hyperworks, Huntsville, AL), 
then exported into ABAQUS (v 6.12, Dassault Systemes 
Technologies, Providence, RI) for modeling and simulation. 

 

 
 

Fig. 1 Creation of carpal tunnel bone boundary from carpal bones 

 
In this study, coupled Eulerian-Lagrangian (CEL) analy-

sis was employed to simulate the movement of the tendons 
through the interstitial fluid. The median nerve, flexor ten-
dons, bone boundary and TCL were assigned with solid 
Lagrangian elements. The initial position of the interstitial 
fluid between the nerve and tendons was defined in the 
Eulerian boundary. 

Material Properties: The median nerve, flexor tendons and 
TCL were prescribed an Ogden hyperelastic model defini-
tion (Eq. (1)), as reported by Main et al.[9,10]. , defines 
strain energy as a function of deviatoric principal 
stretches, . The values for  and , of each individual 
structure are detailed in Table 1. FDS 5 was not tested due 
to its small size, and will be assigned FDS 4 properties. An 
estimated density of 1100 kg/m3 was prescribed to flexor 
tendons, and a minimally higher density of 1250 kg/m3 was 
prescribed to the nerve.   , ,           (1) 

Table 1 Ogden hyperelastic coefficients of median nerve & tendons 

Structure  (kPa)  

Nerve 6.45 6.50 

FPL 12.45 10.90 

FDS 2 19.85 7.70 

FDS 3 16.30 7.8 

FDS 4 16.85 10.00 

FDP 2 21.65 11.80 

FDP 3 23.50 7.70 

FDP 4 13.85 8.00 

FDP 5 19.75 9.20 

TCL 38.75 16.82 

 
 
Elastic properties were assigned to the carpal bones 

boundary, and the interstitial matter was modeled as a fluid 
to replicate its tissue continuity[11] nature (Table 2). 

Table 2 Elastic Properties of Carpal Bones & Interstitial Fluid Properties 

Carpal Bones 
Material  

Properties 

Young’s Modulus, E (MPa) 10 000 

Poisson’s Ratio,  0.3 

Density (kg/m3) 1200 

Interstitial Fluid 
Properties Viscosity,  (Ns/m2) 0.3 

Bulk Modulus,  (GPa) 0.5 

Density,  (kg/m3) 1063 

 
Boundary Conditions & Constraints: The carpal bone 
boundary was prescribed a fixed condition. A perfectly 
bonded interface was defined between the TCL and bone 
boundary. Free inflow and outflow boundary conditions 
were prescribed in ABAQUS. 
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Prescribed Displacements & Velocities: Transverse tendon 
displacements associated with individual finger flexion 
were obtained from the ultrasound study. To simulate the 
average physical time for a single finger flexion cycle 
would take an extensively long time. Therefore, since the 
hyperelastic properties of the median nerve and flexor ten-
dons were strain-rate independent, a physical simulation 
time of 0.01s was utilized instead. The displacement was 
maintained, and the resultant velocity calculated (Table 3). 

III. RESULTS 

A. Ultrasound Study 
A predominant pattern of motion between the nerve and 

associated tendon was observed in each motion. In thumb 
flexion, we observed that the FPL moves in the volar-ulnar 
direction, displacing the nerve in the same direction. A 
similar displacement pattern is also observed in the case of 
IF flexion, where FDS 2 and FDP 2 tendons push against 
the nerve. In MF flexion, however, the FDS 3 tendon moves 
dorsa-radially, and pushes up against the dorsal side of the 
median nerve, leading to its volar-ulnar movement ( 

Fig 2). Median nerve displacements increased from 
thumb, IF and MF flexion, although this difference is only 
significant between thumb and MF flexion (p=0.0280). 
Tendon displacements increase from thumb to MF flexion, 
although this increase was not statistically significant  
(Table 3). 

B. Finite Element Analysis of the Carpal Tunnel 

Fluid pressure in the whole model, middle and distal end 
of the carpal tunnel, and median nerve contact pressure and 
von Mises stress were measured. The greatest median nerve 
contact pressure and von Mises stress was encountered in IF  
followed by thumb and MF flexion (Fig 3). This is in spite of 
the fact that the greatest displacement and fluid pressure is 
associated with MF flexion, followed by IF flexion and 
thumb flexion. Motions in which the tendons move volarly 
(IF and thumb flexion) appear to elicit greater median nerve 
contact pressure and von Mises stresses than those in which 
the tendons move in a dorsal-ulnar direction (MF flexion).  

IV. DISCUSSION 

In this study, we have established that a predominant 
general motion exists for finger flexion. In each individual 
finger flexion action, regardless of CTS symptomology, a 
general nerve-tendon pattern of movement was observed.  

 

Table 3 Experimental and simulated distance and physical times in thumb, 
index finger (IF) and middle finger (MF) flexion actions. The resultant 

velocities simulated were also included. 

Finger Flexion Thumb IF MF 

Structure FPL FDS 2 FDP 2 FDS 3 

Experimental 
Data 

Distance 
(mm) 

1.439 
(0.4219) 

1.508 
(0.9566) 

1.513 
(1.028) 

1.671 
(1.110) 

Physical 
Time (s) 

0.8624 
(0.4118) 

1.013 (0.2353) 
0.8097 

(0.3737) 

Simulated 
Scenario 

Distance 
(mm) 1.910 2.336 2.034 3.616 

Physical 
Time (s) 0.01 

Resultant 
Velocity 
(mm/s) 

Vx -56.33 203.9 -130.1 166.4 
Vy 180.3 34.29 140.7 -309.3 
Vz -28.69 108.6 -68.19 86.37 

 
 

 
 

Fig. 2 Predominant motions patterns of the median nerve and associated 
tendon(s) in different finger flexion actions. 
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Fig. 3 Maximum pressures recorded for thumb, IF and MF flexion. 

 
MF flexion displayed the greatest nerve and tendon dis-

placement, followed by IF and thumb flexion.  
It was also determined that IF flexion elicits the greatest 

nerve stress, followed by thumb and MF flexion (Fig 3). 
This suggests that the resultant nerve stress is dependent 
upon the path of the associated tendon. Volarly-moving 
tendons, as in a thumb of IF flexion, elicit greater nerve 
stress than dorsally-moving tendons, as in MF flexion. Our 
finding also suggests that a greater median nerve displace-
ment does not necessarily imply a greater nerve stress, as 
MF flexion, although exhibiting the greatest displacement, 
presented with a lower von Mises stress. This further high-
lights the importance of determining the movement direc-
tions of tendons in various hand or finger actions to estimate 
the amount of stress the nerve may be experiencing. 

The present findings suggest that high pressures are in-
deed elicited on the median nerve during finger flexion 
actions, especially in IF flexion. The maximum stress the 
median nerve experiences, albeit for a short duration, is 
significantly elevated. This could explain the dynamically 
provoked symptoms that are often encountered in mild 
idiopathic CTS candidates[12]. As they perform repetitive 
hand movements, the median nerve experiences heightened 
stress. Consequently, the subject experiences numbness, 
tingling[13] and sensory disturbance along the median 
nerve distribution[14]. These findings further elucidate 
intra-carpal tunnel mechanics, which may lead to more 
effective CTS prevention and treatment. 

V. CONCLUSION 

In conclusion, we have demonstrated that the stress the 
nerve experiences is dependent upon the path of the asso-
ciated tendon. In addition, median nerve displacement is not 
directly correlated with nerve stress. The utilization of  
 

computational modeling in the study of patient-specific 
carpal tunnel mechanics allows direct quantification of 
stresses without any invasive procedures. This may provide 
valuable insight into the changing intra-carpal mechanics as 
CTS develops, leading to more effective CTS treatment. 
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Abstract— Radio-frequency ablation (RFA) heat treatment is 

a popular “minimally invasive” treatment method for both 
primary and metastatic liver tumors, and the heat treatment is 
studied by numerical calculation.  Most of numerical modeling 
in radio-frequency ablation use commercial finite element me-
thods package. The present paper describes the model used 
finite difference methods to simulate RFA with internally-cooled 
electrode, and large blood vessels cooling simultaneously. A 
finite difference model is used to solve all partial differential 
equations (PDEs) for a simple three dimensional (3-D) cubic 
geometry model. Maximum tissue temperature is used as a 
critical index for reaching thermal lesion during RFA. Cylin-
drical RF cool-tip electrode is internally cooled at constant water 
temperature. The use of series and parallel thermal resistances 
of composite materials are presented in the model. Results show 
consistency with experimental results. 

 
Keywords— Radio-frequency ablation (RFA), thermal  

lesion formation, finite difference method, liver tumors. 

I. INTRODUCTION  

Radio-frequency ablation (RFA) has been an important 
tumor removal treating modality around the globe, particu-
larly for liver tumors. In recent years, RFA technology has 
been improved continually and it is applied in treating other 
tumors in  kidney, lung and other solid organs[1-4]. The 
ablation is less expensive than other treatment options and it 
provides excellent alternative means of treatment which is 
hard to perform by surgical resection. 

Typical setting of RFA includes a RF generator and two 
electrodes: one needle electrode directly inserted into the 
tumor and one dissipative electrode (ground pad)[5]. During 
RFA procedure, the needle electrode is inserted under im-
age guidance and an alternating current (about 500 kHz) is 
then applied across the inserted electrode and the ground 
pad for around minutes. When electric current travels 
through tissue, Joule heat is generated due to the movement 
of ions in cellular fluids against friction, resulting in tem-
perature elevation. As tissue temperature is raised beyond 
50 ◦C, irreversible cellular damage occurs, and then an area 
of coagulation necrosis is formed around the electrode [5-
6]. The cool-tip RFA system platform makes the straight-
needle maximum energy delivery possible to create larger 
ablation zones. 

The incomplete RF tumor ablation leads to local recur-
rence rate of around 40% [7,8]. Thus many research groups 
around the world have conducted both experiments and 
computer analysis to obtain better understanding to perform 
precise tumor treatments. However conducting experiments 
cost time and money in comparison with computer simula-
tion. However, few computer simulation works published to 
date addressed this problem[9-13]. Some addressed temper-
ature distribution during RFA using computer models but 
without considering heat-sink impact of large blood ves-
sel,[14-16]as most computer models of RFA used finite 
element method in calculation. 

Some[17]considered a blood vessel with constant 37 ◦C 
which was a worst case scenario during RFA. This paper 
used RF heating power source, and revealed thermal lesion 
deflection caused by thermally significant convective blood 
vessels (with various mean blood temperatures along ves-
sel’s path according to the law of energy conservation): 
particularly orthogonal vessel cooling impact on RFA le-
sion. The combination of these studies has not been re-
ported. Shih et al.[18]used ideal external power source, and 
heating domain was assigned in parallel to single blood 
vessel which are significant differences as compared to this 
study. The presented paper implement finite difference 
model of internally-cooled electrode during RFA. The use 
of series and parallel thermal resistances of composite mate-
rials are presented in the model. Results show consistency 
with experimental results[19]. 

II. METHODS 

A. Pennes Bio-heat Transfer Equation 
After obtaining the power pe, the Pennes bio-heat transfer 

equation is used to calculate tissue temperatures. That is, 
 

( ( , , )) ( ( , , ) ) 0b b a ek T x y z w c T x y z T p∇ ∇ − − + =i       (1) 

where k, cb, wb, and pe are thermal conductivity of soft 
tissue, specific heat of blood, blood perfusion rate and ab-
sorbed thermal power density, respectively. The metabolism 
effect is neglected in the bio-heat equation due to its limited 
effect on temperature distribution during heat treatment. 
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B. Thermal Conductivity near Electrode 
We modeled the thermal conductivity near the wall of 

electrode according to modeling of ferromagnetic imple-
ment hyperthermia[20].In Fig.1(a), the thermal conductivity 
k between node i and adjacent i-1 for the one-dimensional 
case in x-y plane, 
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where subscript s represents seed, c represents catheter, 
and t represents tissue. This formulation is equivalent to the 
use of series of thermal resistances of composite materials. 
The distance between the edge of the seed and the adjacent 
node is modified grid size (normal grid size minus the ra-
dius of seed) as shown in Equation (3). The correctness of 
this expression has also been confirmed by comparing nu-
merical results with an analytical solution. The conduction 
term in the z-direction, the thermal conductivity k can be, 

 
2 2

1

2

[ ( ) ] /s s s ck
k r k x y r k x yπ π

+
= + Δ Δ − Δ Δ     (4) 

 
which is equivalent to the use of parallel thermal resis-

tances of composite materials. 
 

C. Considering Internally-Cooled Electrode 

The circulating water temperature is assumed constant 
due to convective energy dominance. Therefore, we may 
utilize the Equation (2). Catheter is replaced by electrode 
and seed is replaced by flowing water.  Equation (2) of 
thermal conductivity in x-y plane is modified to the  
following, 

1
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1
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         (5) 

 
where subscript w represents water, e represents elec-

trode, and t represents tissue. This formulation is then  
reduced approximately to, 

1

2

ti
k k

−
≅        (6) 

(a) 

 
(b)

 
Fig. 1 (a) Illustration of simulating the internally-cooled electrode in lateral 

cross-sectional view. Here h s are normal grid size, and h's are modified 
grid size around seed used to account for its finite size. (b) in longitudinal 

view. 
 

when ( )e wr r− / 1

2
i

h
−

′  is small and ek / tk  is large. The 

electrode's thermal conductivity varies ranging from 71 to 

401 W/(m.K) in different materials and the ratio of ek / tk  

approximates to 142 to 802 [21]. As it is indicated that only 
minor increases in thermal lesion dimensions with electrode 
materials of higher thermal conductivity [21]. These ob-
served differences likely do not provide a significant advan-
tage during clinical procedures.  Thus, the Equation (6) 
make the thermal conductivity in-between electrode node 
and adjacent node reasonable.  

The conduction term in the z-direction, the thermal con-
ductivity k of Equation (4) is modified to be, 

 

2 2
1

2

[ ( ) ] /w w w ek
k r k x y r k x yπ π

+
= + Δ Δ − Δ Δ    (7) 

With considering conduction contribution from tissue, 
Equation (7) is modified to  
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1

2

[ ( ) ( ) ] /w w e w e e tk
k r k r r k x y r k x yπ π π π

+
= + − + Δ Δ − Δ Δ    (8) 

 

Since circulating constant water temperature within elec-
trode, the constant water temperature is assumed. This im-
plies high thermal transport in water which is mainly due to 
convective energy and it can be treated as the same as ther-
mal conductivity of electrode. Then the Equation (8) is 
modified to 

2 2
1

2

[ ( ) ] /e e e tk
k r k x y r k x yπ π

+
= + Δ Δ − Δ Δ     (9) 

Equation (9) describes thermal conductivity along elec-
trode nodes in z-direction, except for end nodes at both top 
and bottom which are direct contact with tissue; the thermal 
conductivity is approximated as  

1

2

tk
k k

+
≅   at the top   (10) 

1

2

tk
k k

−
≅  at the bottom         (11) 

 Table 1 Material properties used in computational model for electrical 
conductivity of liver tissue and RF cool-tip electrode 

Element Material ρ (kg/m3) c (J/kg 
K) 

k (W/m 
K) 

σ (S/m) 
(at 25 ℃) 

Active RF 
probe tip  

Stainless 
steel 

21500 132 71 4‧106 

Tissue  Liver 1000 4000 0.5 0.333 
Blood 
vessel  

Blood 1000 4000 0.5 0.333 

III. RESULTS 

A. Simulating Two-Electrode with Different Electrode 
Spacing 

Fig. 1 shows (a)The geometry of numerical configuration 
is a cube. (b) The central x-z plane reveals an artery blood 
vessel running in positive Z direction which is parallel to 
the RF probe located at the center of the cube and the vein 
is running in opposite direction (red dash line). For an or-
thogonal blood vessel, it is running in positive Y direction 
at the center of x-y planes. 

 

      

Fig. 1 

Figure 2. (a), (b), (c) and (d) Temperature distributions 
for two-electrode radiofrequency ablation with the electrode 
tip exposure length of 2-cm at different electrode spacing. 
Figure 2(a) of X-Z and Figure 2(b) of X-Y planes are at the 
central planes with the electrode spacing of 2-cm. The in-
ternally-water cooled electrodes are placed along z-dir.  
Figure 2(c) of X-Z and Figure 2(d) of X-Y planes are at the 
central planes with the electrode spacing of 1-cm. The in-
ternally-water cooled electrodes are placed along z-dir. (e) 
RF Ablation-induced coagulation zone volume generated by 
two parallel internally cooled electrodes which are apart at 
various distances in liver. The vertical axis value represents 
a ratio of coagulation zone volume by two electrdoes to that 
by single electrode. (i.e. 1.0 mean the thermal lesion size is 
identical to the lesion size generated by single internally 
cooled electrode only.) Two coagulation necrosis threshold 
temperatures are used here: 55℃ and 60℃. 
                                       

(a)  (b)  
                                         

(c)  (d)  
 

(e)  

Fig. 2 
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Figure 2(e) demonstrated that when threshold temperature 

is 55 oC , and the thermal lesion size could reach maximum 
value of 2.68, as the electrode spacing gradually increases 
from 0.5-cm to 2.0-cm. The value of 2.68 indicated 2.68 
times the thermal lesion size generated by single internally 
cooled electrode during RFA. It signified that overlapping 
effect of heat contributions from each electrode was 
intensifying until reaching the maximum at the distance of 2-
cm. The situation is the same when threshold temperature is 

60 oC . 

IV. CONCLUSIONS  

A numerical model using finite difference method to cal-
culate temperature distributions via RF heating has estab-
lished.  The model is used to study the influence of blood 
perfusion rate, high thermal gradients within lesion, and 
large vessels around the thermal lesion formation.  A fast 
numerical model is capable of predicting thermal lesion 
formation by multiple parallel internally-cooled electrodes. 
Results demonstrated that larger coagulation necrosis zone 
volume is generated with the multiple-electrode technique in 
minimum invasive localized RF ablation of liver tumor 
treatment. Overlapping thermal effect from each electrode 
and clover-shaped thermal lesion formation of three-
electrode RFA system are highlighted in the numerical simu-
lations which are consistent with the experimental results. 
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Abstract— The present computational model is aimed at 
predicting the temperature field in a region of the hepatic 
parenchyma with a cancer resulting from applied high-
intensity focused ultrasounds (HIFU) for thermal ablation of 
the tumor in a patient-specific geometry. The three-
dimensional (3D) acoustic–thermal–hydrodynamic coupling 
model computes the pressure, temperature, and blood velocity 
fields expressed by the nonlinear Westervelt equation with 
relaxation effects and bioheat equations in both the hepatic 
parenchyma and blood vessels (sink). The classical nonlinear 
Navier–Stokes equations related to mass and momentum con-
servation in large hepatic blood vessels are employed both for 
convective cooling and acoustic streaming. This 3D three-field 
coupling demonstrates that both convective cooling and acous-
tic streaming change the temperature considerably near large 
blood vessels. In addition, acoustic streaming cannot be neg-
lected due to resulting velocity magnitude and blood redistri-
bution between different branches. The results presented in 
the current work can be further used to construct a surgical 
planning platform. 

Keywords— HIFU, liver tumor, 3D reconstruction, blood 
flow. 

I. INTRODUCTION  

Liver cancer is the second leading cause of cancer death 
in men and the sixth leading cause among women in the 
world [1, 2]. At an early stage liver cancer can be success-
fully treated with surgery or liver transplantation. For a 
patient diagnosed at an advanced stage of disease fewer 
surgical options exist. Unfortunately, no more than 20 per-
cent of patients can be treated with the surgery. In addition 
to the open and minimally invasive surgery, cryotherapy, 
radio-frequency (RF) ablation, microwave coagulation  
therapy, laser-induced thermotherapy, and catheter-based 
infusion chemotherapy followed by transarterial chemoem-
bolization chemotherapy (TACE), high-intensity focused 
ultrasound (HIFU)-based treatment is noninvasive, non-
ionizing technique. High intensity focused ultrasound 
(HIFU) is a promising method for the tumor ablation and it 
can be used when other methods cannot be applied. Thermal 
ablation relies on the observation that a temperature above 
56◦C applied during one second by energy source (pressure 
or electromagnetic waves) causes irreversible tissue dam-
age. 

The target tissue temperature should rises to lethal levels 
without affecting healthy surrounding tissue, especially 
blood vessels to avoid vascular damage, although some 
organs such as the liver has a strong self-renewal, which 
enables fast regeneration. On the other hand, blood flow 
cooling reduces the necrosed volume [3, 4]. 

Creating a medico surgical platform requires proper HIFU 
equipment and a simulation device that incorporates multiple 
GPU processors for fast and efficient computations. Image 
processing tools are mandatory for optimized procedures. 
Simulations carried out on patient-specific geometries are 
aimed at training, predicting, and planning the treatment. 
Numerical investigation also enables to relatively easily test 
the effects of nonlinear wave propagation, blood flow cool-
ing, and acoustic streaming on HIFU tumor ablation. 

The three-dimensional (3D) acoustic–thermal–
hydrodynamic coupling model computes the pressure, tem-
perature, and blood velocity fields expressed by the nonli-
near Westervelt equation with relaxation effects and bioheat 
equations in both the hepatic parenchyma and blood vessels. 
The classical nonlinear Navier–Stokes equations related to 
mass and momentum conservation in large hepatic blood 
vessels are employed both for convective cooling and 
acoustic streaming. The 3D problem is solved using the 
finite-volume method [3-4]. 

II. METHODS 

A. Mathematical Model 
The three-dimensional (3D) acoustic-thermal-

hydrodynamic coupling model is proposed to compute the 
pressure, temperature, and blood flow velocity.  

The mathematical model [3-5] relies on a coupling of: (1) 
nonlinear Westervelt equation with relaxation effects being 
taken into account; (2) heat equations in biological tissues; 
and (3) acoustic streaming hydrodynamic equations. The 
computational domain is meshed from a patient-specific 3D 
reconstruction that includes the hepatic and portal veins 
(Fig. 1). The total number of tetrahedral elements is 
910,000. In the focal region, the grid is refined, thereby 
generating a cell length of 0.2mm. 

Acoustic field generated by a HIFU source was modeled 
using the nonlinear Westervelt equation 
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In the above, p is the sound pressure, β is the coefficient 
of nonlinearity, and δ is the diffusivity of sound resulting 
from viscosity and heat conduction, τn is the relaxation time 
and cn is the small signal sound speed increment for the n-th 
relaxation process. Two relaxation processes are considered 
in the present work. The first two terms describe the linear 
lossless wave propagating at a small-signal sound speed. 
The third term denotes the loss due to thermal conduction 
and fluid viscosity. The fourth term accounts for acoustic 
nonlinearity which may considerably affect thermal and 
mechanical changes within the tissue. The last term ac-
counts for the relaxation processes. 

For the linear Westervelt equation the intensity is equal 
to 2

0/ 2LI p cρ= , where c0 is speed of sound. In the nonli-

near case, the total intensity is  

1

,n
n

I I
∞

=

=∑    (2) 

where nI  are the corresponding intensities for the respec-

tive harmonics 0nf . The ultrasonic power deposition per 

unit volume is calculated as follows 

2 ( ) ,n
n

q nf Iα=∑    (3) 

where acoustic absorption α linearly depends on frequency. 
Tissue heating by ultrasound involves an energy balance 

in which source terms associated with metabolic heating 
and ultrasound power deposition are balanced by sink terms 
associated with convective cooling (large blood vessels), 
perfusion cooling (microvasculature), heat conduction, and 
energy storage. In order to calculate the temperature we 
have separated the domain of our interest into two regions: 
region free or large blood vessels (Eq. 4.1) and region inside 
large blood vessel (Eq. 4.2) with diameter d>0.5 mm. Tis-
sue heating by ultrasound can be well described by two 
bioheat equations  

 2 ( )t t t b b
Tc k T w c T T
t

ρ ∞
∂ = ∇ − −
∂

+q   (4.1) 

 2
b b b b b

Tc k T c T
t

ρ ρ∂ = ∇ − ⋅∇ +
∂

u q   (4.2) 

where T is the temperature, and ρ, c, and k are the density, 
specific heat, and thermal conductivity, respectively, which 
the subscripts t or b referring to the tissue and blood domains. 

Focused ultrasound can induce an additional mass flow. 
This effect is known as acoustic streaming and is taken into 
account in the present HIFU simulation study. It can en-
hance blood flow cooling, representing an additional heat 
sink [2, 3]. The vector equation for modeling the blood flow 
motion, subject to the divergence free equation, in the pres-
ence of acoustic stresses is as follows: 

2 1
( ) ,P

t
u u uu μ

ρ ρ
∂ + ∇ = ∇ − ∇ +
∂

⋅ 1
ρ

F       (5) 

In Eq. (5), the force vector F acting on the blood fluid due 
to ultrasound is assumed to act along the acoustic axis n. 
The resulting nonzero component in F takes the following 
form 

0

qn
c

⋅ =F .   (6) 

First the acoustic pressure was calculated. Westervelt eq-
uation is solved using the sixth-order accurate finite differ-
ence scheme [3]. The acoustic pressure was calculated only 
once for a given set of transducer parameters. Afterward 
ultrasound power deposition in Eq. (3) and acoustic stream-
ing force in Eq. (6) were determined and stored. Blood flow 
velocity was computed from Eq. (5) at every time step with 
the acoustic streaming effect being taken into account and 
then substituted to the bioheat equations (4). With the 
known blood flow velocities and power deposition terms, 
temperatures in blood flow domain and in liver were calcu-
lated. The three-dimensional problem is analyzed using 
finite-volume method. A detailed description of the solution 
procedures can be found in our previous articles [2-4]. The 
present 3D computational model was validated by compar-
ing our simulated results for the temperature field, with and 
without flow, with the experimental results [5]. Tempera-
ture elevation by HIFU in ex-vivo porcine muscle was also 
studied experimentally by MRI and numerically [6]. We 
demonstrated that for peak temperatures below 85-90 0C 
numerical simulation results are in excellent agreement with 
the experimental data in three dimensions. Both temperature 
rise and lesion size can be well predicted.  

III. RESULTS 

In the present section we are going to present numerical 
results for a patient specific liver model. First we are going 
to investigate the effect of acoustic streaming. Acoustic 
streaming is considered as a second order physical effect in 
the HIFU therapy and it is usually neglected. To investigate 
the importance of acoustic streaming effect during a thermal 
therapy, we have plotted in Figs. 2, 3 the velocity profiles at 
different cutting planes in portal venous network with and 
without acoustic streaming effect. Maximum velocity  
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magnitudes in the portal vein for the cases considered with 
and without acoustic streaming are 37 and 7 cm/s, respec-
tively. Acoustic streaming increases the velocity magnitude 
by more than four times. This will increase the blood flow 
cooling and decrease the temperature rise [3, 4]. 

 

Fig. 1. Patient specific 3D geometry reconstructed from CT images. 

 

Fig. 2. The predicted velocity profiles at different cutting planes in portal 
venous network when acoustic streaming effect is taken into account; 

lesion (necrosed volume) is drawn with light blue. 

In Table 1 the predicted mass fluxes at different branches 
of the portal vein, schematic in Fig. 2, are presented with 
and without acoustic streaming. The mass fluxes at 
branches 2 and 4 are increased more than twice; the mass 
flux at branch 3 is decreased by seven times. Hence, acous-
tic streaming can lead to sufficient mass flux redistribution 
among different branches. This effect can be used to control 
drug delivery. 

 

Fig. 3. The predicted velocity profiles at different cutting planes in portal 
venous network when acoustic streaming effect is not taken into account; 

lesion (necrosed volume) is drawn with light blue. 

 

Fig. 4. The predicted temperature contours in tumor and in portal vein at 
the selected cutting plane z=0.16 m for the case with sonication time 0.4 s. 

Table 1 Acoustic streaming effect on blood mass flow (10-3 kg/s) 
distribution among different branches (B) of the portal vein marked in 

Fig.2 

 B1 B2 B3 B4 B5 B6 Inlet 

Without 
AS 

3.3 0.58 0.53 1.5 1.28 1.13 8.32 

With AS 2.2 1.27 0.07 3.3 0.69 0.76 8.32 
Difference 
(%) 

-32 +120 -87 +121 -46 -33  

 
The simulated temperature contours in tumor and in the 

portal vein at the cutting plane z=0.16 are presented in Fig. 
4 at time t=0.4 s (end of sonication). The temperature 56 0C 
can be achieved on the blood vessel wall; therefore tumor 
close to blood vessel can be ablated. The temperature inside 
the blood vessel remains almost unchanged except in the 
boundary layer close to the focal point. Therefore focused 
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ultrasound can be a safe therapy to ablate tumors close to 
blood vessel wall. However, more experimental studies in 
vitro and in vivo are necessary. Previously it was shown [2, 
4] that in the moderate-intensity regime thin layer of tissue 
close to blood vessel wall remained viable and could not be 
ablated.  High focal intensities and small exposure time, 
used in the current study, are two factors that help to ablate 
tumors proximal to large blood vessels. Nonlinear propaga-
tion effects also help to ablate tumor in this case. Simulation 
results can help to optimize an appropriate set of sonication 
time, ultrasound power and focal point location. 

IV. CONCLUSIONS  

The proposed three-dimensional computational model of 
HIFU therapy is carried out on a mesh derived from 3D 
reconstruction of the liver and its major vessels. A priori, 
the lower the flow velocity, the smaller the ablation zone 
volume should be due to the presence of a large blood ves-
sel with respect to a target parenchyma free of large blood 
vessels. However, the treatment efficiency is markedly 
influenced not only by blood flow cooling, but also acoustic 
streaming. At high intensities, cooling by acoustic stream-
ing can prevail over the simple cooling by the blood flow 
through large intrahepatic blood vessel. Acoustic streaming 
may thus enhances therapy safety. These results can be 
further used to construct a surgical planning platform for the 
non-invasive HIFU tumor ablating therapy in real liver 
geometry from MRI image and can lead in the future to a 
substantial improvement of the focused ultrasound ablation 
of liver tumor. The presented model can be used in planning 
tools for the thermal ablation of tumor in other organs and is 
also applicable to acoustic hemostasis treatment [7]. 
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Abstract— Dental implantation has brought about not only 
the occlusive capability restoration for edentulous patients, but 
also provided a better choice for the tooth reconstruction. 
With the advancements of science and technology, a satisfacto-
ry success rate of the dental implantation was reported. How-
ever, the mechanical behavior of the dental implant is still not 
similar to a natural tooth with the periodontal ligament. The 
micro-motion mechanism is the main difference between the 
natural tooth and the dental implant. Therefore, the aim of 
this study was to develop a novel dental implant abutment with 
a micro-motion mechanism that imitates the biomechanical 
behavior of the periodontal ligament, with the goal of not only 
maintaining the primal success rate but also increasing the 
long-term survival rate of dental implants. Firstly, computer-
aided design software was used to design a novel dental im-
plant abutment with an internal resilient component with a 
micro-motion capability. The feasibility of the novel system 
was investigated via finite element analysis. Then, a prototype 
of the novel dental implant abutment was fabricated, and the 
mechanical behavior was evaluated. The compression test of 
the novel dental implant was performed to prove micro-motion 
function. Moreover, the fatigue test of the novel dental implant 
was executed on the basis of the ISO 14801 standard. The 
results of the finite element analysis and the compression test 
confirmed that the novel dental implant abutment possessed 
the anticipated micro-motion capability. The nonlinear force-
displacement behavior apparent in this micro-motion mechan-
ism imitated the movement of a human tooth. Furthermore, 
the novel dental implant accomplished the fatigue test success-
fully at 5,000,000 cycles with frequencies of 5 Hz. The maxi-
mum endured load of the fatigue resistance of the novel dental 
implant is 160 N according to the ISO 14801 standard. 

Keywords— Dental implant, micro-motion, finite element 
analysis, fatigue test, ISO 14801, natural tooth. 

I. INTRODUCTION * 

Dental implant systems are important for edentulous pa-
tients. Although dental implantation now has a high success 
rate greater than 90% [1]. However, an ideal dental implant 
should provide the stability as well as the micro-motion of a 
natural tooth. None of the current commercial dental im-
plant systems provides the micro-motion capability to im-
itate a natural tooth. The inconsistent movements between 
the dental implant and the natural tooth limit the design and 

                                                           
* Corresponding author. 

success of an implant system [2]. Therefore, the aim of this 
study is to develop a novel dental implant abutment with a 
pericementum-like mechanism that can imitate the biome-
chanical behavior of a natural tooth. Such a novel dental 
implant abutment would not only maintain the primal suc-
cess rate but also increase the long-term survival rate of the 
implant. 

II. MATERIALS AND METHODS 

It was comprised of four main stages: design, finite ele-
ment analysis (FEA), compression test and fatigue test for 
the development of the novel dental implant system with a 
micro-motion capability in this study. First, the novel dental 
implant abutment was designed. The internal structure of a 
commercially available abutment was ameliorated to pro-
vide a micro-motion mechanism. Moreover, an elastic ring 
was assembled inside the abutment to provide a resilience 
function (Fig. 1). Second, the FEA of this novel dental ab-
utment was executed to evaluate its feasibility. A three-
dimensional model of the dental abutment was meshed to 
establish an FE model. The material properties, contact, 
boundary and loading conditions were reasonably defined in 
the FEA [3, 4]. The displacement and the stress were ob-
tained to estimate the mechanical response of the novel 
dental abutment. The prototype of the novel dental abut-
ment was fabricated before the mechanical experiments. 
Finally, two mechanical experiments of the novel dental 
abutment were orderly performed. One was a compression 
test to ensure the credibility of the FEA (Fig. 2). The other 
was a cyclic fatigue test to evaluate the life of the novel 
dental abutment according to the ISO 14801 standard [5] 
(Fig. 3). 

The novel dental abutment was designed for the Strau-
mann dental fixture (Fig. 1g) of the other commercially 
available dental implant. The connection of the Straumann 
dental implant belongs to the type of an internal hexagon. 
The outer contour of the Straumann dental abutment was 
adopted to design the novel dental abutment. The novel 
dental abutment included the coping component (Fig. 1d), 
the resilient ring component (Fig. 1e), and the abutment 
component (Fig. 1f). The novel dental implant and the rele-
vant apparatuses were fabricated, as shown in Fig. 1. 
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The function and the life of the second prototype of the 
novel dental implant were respectively evaluated by way of 
the compression experiment and the fatigue test in this 
study. The specimen of the novel dental implant was pre-
pared for both mechanical experiments (Fig. 1b). First, the 
compression test of the novel dental implant was executed 
using the MTS universal testing machine (Model: 858 Mini 
Bionix, MTS Corporation, Eden Prairie, MN, USA) and the 
laser displacement sensor (Model: LB-1103, Keyence, 
Elmwood Park, NJ, US). An axial load of 150 N was ap-
plied upon the coping component, as shown in Fig. 2. The 
novel dental implant was tested repeatedly nine times in the 
compression test. The force-displacement curves were ac-
quired to evaluate the mechanical behavior of the novel 
dental implant. 

The fatigue test of the novel dental implant was per-
formed via the MTS and the angular jaw. The metal holder 
was used to fix the novel dental implant (Fig. 3). A 30 ° 
oblique load of 200 N with a 5 Hz in frequency was applied 
upon the novel dental implant through a hemispherical head. 
The load varied sinusoidally between a nominal peak value 
(200 N) and 10 % of this value (200 N × 10% = 20 N). The 
intention of the hemispherical loading member is to ensure a 
single force on the test specimen. The number of load cycles 
was recorded until five million cycles or failure in the fatigue 
test of the novel dental implant. Besides, the data for the 
cycle number were obtained by testing specimens at a series 
of loads until a lower limit is reached according to the ISO 
14801 standard. Therefore, the cyclic load could be de-
creased when the testing specimen was failed. 

 

Fig. 1 Three-dimensional model (a) and prototypes (b) of the novel dental 
implant system. (c) hemispherical head. (d) coping. (e) resilient ring. (f) 

abutment. (g) fixture. (h) specimen holder. 

 

Fig. 2 Experimental setup of the novel dental implant on a universal testing 
machine in the compression test 

 

 

Fig. 3 Experimental setup of the novel dental implant on a universal testing 
machine in the fatigue test 

III. RESULTS AND DISCUSSIONS 

The von Mises stress distribution of the novel abutment 
was mainly concentrated at the annular fillister of the abut-
ment and the bottom of the coping. The maximum von 
Mises stress of the coping was 516.5 MPa, the maximum 
von Mises stress of the abutment was 321.35 MPa, the max-
imum von Mises stress of the ring was 85.15 MPa, and the 
maximum von Mises stress of the fixture was 73.25 MPa 
under the 150-N loading condition (Fig. 4). When the force 
was increased from 0 N to 0.75 N, the displacement was 
increased to approximately 0.02 mm in the FEA of the  
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novel abutment. Subsequently, when the force was in-
creased gradually from 0.75 N to 5 N, the displacement was 
increased to approximately 37.5 μm. Both the force-
displacement curves of the experiment and the FEA exhi-
bited similar mechanical behavior (Fig. 5). The force-
displacement curves of the novel dental implant were ob-
tained under the 150-N loading condition in the compres-
sion test, as shown in Fig. 5. A total of nine experimental 
data had an excellent repeatability in this study. The quality 
of the experimental procedure is satisfactory. The nonlinear 
behavior of the novel dental implant was presented in the 
compression test. The reaction displacement of the novel 
dental implant was 0.1 mm by the loading force of approx-
imately 17.6 N. When the load reached 150 N, the reaction 
displacement of the novel dental implant was 0.19 mm. It 
proves that a design of the novel dental implant with the 
micro-motion mechanism is practicable through the FEA 
and the experiments in this study. It is to be regretted that 
the novel dental implant is failed in the fatigue test again 
according to the ISO 14801 standard. Finally, the novel 
dental implant has accomplished the fatigue test successful-
ly under the cyclic load of 160 N until 5,000,000 cycles in 
this study. The maximum endured load of the novel dental 
implant is 160 N according to the ISO 14801 standard. 

 
 

 

Fig. 4 The sectional view of the von Mises stress distribution of the novel 
implant under the 150-N load in the finite element analysis 
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Fig. 5 Force-displacement curves of the novel abutment (the FEA and the 
mechanical experiment) and a natural tooth [6] 
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Fig. 6 Force-displacement curves of the novel micro-motion dental implant 
in the compression experiment 

IV. CONCLUSIONS  

Within the limitations of the present study, the ability of 
a novel dental implant to provide a micro-motion mechan-
ism was validated by FEA and experiments. The mechani-
cal behavior of the novel dental implant was similar to that 
of a natural tooth during mastication. 
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Abstract— The particulate matter on the floor is at first de-
tached and resuspended from the floor and then redistributed 
by human activities (i.e. walking). The objective of this paper is 
to investigate experimentally particle resuspension and redi-
stribution due to human foot motion. The flow visualization 
with actual foot tapping was also carried out to demonstrate 
the particle resuspension. The experiments were carried out by 
flow visualization and Particle Image Velocimetry (PIV) mea-
surements. To define the measurements better, the foot was 
modeled either as a disk, an elongated plate or a slipper-
wearing foot model, that moved normal to the ground. The 
results indicate that particles can be resuspended with the 
walking process by aerodynamic mechanism. The particles 
resuspension is caused by wall jet between the foot and floor, 
and the particles redistribution takes place by the vortex dy-
namics. 

Keywords— Dust Particle Resuspension, Idealized foot, 
Wall jet, Vortex, PIV measurement. 

I. INTRODUCTION  

An indoor air quality is affected by an amount of particu-
late matter (PM) suspended in air. The particulate matter is 
first detached from the floor (resuspended), and then en-
trained into the human thermal plume, where it can ulti-
mately be inhaled. Resuspension of particles is caused by 
human activities such as walking. Ferro et al. examined that 
once resuspended the particulate matter can affect the hu-
man health[1]. Question at issue is how the human motion 
causes the resuspension of particles.  

The particles are strongly attracted to the floor via vari-
ous forces (adhesion, electrostatic, Van Der Waals forces 
and can be detached via either ballistic or aerodynamic 
mechanism, or combination of both[2, 3]. The ballistic 
mechanism occurs when colliding particles break the cohe-
sive bond, which exists between particles. Whereas the 
aerodynamic mechanism occurs when the particles are re-
suspended by purely flow disturbances generated by the 
body. The dust resuspension due to a sphere impacting the 
wall was investigated by Eames et al., and the associated 
vortex dynamics around a sphere impacting the wall was 
studied by Leweke et al. [4]. The present paper examines 
the aerodynamic mechanism of particle resuspension ex-
cluding floor vibration, etc.; to focus on the wall jet and the 

vortex dynamics caused by the idealized foot motion. Also, 
this article addresses the subsequent redistribution of the 
particles by the aerodynamics mechanism.  

Modeling the human walking motion and the associated 
foot kinetics is complex with both a vertical and a rotational 
component [5]. In the present laboratory experiment, the 
stepping motion is modeled as normal motion to the floor 
and both the downward portion of the walking cycle as well 
as the foot stomping are examined for the first approxima-
tion. In these experiments, the motion is stopped just before 
touching the floor, ensuring no floor vibration to focus on 
the aerodynamic resuspension mechanism. Here, the idea-
lized foot is modeled as one of the followings: a disk, an 
elongated plate and a slipper. The disk and elongated plate 
have the equivalent area to a US 8 size human shoe. Khalifa 
et al. studied analytically and numerically the aerodynamic 
resuspension mechanism of particle “attached” to the wall 
beneath a falling disk [6]. The present study is focused on 
the global flow field and associated particle resuspension 
around the immediate the neighborhood the idealized foot.  

II. EXPERIMENTAL SETUP AND CONDITIONS 

Particle flow visualization with the human foot tapping 
was first conducted. Actual tapping motion consists of foot 
pivoting around the heel touching the floor. The subject 
wore a slipper. The angular velocity during in the portion of 
downward motion was 4.3rad/sec as measured with a Pho-
tron high-speed camera.  

A sketch of the setup for an idealized foot is shown in 
Fig. 1 a). Three different geometries were used as the idea-
lized foot model. The models were (1) a 152.4mm diameter 
disk, (2) an elongated plate and (3) an indoor slipper. All 
had smooth bottom surface. The geometry of the elongated 
plate was a rectangle with two half circles at the both ends, 
and the overall dimensions are 71.7mm in width and 
269.8mm in length. The idealized foot motions were driven 
vertically by a computer-controlled linear servomotor. The 
motor could be controlled by programming the maximum 
velocity, acceleration, deceleration and stroke. Both flow 
visualization and flow-field velocity measurement were 
conducted in a 1.2m x 1.2m sealed acrylic case to ensure 
that no cross flow drafts were present. 
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III. RESULTS 

A. Resuspension of Particle by a Human Foot Tapping 
The sequence of particle flow visualization with an actual 

foot tapping motion is shown in Fig. 2. The toe is facing the 
reader in the sequence of figures. The time increment is 
0.1sec. At t=0sec., the foot stopped from downward motion, 
and the following two show the results during upward po-
tion of the motion. The particles were initially seeded just 
underneath the foot. The particles were expelled from be-
neath the floor, and entrained in the vortex at t=0sec. Later, 
the resuspended particles were redistributed at t=0.1sec. It 
can be seen that once resuspended, particles are easily levi-
tated into the air (see figure at t=0.2sec.) affecting the in-
door air quality. In upward motion, the particles were resus-
pended behind the upward-moving foot at t=0.2sec. Thus, 
both downward and upward motions are shown to be equal-
ly important for the resuspension and redistribution of par-
ticles. To understand the process of particles resuspension 
and redistribution in more detail, the experiments were 
carried out using an idealized foot in prescribed motion. 

B. Idealized Foot Experiment: Effect of Initial Seeding 
Pattern with a Disk during Downward Motion 

The particle visualization and the velocity field mea-
surements with a disk model have been reported earlier by 
Kubota, et al.[7]. In the present follow-up study with a disk, 
the particles flow visualizations were conducted with differ-
ent types of seeding patterns. The streak patterns in Fig. 3 
indicate the final particle distribution after the disk stops 
immediately above the wall. Four types of initial seeding 
patterns were examined: (a) the particles spread over the 
same diameter as the disk, (b) spread over half diameter of 
disk, (c) in annular distribution beneath the disk between 
half diameter from the center to the edge of the disk and (d) 
annular pattern immediately outside the disk seeded in 
2.54cm width from the edge of the foot. The result in Figure 
3a) shows that the axisymmetric particle distribution on the 
wall. The vortex ring forming behind a disk in rapid accele-
ration and deceleration both was studied experimentally and 

numerically by Higuchi et al.[8]. Comparison among vari-
ous seeding patterns reveals that the initial position of par-
ticles affects to the particle redistribution. For example, the 
particles are expelled from near the edge of the foot, whe-
reas the particles remain under the foot in Fig. 3b). This is 
in good qualitative agreement with analysis of projected 
particle trajectory by Khalifa et al.[6]. Radial streaks of 
particle paths are seen in Fig. 3 a), c) and d). They are be-
lieved to be due to the azimuthal vortex instability. Eames 
et al. and Leweke et al. and showed similar instability 
waves under an impacting sphere[3, 4]. The latter examined 
the azimuthal instability due to the sphere impact in detail 
experimentally and by direct numerical simulation (DNS). 
The present streak pattern under the disk appears to have 
much higher wave number than expected (see e.g., Balli-
gand), and further study is needed including possible par-
ticle-particle interactions [9]. 

Table 1 Parameters used for stomping experiment 

Uc 
[m/s] 

Zi 
[mm] 

Zf 
[mm] 

Acc 
[m/s2] 

Dec 
[m/s2] 

T1  T2 T3 ReUc 

1.9 300 0.1 10.6 -16.0 2.18 2.34 3.78 18,500 

 
 

 

Fig. 2 Sequence of particle flow visualization with actual foot tapping.  

       

Fi g. 1 Experimental configurations. a) Sketch of the setup, b) Velocity time histories of both human foot stomping and idealized foot motion. 

T1 T2 T3 

t=0 sec. 

t=0.1sec. 

t=0.2sec. 

a) b) 
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shows a vortex emanating from the heel. In the cross-
sectional views at mid-section at a diagonal angle (Fig. 8 b)) 
and across the ankle (Fig. 8 c)), both trajectories show larg-
er amount of resuspension of particles.  The three-
dimensional aerodynamic effect on particle resuspension 
from a simplified elongated plate as well as an actual slipper 
has been demonstrated. With more realistic shoe geome-
tries, resuspension and redistribution of particles are ex-
pected to be even more three-dimensional and the sole 
roughness and indentation would play a major role. 

IV. DISUCUSSION AND CONCLUSION 

Particle flow visualizations and velocity measurements 
were carried out with the actual foot tapping and the idea-
lized foot. Both downward and upward portion of the actual 
foot tapping caused the resuspension and redistribution of 
particles, so the both downward and upward motions are 
equally affected to the particles resuspension.  

Flow visualization with the idealized foot motion shows 
that the particles beneath the foot were expelled and resus-
pended due to a wall jet between the foot and floor in gen-
eral accord with the mechanism for particle resuspension 
proposed by Khalifa et al., though with high density particle 
deposited prior to the experiment, most particles were not 
attached via Van Der Waals forces[6]. Khalifa et al. pre-
dicted that much higher speed jet within 0.5mm from the 
wall is needed to detach the particles from the wall[6]. Kha-
lifa et al. also examined the initial particle position and 
particle trajectories relative to the free falling disk[6]. The 
particles near the center were not ejected from beneath the 
disk. This analytical result is in agreement with the present 
results from particles flow visualization. The importance of 
large-scale structure in flow-field was shown in present 
results.  

Both the elongated plate and the indoor slipper have 
caused the strong three-dimensional aerodynamics effects 
during the foot motion. The resuspension and redistribution 
of particles from mid-section of foot were more significant. 
This three-dimensional vortex dynamics affected the 
strength of resuspension of and particularly redistribution of 
particles. Since the large-scale flow structures play such an 
important role in particle redistribution, and the present 
results are likely sensitive to the details of the walking ki-
nematics, an investigation with more accurate foot kinetics 
and foot geometries is needed. 
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Fig. 7  Particles trajectories with a slipper in downward stomping motion 
from bottom view, a) T=3.71, Z/D=0.001, b) T=Tfinal, Z=Zf=0.1mm. 

Fig. 8 Particles flow visualization from side view with a slipper in down-
ward stomping motion (Z=Zf=0.1mm), a) Near the heel at T=4.27, b) Near 

the mid-section at T=4.76, c) Near the ankle at T=4.76.  
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Abstract— The Center of pressure (COP) measurement is 
an important tool used for quantifying the dynamic properties 
of human’s balance and can be used to assess the risk of falling 
among elderly people. This paper presents a novel COP mea-
surement device, based on three pressure sensors and double 
layer-designed insoles. Via a data acquisition (DAQ) device, 
the collected data can be remotely transmitted to wireless 
receiver Bluetooth. The aim of this study is to reduce hardware 
costs by using low-cost materials to gain the same results as the 
commercial portable COP measurement products. Experimen-
tal results show that the correlation coefficient of two systems 
is r=0.871±0.03 for the medio-lateral direction, and 
r=0.835±0.078 for the anterior-posterior direction. The results 
suggest that the design study delivers stable and reasonable 
results and that a low-cost pressure system is feasible. 

 
Keywords— falling, plantar pressure, center of pressure, 

double-layer insole. 

I. INTRODUCTION 

In recent years, the proportion of the elderly population is 
getting higher in Taiwan, which shows that Taiwan has 
stepped into the aging society. In this situation, the elderly 
medical care ratio increased gradually. Among of all, falling 
down is the second biggest cause of death for the elderly, 
and it is also the main cause of hospitalization [1]. The 
reason of falling is a physiological decline to maintain bal-
ance [2] during walking and standing. 

The foot center of pressure (COP) is a virtual site about 
the foot’s plantar surface, which is the average location of 
all pressures acting on the foot at any given time [3][4]. The 
location of COP is an important measurement in gait and 
balance control [3][5]. 

COP measurement systems can be divided into force 
plate and in-shoe measurement devices. Referring to pre-
vious studies [6], COP measured at the foot/shoe or 
foot/orthotics interface may be more representative of typi-
cal foot function than COP measured at the shoe/floor inter-
face and may be better suited for evaluating footwear and 
footwear modifications. This raises the importance of in-
shoe pressure measurement devices. Multiple systems 
commercial COP measurement systems (such as Parotec 
System) [7] are available, however, they are very costy. 
Hence, the object of this study is to create a low-cost and 
portable dynamic balanced measurement device and com-

pare it with a commercial COP measurement system  
(i.e., Advanced Mechanical Technology Inc.).  

This study is structured twofold: first, we present the 
pressure measurement insoles, which contain three pressure 
sensors in each insole. Secondly we present the data receiv-
ing system, which is based on a DAQ device. The details 
are presented in the next two sections. 

II. DESIGN OF INSOLE 

A. Sensor Position Selection 
Spatial plantar pressure distribution is an important and 

useful measurement for gait analysis [7]. According to the 
reference picture, the sole of foot can be divided into 4 main 
areas, the heel, midfoot, metatarsal, and toes [7]. Heel and 
metatarsal areas support most of the body weight and adjust 
the body balance [8][9]. In order to obtain the pressure 
distribution of the subjects and to optimize the sensor 
placement, the subjects were asked to walk over a runway 
with pigment on the soles of the feet. Figure 1 shows the 
subject’s footprint. The lighter areas represent the main 
areas of the pressure distribution and in coherence with the 
literature. [7]. Therefore, the positions of three sensors were 
selected at heel and metatarsal areas in the prototype in-
soles, because these areas show high pressure during normal 
activities (Fig 2b). 

 

 
Fig. 1 The blueprint which shows the main plantar pressure distribution 

area 
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(a) 

 

(b) 

Fig. 2 Double-layer insole: (a) the side view (b) the top view 

B. Double-Layer Insole  

In preliminary tests, the sensors were directly attached to 
the insole. However this setup only allowed detecting 8% of 
the body weight, since the body weight is dispersed 
throughout the entire insole and will affect the accuracy of 
the system. To overcome this problem, the insoles were 
divided into one upper and one lower layer (Fig 2a). The 
sensors were put between two layers, and the gasket was 
attached to the bottom of the sensor. As a result, most of the 
body weight can be measured by the three sensors. The test 
showed a detection of 45% of body weight. The material of  
 

 

the layers was chosen to be hardboard to avoid deformation 
of the insole, because hard material can avoid the deforma-
tion of the upper layer caused by body weight.  

III. DATA COLLECTION AND ANALYSIS 

A. Data Receiving System 
The pressure sensors are connected to the DAQ device, 

which is used to collect data. When the pressure is applying 
on the sensors, the voltage signals can be changed into digi-
tal signals and transferred to the remote receiver, which is 
laptop in our case. Bluetooth is utilized as the wireless 
communication technology in the present system, so that the 
experiment and the data acquisition process would not be 
limited in a short distance.  

B. Data Collection 
Five subjects voluntarily participated in the experiment 

after signing a statement of informed consent pertaining to 
the experimental procedure as required by the Helsinki 
declaration. The device was set on the center of the force 
plate, and the subjects were asked to stand on our system on 
one leg. Subjects should keep stable for 20 seconds at each 
action and tested for three times. Data was collected simul-
taneously from the force plate and the pressure insoles. 

C. Data Analysis 

The COP computation of the force plate was done using 
the general equations given by the manufacturer: And the 
COP computation of the pressure sensor device was done 
following the concept of force and torque equilibrium. The 
data was low-pass filtered and accuracy of our system the 
correlation coefficient for both COP time series was calcu-
lated.  One set of COP record is shown as Figure 3, and x 
and y direction separated results are shown as Figure 4. 

(a) (b) 

Fig. 3 One set of COP record: (a) from AMTI (b) from our device 
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IV. RESULT AND DISCUSSION 

As shown in Table 1, the mean value of x and y direction 
correlation coefficient of each subject resulting in a total 
mean value r=0.871±0.03 for the medio-lateral direction, 
and a total mean value r=0.835±0.078 for the anterior-
posterior direction. The results of the pressure device show 
similar results as the force plate. It proved that the concept 
of double-layer design is feasible, and our COP measure-
ment device is also feasible in static test. 

The current material of the insoles is hard board which 
raises the question if subjects contain their natural stance as 
usual. The design of the insole may need adjustments due 
this factor. However, the results showed good coherence 
between both devices. So far, only one foot static balancing 
tasks were tested. Future work has to implement both legs 
but also dynamic tests as stepping or walking.   

V. CONCLUSIONS 

In this paper, a COP measurement device based on three 
pressure sensors and double layer-designed insoles has been 

presented. With the design of a double layer insole, body 
weight can be concentrated on the area under the three sen-
sors. The device is proved to be accurate when compared to 
commercially available products as a force plate while be-
ing reasonable price and affordable. The experimental result 
shows that the concept of double-layer insole is feasible, 
and it is worth to be developed. 
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(a) (b) 

(c) (d) 

Fig. 4 X and y direction displacements of COP record: (a) x direction from AMTI (b) y direction from AMTI (c) x direction from our device (d) y direction 
from our device. 

 
Table 1 correlation coefficient of AMTI and our device 

Subject 1 2 3 4 5 Mean±SD 

X direction 0.828±0.078 0.906±0.021 0.890±0.029 0.866±0.033 0.867±0.010 0.871±0.030 

Y direction 0.913±0.078 0.722±0.139 0.800±0.076 0.839±0.107 0.899±0.046 0.835±0.078 
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Abstract— Gait analysis has been widely used in the diagno-
sis of locomotors pathology and the assessment of treatment.  
But study of gait on Piriformis syndrome (PS) remain unclear.  
3-D motion analysis was used to measure the kinematic and 
kinetic together with temporal-spatial parameters data of 
patients with PS and normal controls during walking.  Pa-
tients with PS show significant increase gait speed and ca-
dence, and peak extensor moments with increased flexion, 
abduction and internal rotation at the hip during the whole 
gait cycle.  There were no significant differences in all the 
variables between the affected and unaffected limb in the 
patient group.  These results may provide some advice on 
future work of rehabilitation and research of PS patients. 

Keywords— Piriformis syndrome, gait analysis, sciatic 
nerve. 

I. INTRODUCTION  

Piriformis syndrome (PS) is a condition in that the piri-
formis muscle spasms, and compress the surrounding struc-
tures, including the sciatic nerve and blood vessels, causing 
low back pain, buttock pain, and muscular weakness of the 
lower extremity [1], responsible for about 5-8 % of patients 
with low back pain and sciatica [2, 3]. Patients with PS 
usually have difficulty in the performance of activities of 
daily living due to the pain, causing patients have difficulty 
in hip motion.  Besides, the leg paralysis by sciatica may 
cause patients experience difficulty in motion, such as  
sitting and walking for a period of time [4].   

Gait analysis has been used to evaluate the pathology of 
locomotors and the assessment of treatment.  The malfunc-
tion of the piriformis muscle leads to the increase of internal 
rotation or adduction of the hip joint due to the pain.  On 
the contrary, the patient would tend to walk by a limp gait 
by holding the leg in a shortened and externally rotated 
position [5].  The other study revealed that patient would 
decrease hip extension during terminal stance bilaterally, 
and increased hip adduction, increased hip internal rotation 
on the affected side [6].  But the number of study base on 
gait analysis of PS is very small, usually case report, and 
lack of quantitative evidence.  Research of PS base on the 
gait analysis can let us understand the influence of force and 
moment on each joint of the lower extremity. 

The purpose of the current study was to identify the gait 
deviations, and the strategies in patients with PS by 3-
dimensions kinematics and kinetics measurement during 
level walking. 

II. MATRIAL AND METHODS 

A. Subjects 

Six patients with unilateral PS (age: 67.1±11.4 years; 
height: 158.3 ± 8.9 cm; mass: 55.9 ± 6.9 kg) and six age-
matched healthy controls (age: years; height: cm; mass: kg) 
participated in this study, were asked to sign the letter of 
consent as approved by the Institutional Research Board. 

The PS group was selected by the first onset piriformis 
syndrome patient and graded 1-3 in the Gross Motor Func-
tion Classification System (GMFCS) from the Orthopedics 
clinic of National Taiwan University Hospital.  Besides, 
they should free of noticeable leg length discrepancy and 
without other pathology that could affect gait and cognitive 
function.  The healthy group were selected with the criteria 
of free from any musculoskeletal, neurological or cardi-
ovascular disorders.  The exclusion criteria of the healthy 
subject were any distinct gait asymmetries, or was taking 
medications that might influence gait. 

B. Experimental Protocol 

The subjects were asked to familiar the experiment area, 
and a three times of practice walk on an 8-meter walkway at 
self-selected pace, before the recorded the trials of measur-
ing their kinematic and kinetic data simultaneously.  Each 
subject was stick with 39 retroreflective markers on the 
bony land marks for tracking the motions of the body seg-
ments, including: the pelvis (anterior superior iliac spines 
and posterior superior iliac spines), and each thigh (greater 
trochanter, mid-thigh, medial and lateral epicondyles), each 
shank (head of fibula, tibia tuberosity, medial and lateral 
malleolus) and each foot (navicular tuberosity, 5th metatar-
sal base and heel). By using the 8-cameras motion analysis 
system (Vicon T-40S, Oxford Metrics Group, UK), and 
measuring the ground reaction forces with 3 forceplates 
(AMTI, U.S.A.).  Six successful trials were recorded for 
gait analysis. 



Gait Analysis of Patients with Unilateral Piriformis Syndrome 105
 

C.  Data Analysis 

The lower limb joints angular and internal moments were 
calculated using the inverse dynamics analysis from the ki-
nematic and ground reaction force (GRF) data. We embedded 
an orthogonal coordinate system in each body segment, with 
the positive x-axis directed anteriorly, the positive y-axis 
superiorly and the positive z-axis to the right. A Cardanic 
rotation sequence (z-x-y) was used to describe the rotational 
movements of each joint.  An optimization-based method 
were used to obtain the inertial properties for each body seg-
ment. The soft tissue artefacts associated with the skin mark-
ers was reduced by using a global optimization method. We 
normalized all the calculated joint moments to body weight 
(BW) and leg length (LL) defined as the length between the 
anterior superior iliac spine and the medial malleolus. Tem-
poral-spatial parameters, namely walking speed, stride length 
normalized to leg length, stride time, cadence, and step width, 
were also obtained. 

D. Statistical Analysis 

For each of the calculated variables, independent t-tests 
were performed to compare each of the time-averaged val-
ues over the sub-phases between the PS and control groups  
All significance levels were set at α= 0.05.  All the statis-
tical analyses were performed using SPSS version 20.0 
(SPSS Inc., Chicago, IL, USA). 

III. RESULTS 

Compared to the controls, patients with PS were found to 
show significantly increase gait speed and cadence 
(p<0.05), but no significant difference on stride length, 
stride time, and step width.  

The patients with PS showed increased peak extensor 
moments during the mid-stance and terminal stance of the 
stance phase of the hip joint compared to normal controls 
(Fig. 1), but no significant difference in other joint, nor in 
other plane of the hip joint.   

Compared to the control group, PS group showed signifi-
cantly increased hip flexion during the whole stance phase, 
and hip internal rotation, and knee adduction during the 
whole gait cycle.  

The patients with PS were found to decrease GRF in 
medial-lateral and vertical components (Fig. 3), especially 
during loading response and terminal stance phase, and 
smaller magnitude on the first and second peak in anterior-
posterior component.   

There were no significant differences in all the variables, 
include the joint moment, joint angle, and GRF between the 
affected and unaffected limb in the patient group. 

 
Fig. 1 Ensemble-averaged joint moments at the hip, knee and ankle in the 
affected limb (red lines), unaffected limb (green lines) and normal controls 

(dashed lines) during walking. 

 
Fig. 2 Ensemble-averaged joint angles at the hip, knee and ankle in the 

affected limb (red lines), unaffected limb (green lines) and normal controls 
(dashed lines) during walking.   

 
Fig. 3 Ensemble-averaged GRF in the affected limb (red lines), unaffected 

limb (green lines) and normal controls (dashed lines) during walking. 
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Abstract— The nematode Caenorhabditis (C.) elegans has 
been widely used as a model animal for fundamental biological 
research. In order to investigate the effect of exercise on dege-
nerative behaviors of C. elegans, such as physiological (lifes-
pan, progeny) and biomechanical (propulsion, total power and 
swimming gait) properties, we developed a flow visualization 
technique to characterize the motility of C. elegans. 

Quantifying the motility of micro-organisms is always es-
sential in understanding their biomechanical properties. Up to 
date, however, the direct measurement of the motility of C. 
elegans remains a big challenge due to lack of proper tools. 
Therefore, a simple image-based algorithm using a micro-
particle image velocimetry (μPIV) for deriving the kinetic 
power and propulsive force of the nematode C. elegans was 
developed in this study. For the measurement, each worm was 
confined in a 0.5 μL droplet which was sandwiched between 
two glass slides separated by two tapes. The motility of the 
confined worm was derived from the fluid motion according to 
the law of conservation of energy. The experimental result 
showed that our measured values appear to be in good agree-
ments with the prior data. The image-based algorithm was 
proven to be a simple and automated measure for characteriz-
ing the dynamic motility of micro-swimmers. The study will 
eventually provide valuable information for treating and pre-
venting degenerative diseases in higher animals.* 

Keywords— μPIV, C. elegans, propulsion, power, motility.  

I. INTRODUCTION 

Evidence has shown that regularly physical exercise is 
effective in prevention of neurodegenerative diseases. It is 
also well known that exhaustive exercise causes muscle 
fatique or cell damage [1]. Therefore, characterizing the 
relationship between biomechanical properties and exercise 
is key to understanding the effectiveness of exercise.  

Among all model animals, C. elegans is particularly use-
ful in the genetic and neuronal research. Currently, howev-
er, biomechanical characterization of micro-sized organisms 
remains a big challenge due to lack of proper tools. It is 
difficult to achieve the direct measurements of nematode 
body because the worm’s body is too small and adapt  
for environmental changes [2-3]. Alternatively, indirect 

                                                           
* Corresponding author. 

measures are used to analyze the worms. Most commonly, 
the worm swimming gait was assumed to be a perfect sinu-
soidal waveform to obtain a theoretical model. Although the 
model simplified the calculation, the prediction actually 
deviated from the real situation [4]. After consistantly stud-
ying the neurophysiological and the behavior of worm , we 
found that C. elegans will adjust its body to adapt different 
environments. Therefore, some research used granular me-
dium to determine the locomotion of C. elegans [5]; others 
used the deformation of mechanical structures, such as 
polydimethylsiloxane (PDMS) pillars, to sense the worm’s 
forces [6-7]. However, these methods are too complicated to 
make the experiments and they have some unavoidable 
disadvantages. 

To simplify the measurement process, we developed an 
image-based algorithm using a μPIV system to derive the 
kinetic power and propulsive force of C. elegans. These 
measurements eventually provide quantitative clues of the 
worm’s physiological changes in response to exercise and 
can be potentially applied for higher animals. 

II. MATERIALS AND METHODS 

A. Strains of Worms and Culture Conditions 

In this study, Bristol strain N2 and the mutant, KG532 
[kin-2(ce179) X] were used. N2 is a wild-type strain 
representing reference behavior in this research. KG532 is a 
hyperactive strain carrying defective gene kin-2. The worm 
of N2 (n=4) and KG532 (n=4) are placed in the NGM buf-
fer. The other group (n=4) is the wild-type worms in high 
viscosity medium which mixing dextran with the NGM 
buffer to achieve a 6% dextran solution. All worms were 
grown and maintained on nematode growth medium agar 
plates at 20℃  incubator and fed the Escherichia coli  
(E. coli) strain OP50 [9]. To obtain young adult worms for 
measurements, L4 stage worms were picked and transferred 
to a new agar plate spread with a lawn of E. coli. The iso-
lated worms were then allowed to grow for 8 h in an incuba-
tor until turned to the stage of one-day-old adult. 
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B. Derivation of Kinetic Power and Propulsive Force 
The motility of C. elegans herein is derived from veloci-

ty fields based on micro particle image velocimetry (μPIV). 
μPIV is a flow visualization technique used for velocity 
measurements in microfluidics. More detailed information 
of PIV can be referred to the past literature [10]. The fluid is 
seeded with tracer particles in the flow field and is visua-
lized by an epifluorescent microscope. A digital camera is 
used to capture the flow fields. Each pairs of particle images 
are divided into numerous interrogation windows and 
process with the spatial cross-correlation algorithm [11]. 
When the velocity and direction of the flow are determined, 
an acceleration field is obtained simultaneously (Fig. 1). 
The acceleration hence can be used for the derivation of the 
biomechanical properties, such as kinetic power and propul-
sive forces. 

 

 

Fig. 1 Derivation of acceleration from displacements. 

To implement the assessment of the motility, a worm is 
confined in an aqueous droplet. Base on the conservation of 
energy, the total force from the fluid is equivalent to the 
force exerted by the worm in the isolated droplet. As shown 
in Fig. 2, the energy of worm is obtained from the inner 
product of the total force and the displacement of interroga-
tion window. In addition, the propulsive force is obtained 
from the inner product of the total force and the unit dis-
placement of worm. 

 

Fig. 2 Derivation of the kinetic power and propulsion. 

C. Method of Measurement 
A self-developed μPIV system was used to measure the 

velocity field induced by a worm in the droplet as shown in 
Fig. 3. An inverted epifluorescent microscope (IX71, Olym-
pus) equipped with a 10× objective was used for visualizing 
the fluid motion in a droplet. In the microchip, a 0.5-μL 
aqueous droplet containing C. elegans and tracer particles  
(dp =3.2 μm, Thermo Fisher Scientific) was sandwiched be-
tween two glass slides separated by a spacer of 110 μm. A 
high speed camera (GX3, NAC) was used to capture con-
secutive particle images induced by the worm’s locomotion. 
The inset in the lower right of Fig. 3 is a contour of an instan-
taneous acceleration field from a swimming N2 worm. 

 

Fig. 3 Schematic of the experimental setup. The upper right corner shows 
measurement chip. 

III. RESULTS AND DISCUSSION 

A. Measurements of Kinetic Power and Propulsion 
The movements of N2 worms over three cycles based on 

the proposed algorithm were analyzed. In Fig. 4, the black 
solid line represents a trajectory projected by the centroid of 
the wild-type worm over a swimming cycle. Five postures 
in different time phases (i), (ii), (iii), (iv) and (v) show cor-
responding changes thereof.  

 

Fig. 4 Trajectory of the worm’s body centroid over a swimming cycle.  
(i) ~ (v) show five postures in different time phases. 
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According to Fig. 5, the output power is high in phases (i), 
(iii), and (v), because the worm elongates its body; whereas 
the power decreases in phases (ii) and (iv) when the worm 
experiences a bending posture. To reflect the periodic beha-
vior during swimming, the trend of the kinetic power (blue 
line) looks like a letter “W” while that of the propulsion looks 
like a letter “M”. Noted that the opposite peaks of the power 
and propulsion is because the negative propulsion is desig-
nated as forward movement herein. Nevertheless, both the 
power and propulsive force becomes significant in the phase 
(i), (iii), and (v) but decreases in the phase (ii) and (iv). The 
results suggest that the worm body will store energy (phases 
ii and iv) and then releases the energy for locomotion by 
stretching its body (phases i, iii, v). 

 

Fig. 5. Variations of power and propulsion over three cycles. 

To avoid size effect, the power and propulsion were 
normalized with each worm’s body length to form unit 
power and unit propulsion. For the N2 worm, the unit 
propulsion and power are 0.6 ± 0.5 nN/mm and 3.9 ± 2.2 
pW/mm. Fig. 6 shows our measured values compared with 
the prior studies [12-15]. The reported power and propul-
sion range from 1.3 pW to 3 pW and from 1.7 to 7.6 nN, 
respectively. Our measured motility data appear to show 
good agreements and on the same order with the prior data. 

However, the hardware limitation prohibited (i.e., a high 
resolution camera for small tracer particles is required) the 
number of interrogation window and the measurement un-
certainties between worms, there are the large standard 
deviations. Moreover, the number of the worm in each 
group (n = 4) is too small as well. The other groups have the 
same trend of power and propulsion. The unit propulsion 
and power of the KG532 worm are 1.0 ± 0.4 nN/mm and 
12.3 ± 6.2 pW/mm, and the high viscosity group are 4.1 ± 
3.2 nN/mm and 55.1 ± 35.4 pW/mm. These results showed 
the variations between the different strains of worms and 
the worms under different circumstances, our measurements 
value were with the predictions accurately. 

 

Fig. 6. Comparsions of our measurements and other studies. 

B. Comparisons of Strains and Environmental Conditions 

Comparisons of the motility performances between the 
N2 and the kin-2 mutant are shown in Fig. 7. The kin-2 
worms have higher power and propulsion than N2 worms, 
and they are significant differences. 

 

Fig. 7. Comparsions of N2 and the kin-2 worm. ** denotes p < 0.1 based 
on Mann-Whitney U test. 

Comparisons of the motility performances between the 
N2 in the NGM buffer and in the high viscosity medium are 
shown in Fig. 8. According to the results, the propulsion of 
N2 worm in the high viscosity solution is four time larger 
than that in the NGM. The power of N2 worm in the viscos-
ity solution is almost fourteen times than in the NGM. In 
other words, the power is positively proportional to the 
increased viscosity because the N2 worm’s power is fully 
contributed to its forward moving. Also, the propulsive 
force is stronger than the N2 in the NGM buffer. 



110 W.-J. Kuo and H.-S. Chuang
 

 
IFMBE Proceedings Vol. 47 

 
  

 

 

Fig. 8. Comparsions of N2 and the high viscosity group. ** denotes  
p < 0.005 based on Mann-Whitney U test. 

IV. CONCLUSIONS 

By incorporating the powerful tool, μPIV, into the micro-
fluidic analysis with a self-developed image-based algo-
rithm, the motility of C. elegans can be characterized in a 
simple way. Our study measured the different types of 
worms and the worms in different environments. According 
to the results, the N2 worms in the NGM buffer yielded a 
time-averaged power of 5.2 ± 3.1 pW and a time-averaged 
propulsive force of 1.0 ± 0.8 nN. Compared with the prior 
literature, our measurement results are in a reasonable 
range. And compared with the different groups is also in 
good agreements as expected. Therefore, the image-based 
algorithm provides a simple and automated measure for the 
dynamic motility of different micro-swimmers. 
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Abstract— During bone fracture healing, both angiogenesis 

and mechanical fixation are of great significance. This study 
aims to obtain 3D structure of vascular network surrounding 
the fracture site at different healing times using vascular per-
fusion and micro-CT imaging technology, and to explore the 
influence of mechanical fixation on 3D structure of vascular 
network at the fracture site. To achieve the goal, transverse 
fracture surgery were performed on thirty six SD rats’ right 
tibias. Half of them (SF) received stable fixation with a newly 
custom-designed circular external fixator and the rest (NF) 
didn’t received any fixation devices. The imaging results indi-
cated that compared with NF samples, SF samples contained 
more vascular distribution along the tibia, inferring a much 
more similar 3D structure to the CON samples (all of the thirty 
six rats’ left posterior limbs were taken as control group), 
which tends to be beneficial to the vascular reconstruction at 
the fracture site.* 

Keywords— Angiogenesis, Mechanical fixation, Vascular 
perfusion, Micro-CT imaging, 3D structure.  

I. INTRODUCTION 

Bone fracture healing is a sophisticated pathophysiological 
process, final results of which depend on these factors: frac-
ture type, gap size, fixation, blood supply, neurohormonal 
regulation, self-condition of the patient and so forth [1]. 
Briefly, all of the above could be categorized into two groups: 
local biological and mechanical environments of the fracture 
site. It is possible to manipulate the regeneration of bone via 
control of local biological and mechanical environment.  

Among all the factors of biological environment, blood 
supply (angiogenesis) is regarded to be of greatest impor-
tance to bone healing because of its function of transporting 
oxygen and nutrients and being the passage for the inflam-
matory cells, chondrocytes and osteoblasts to reach the 
fracture site [2]. Inhibiting angiogenesis could result in 
excessive fibrous tissues at the fracture site and cause de-
layed or non-union [3]. 

A large body of evidence indicated that bone fracture 
healing is rather sensitive to the local mechanical environ-
ment [4]. Degree of fixation stability determines the amount 
of the external callus during the process of bone repair [5]. 
Compressive displacement contributes more to forming new 
osseous tissues than distractive displacement [6]. 
                                                           
* Corresponding author. 

Influence of both blood supply (angiogenesis) and me-
chanical environments on bone healing has been respective-
ly studied by researchers and clinicians; however, few  
studies were focused on the relation or interactions between 
these two factors, such as how mechanical fixation has an 
effect on the 3D structure of neovascularization at the frac-
ture site. 

In order to explore the influence of mechanical fixation 
on 3D structure of vascular network at the fracture site, 
vascular perfusion and micro-CT imaging technology was 
utilized in this study.  

II. MATERIAL AND METHODS 

A. Custom-Designed Circular External Fixator for SD Rats 
According to the current design of clinical external  

fixator [7], a newly custom-designed circular external  
fixator for SD rats was designed and manufactured. This 
circular fixator could provide stable fixation for a SD rat’s 
fractured tibia diaphysis [8]. 

B. Experimental Animals 

Thirty six healthy male SD rats with 6 weeks of average 
age and 200g of average weight were divided into two 
groups in random. One group (NF) received no fixation 
device after transverse fracture at right tibial diaphysis. The 
other group (SF) received stable fixation with the newly 
custom-designed fixator after surgery at right side. All of 
the left sides of thirty six SD rats were taken as the control 
group (CON). Both of the groups were again divided into 
three subgroups based on different sacrifice times: 2, 4 and 
6 weeks postoperatively. 

All of the animals were purchased from Experimental 
Animal Center of Beijing University. Animal treatment and 
care were in accordance with Regulations for the Adminis-
tration of Affairs Concerning Experimental Animals  
promulgated by Decree No.2 of the State Science and Tech-
nology Commission of China and the Guiding Principles for 
the Care and Use of Animals approved by Beijing Govern-
ment. All protocols were approved by the Animal Care 
Committee of Beihang University, China. 
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C. Surgical Procedure 

The SD rats were placed in supine position after anesthe-
sia. Transverse osteotomy was performed at the middle of 
each SD rat’s tight tibial diaphysis. Stable fixation (with no 
inter-fragmentary gap) was given to the SF group’s right 
posterior limbs with the new fixator and Kirschner wires.  
The NF group did not receive any fixation device. 

D. Vascular Perfusion 

At different sacrifice times, the SD rats were placed in 
supine position after anesthesia. And their femoral vessels 
at both sides were exposed after skin incision to observe the 
vascular perfusion effect. After opening thoracic cavity and 
exposing the heart, heparinized saline (100U/mL) was in-
jected into the left ventricle until the exposed femoral ves-
sels turned transparent and liquid flowing out of the right 
atrium became clear, and at the same time the right atrium 
was opened to substitute heparinized saline for blood in the 
entire circulatory system [9]. Then, in the same way, a 
freshly made barium sulfate suspension (30g/100mL) was 
injected into the circulatory system until the femoral vessels 
turned white and barium sulfate began to flow out of the 
right atrium. 

After vascular perfusion, SD rats’ posterior limbs of both 
sides were dissected off and kept in 4% paraformaldehyde 
solution at 4℃ overnight for fixation, and then were placed 
in 19% tetrasodium EDTA solution for 5 days for decalcifi-
cation [9]. 

E. Micro-CT Imaging 

In order to obtain the 3D structure of the vascular net-
work of the fracture site, the posterior limb samples were 
scanned with a micro-CT scanner (Skyscan 1076, Belgium). 
A scan resolution of 9μm was set for all the samples and the 
scanning was done at 70kV and 142μA, with 1.0mm alumi-
num filter. 

Images obtained from scanning were then reconstructed 
with software called Nrecon (v.1.6.4.6), with the ring arti-
fact correction at 8, the smoothing at 0 and the beam har-
dening correction at 30%. Afterwards, 3D structure of the 
vascular network of the fracture site was gained using 
CTvox software (v.2.2). 

III. RESULTS 

Typical 3D reconstructed structures of vascular network 
surrounding the fracture site of different group and at dif-
ferent sacrifice times are shown in Fig. 1.  

 

Fig. 1 Typical 3D reconstructed structures of vascular network surrounding 
the fracture site of different group and at different sacrifice times 

The obtained images show:  

(a) NF samples owned more vessels, especially micro 
ones than CON samples; and SF samples contained even 
more micro vessels than NF samples; 

(b) NF samples owned more vascular distribution in the 
transversal direction of tibia than SF samples; 

(c) SF samples owned more vascular distribution along 
the tibial direction than NF samples. 

NF samples had more transversal vascular distribution 
than SF samples, which infers that there would be more 
shear movement and shear stress (or strain) without fixation 
between the fracture ends. This then induces more transver-
sal vessels and compromises fracture healing. SF samples 
had more longitudinal vascular distribution than NF sam-
ples, which means that stable fixation limits the inter-
fragmentary movement to mainly axial movement, and the 
axial stress (or strain) induces more longitudinal neovascu-
larization formation. The stable fixation thus improves the 
inter-fragmentary blood fluid connectivity and enhances 
bone healing. The 3D structure of vascularity in SF samples 
was observed to be more similar to the CON samples in 
comparison to the NF samples, which indicates that neovas-
cularization reconstructed in the SF samples is more opti-
mized in comparison to the NF samples. 

IV. CONCLUSIONS 

In this study, vascular perfusion and micro-CT imaging 
technology were testified to be useful when obtaining the 
3D structures of vascular network surrounding the fracture 
site. SF samples contained more vessels, especially micro 
ones than both CON and NF samples. SF samples owned 
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more vascular distribution along the tibia, inferring a much 
more similar vascular distribution to natural one of CON 
samples, which tends to benefit the reconstruction of vascu-
lar network at the fracture site. 
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Abstract— Degenerative disc disease is one of the most 
common diseases resulting from inflammation and instability 
around the affected spinal disc. Total disc replacement (TDR) 
is one non-fusion technique emerging as potential solutions to 
this condition, which can be used to restore normal motion in 
the spine. Although the first generation TDR devices have 
reasonable clinical results, similar to fusion, but several con-
cerns in the current technologies are the inability to provide 
adequate shock absorption capability and time-dependent 
biomechanical behaviors. In order to improve this problem, 
second generation TDR devices incorporate more properties of 
a natural disc. Therefore, the objective of this study is to de-
velop a novel biomimetic TDR device, and to demonstrate 
scientifically whether its biomechanical behavior is similar to 
that of a natural disc. Three-dimensional finite element (FE) 
models of a lumbar spinal motion segment (L4-5) with im-
plants including Charité, Maverick, and the hydrogel-based 
TDR devices were created. With these models, the three differ-
ent TDR design concepts were compared with respect to their 
ability to mimic the behavior of a natural disc.  The analysis 
results indicate that the hydrogel-based TDR device could 
maintain the ROM well compared to that of a natural disc. 
However, the model with the novel TDR device predicted a 
marked increase of facet joint forces due to the relatively low 
rotational stiffness, especially in lateral bending. Although 
many steps are still necessary before the hydrogel-based TDR 
device can be used in clinical surgery to relieve back and leg 
pain associated with DDD. The results provide further insight 
into the biomechanical behavior of this novel TDR device 
under comparable physiologic loading conditions, and indicate 
that it is a feasible and promising approach. 

Keywords— Degenerative disc disease, Total disc replace-
ment, Finite element analysis. 

I. INTRODUCTION  

Lumbar TDR devices have been used in the treatment of 
degenerated IVDs for over 20 years. Although the clinical 
success rates are reasonable, significant concerns remain 
over facet overloading, adjacent segment disease, and wear. 
Moreover, whether the long-term results of TDR implanta-
tion in DDD are as good as those of spinal fusion remains 
unknown. In order to improve the disadvantages of the 
traditional TDR devices, the second generation TDR devic-
es have been proposed to more closely mimic the physio-
logical behavior of a natural disc.  

Under the premise of biomimetic concept, a hydrogel-
based TDR device was proposed, consisting of a ball-and-
socket design and a ring-shaped hydrogel in the present 
study. It allows for time-dependent behavior typical for a 
natural disc, including swelling, creep and stress relaxation. 
In addition, the gap design between the ball-and-socket joint 
provides the normal axial deformation of an IVD, and re-
duces the risk of hydrogel defects. The purpose of the 
present study was to evaluate the hydrogel-based design 
concepts in their ability to mimic the non-linear motion 
patterns of a natural disc. Finite element models of the three 
TDR devices (Charité, Maverick, and hydrogel-based TDR 
devices) were created, and their behaviors were compared to 
the behavior of a natural disc, within a physiological rele-
vant loading conditions. 

II. MATERIALS AND METHODS 

A. Implants 

In the present study, we used three different TDR designs 
(Fig. 1): The first design was the SB Charité III TDR device 
that consists of two concave endplates and a biconvex core, 
representing an unconstrained design. The second implant 
design was the Maverick TDR device that consists of a 
metal-on-metal, ball-and-socket articulation and incorpo-
rates a more posterior COR, representing a constrained 
design. The third implant design was the hydrogel-based 
TDR device that consists of a ball-and-socket design and a 
hydrogel-based, ring-shaped elastomer, also representing an 
unconstrained design. 

 

 
(a)                     (b)                       (c) 

Fig. 1 The isometric view of the three different TDR devices: (a) Charité; 
(b) Maverick; (c) hydrogel-based TDR device. 
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B. Finite Element (FE) Modeling 

A three-dimensional FE-model of an intact L4-5 liga-
mentous human lumbar motion segment (Fig. 2) was 
created in the present study. The geometry of the lumbar 
vertebrae was reconstructed from computed tomography 
(CT) images of a 55-year-old man (The Visible Human 
Project, National Library of Medicine, USA). A one-
millimeter scan interval for CT scanning was used from the 
L4 to L5 vertebrae in the transverse direction and the data 
files were transferred to a commercial software (Amira, 
TGS, San Diego, CA, USA) for image reconstruction. Each 
vertebral body of the model consisted of a thin cortical 
shell, a softer cancellous core, and a posterior bony struc-
ture. The cortical bone was modeled as a 1.0 mm thick shell 
surrounding the cancellous core [1], and a 1.0 mm thick 
endplate was inserted on the superior and inferior surfaces 
of the IVD [2]. Each motion segment of the FE model con-
sists of vertebral bodies, IVD, and seven major ligaments. 
The IVD included the nucleus pulposus and annulus fibro-
sus. About 56% of the total disc cross-sectional area was 
defined as the disc nucleus, and the rest of the region was 
assumed as the disc annulus. All the ligaments were simu-
lated by unidirectional wires with a non-linear force-
displacement curve and tension-only capabilities. A FE  
pre-processing program, Hypermesh (AltairEngineering, 
Inc., Troy, MI, USA), was used to formulate the FE mesh of 
the intact L4-L5 vertebrae with 8-node hexahedral elements. 
As a result, the whole model of the L4-L5 lumbar motion 
segment contained 24,496 elements and 27,827 nodes. The 
commercial software ABAQUS v6.10 (SIMULIA, Provi-
dence, RI, USA) was utilized to perform the FE analysis. 
Table 1 shows the material properties used for the spinal 
units, and the natural IVD. 

 
 

 

Fig. 2  FE model of the intact L4-5 lumbar motion segment. 

Table 1 Element types, material types and material parameters used in the 
intact FE model. 

Spinal Compo-
nent 

Element 
type 

Material type Material property 

Cortical bone C3D8 Linear elastic 
E = 10,000 MPa 
ν = 0.3 

Cancellous bone C3D8 
Transverse 
isotropic 

E = 100 MPa 
ν = 0.2 

Posterior ele-
ments 

C3D8 Linear elastic 
E = 3,500 MPa 
ν = 0.25 

Annulus ground 
matrix 

C3D8 
Hyperelastic- 
Neo-
Hookean 

C10 = 0.3448 

Fibers of annulus 
fibrosus 

SFM3D4 
Linear 
elastic, 
tension only 

E = 100 MPa 
ν = 0.1 

Nucleus pulposus C3D8 
Hyperelastic- 
Mooney-
Rivlin 

C10 = 0.12 
C01 = 0.03 

Endplates C3D8 
Hyperelastic- 
Neo-
Hookean 

C10 = 0.3448 

Ligaments 
(ALL, PLL, ISL, 
SSL, ITL, LF, 
CL) 

Wire 
Nonlinear 
elastic, 
tension only 

Force-
displacement 
curve 

Note:  E: Modulus of elasticity; ν: Poisson’s ratio; ALL: Anterior longitu-
dinal ligament; PLL: posterior longitudinal ligament; SSL: supraspinous 
ligament; ISL: interspinous ligament; LF: ligamentum flavum; TL: trans-
verse ligament. 
 

C. Implant Modeling 

Both commercial implants (Charité and Maverick TDR 
devices) were meshed using 10-node tetrahedral elements. 
The hydrogel-based TDR device was meshed using 8-node 
hexahedral elements and 10-node tetrahedral elements. The 
spiked endplate surfaces of all TDR devices were simplified 
to a flat surface. The Charité and the Maverick TDR devices 
are available in different sizes. For our simulations, all TDR 
devices were represented with a height of 14 mm and a 
lordotic angle of 5°.  

Both the superior and inferior components of the TDR 
devices were attached to the respective endplates of the 
vertebral bodies to simulate the absence of relative motion 
between the two surfaces. For all TDR devices, a standard 
unilateral contact was assumed at the articular surface with 
a friction coefficient of 0.02 [3]. The contact behavior of the 
facet joints, on the other hand, was simulated with the coef-
ficient of friction set to 0.1. A CoCrMo alloy with a 
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Young’s modulus of 300 GPa and a Poisson ratio of 0.27 
was also assigned to the endplates of the three TDR devices. 
For the Charité TDR device, the inlays were represented by 
a polyethylene core (UHMWPE) with a Young’s modulus 
of 2 GPa and a Poisson’s ratio of 0.3 [3]. For the hydrogel-
based TDR device, the nonlinear, compression stress-strain 
curves of the hydrogel and the sheath were described quan-
titatively with the Mooney-Rivlin model and the Ogden 
model, respectively. 

D. Implantation 

Disc replacement procedure for all TDR devices requires 
an anterior surgery for implantation. The protocol involves 
the stepwise removal of the anterior longitudinal ligament, 
the anterior portion of the annulus, and the entire nucleus 
pulposus. Only the posterior and lateral portion of the annu-
lus remains in place. To mimic this surgical procedure, the 
elements representing these structures were removed in the 
FE model. 

E. Loading and Boundary Conditions 

The inferior endplate of the L5 vertebra was rigidly 
fixed. A follower load of 500 N was applied to simulate the 
combined loading of muscle forces and the upper body 
weight [4]. In addition to the follower load, the spinal seg-
ment was loaded with unconstrained moments of 7.5 Nm in 
the sagittal, lateral, and axial directions simulating flexion, 
extension, lateral bending, and axial rotation. The range of 
motion (ROM) and facet loading were compared among 
various designs. 

III. RESULTS 

A. ROM 

In all loading conditions, the models predicted large in-
ter-implant differences between the Charité and Maverick 
devices (Fig. 3), particularly in lateral bending, where the 
maximal percentage difference was 179%. A large differ-
ence of 72% and 125% were calculated between the Mave-
rick and hydrogel-based TDR devices in flexion and lateral 
bending, respectively. The maximal percentage difference 
of 41% was calculated between the Charité and hydrogel-
based TDR devices in axial rotation. 

In flexion, only the Maverick device caused a marked 
decrease of 40%, while both the Charité and hydrogel-based 
TDR devices showed a good representation of the intact 

state. In extension, implantation of the Maverick and hydro-
gel-based TDR devices led to a slightly decreased ROM of 
7% and 14% compared to the intact state, respectively. In 
lateral bending, the ROM predicted by the Charité and hy-
drogel-based TDR devices are 94% and 56% higher than 
that for the intact segment, respectively. In axial rotation, all 
three TDR designs restored almost to the intact state. 

 

 

Fig. 3  Influence of implant types on the ROM in flexion, extension, 
lateral bending, and axial rotation. The dashed line indicates the ROM of 

the intact model. 

B. Facet Joint Force 
In flexion, the facet joints remained unloaded for the in-

tact and disc prosthesis models. In extension, much larger 
inter-implant differences were found than was indicated 
under flexion (Fig. 4). The models predicted strongly in-
creased forces for the Charité device (40%) and a marked 
decrease of 92% for the Maverick device compared to the 
intact state. In contrast, the presence of the hydrogel-based 
TDR device led to a better representation of the facet joint 
forces calculated for the intact state. In lateral bending, 
marked inter-implant differences were also calculated. 
Compared to the intact model, the facet joint force increased 
by 367% for the Charité device and 244% for the hydrogel-
based TDR device. In contrast, the facet joints were un-
loaded for the Maverick prosthesis. In axial rotation, only 
small inter-implant differences up to 16% were calculated. 
The artificial disc models caused a decrease of 1.7% for the 
Charité device and 4.8% for the hydrogel-based TDR de-
vice compared to the intact state. In contrast, implantation 
of the Maverick device caused an increase of 16% com-
pared to the intact state. 
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Fig. 4  Influence of implant types on acting forces in the facet joints in 
extension, lateral bending, and axial rotation. The dashed line indicates the 

facet joint forces of the intact model. 

IV. DISCUSSION 

The results for the Charité device in the current study are 
in line with the findings of Cunningham et al. [5], as they 
also reported about a minor increase of flexion/extension 
and axial rotation, but a significant increase for lateral bend-
ing after in vitro evaluation of the Charité device. Therefore, 
comparisons of the current numerical and previous study 
results showed excellent consistency, which indicated good 
reliability of the model to support accurate analysis and 
simulations. In the present study, the model with hydrogel-
based TDR device mimicked the in vitro ROM of a motion 
segment well [6], although, similar to the Charité model, 
stiffness in lateral bending was relatively soft. 

In the present study, the facet joint force strongly depends 
on the implant design. Except for axial rotation, our model 
predicted higher facet joint forces for the implants with an 
unconstrained core (Charité) and an elastomeric hydrogel 
compared to an implant with a constrained core (Maverick). 
This result can be explained by the resulting forces passing 
through the implant itself. An unconstrained design transfers 
only normal forces from the upper to the lower vertebral body. 
In contrast, a constrained design transfers additional shear 
forces through the implant and therefore, causes a higher load 
than the unconstrained design. 

 
 

V. CONCLUSIONS  

In conclusion, a model of a hydrogel-based TDR device 
was developed within an L4-5 motion segment. The TDR 
could maintain the ROM well compared to that of a natural 
disc. However, the model with the novel TDR device pre-
dicted a marked increase of facet joint forces due to the 
relatively low rotational stiffness, especially in lateral bend-
ing. Therefore, this flexibility issue needs specific attention 
in designing a biomimetic TDR device. 
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Abstract— Soccer is one of the world's most popular sports, 
in which players must sometimes use their unprotected heads 
in offense or defense. In recent years, controversy surrounding 
the long-term effects of repeated impacts from heading has 
raised attention from the medical community. Previous works 
using numerical simulation studied the responses of the human 
brain during American football-related concussion. This study 
aims to estimate the response of the human brain to soccer-
heading impacts using the finite element method. A validated 
full-body human model was used to analyze the impact simula-
tion. The soccer ball flew with a translational velocity of 6 m/s 
or a rotational velocity of 30 rad/s. Players usually hit the ball 
with their foreheads or tops of heads while heading. Accelera-
tion, Head Injury Criterion, principal strain, principal strain 
rate and shear stress of white matters in the brain are com-
pared among different headings. The head motion during 
heading increases the acceleration of the brain during heading. 
The back spin of the ball increases its shear stress and strain 
rate during heading. When a moving player heads a ball with 
back spinning, the risk of mild traumatic brain injury may be 
high. This study shows that high strain and strain rate concen-
trate around the corpus callosum and shift from the impact 
site to the opposite direction. This observation is similar to 
those gathered from previous studies that simulated concus-
sions sustained during American football. 

Keywords— Soccer, Heading, Brain, Finite Element, Con-
cussion. 

I. INTRODUCTION  

Soccer is one of the world's most popular sports, in 
which players must sometimes use their unprotected heads 
in offense or defense. Although soccer is not traditionally 
identified as a sport with a high risk for head injuries, sever-
al studies have shown that concussion rates in soccer often 
exceed those of other contact sports [1]. In recent years, 
controversy surrounding the long-term effects of repeated 
impacts from heading has raised attention from the medical 
community. Previous works using numerical simulation 
studied the responses of the human brain during American 
football-related concussion. That model-predicted strain and 
strain rate in the corpus callosum correlate with changes in 
indices of concussion's white matter integrity have been 
confirmed preliminarily[2]. This study aims to estimate the 

response of the human brain to soccer-heading impacts 
using the finite element method. It can help us understand 
the risk of concussion during heading. 

II. METHODS 

A validated full-body human model (THUMS AM50 
Model v. 4.0, JSOL Co., Osaka, Japan) was used. Finite 
element software LS-DYNA (Livermore Software Technol-
ogy Co., Livermore, CA, USA) was used to analyze the 
impact simulation. Two impact sites on head, including the 
forehead and top of head, were simulated for two kinds of 
heading. The soccer ball flew with a translational velocity 
(6 m/s) or a rotational velocity (30 rad/s). Players usually hit 
the ball with their foreheads or tops of heads while heading. 
To simulate a powerful heading, the head can move at a 
velocity (3 m/s) in the opposite direction with the ball 
movement. There were 8 different simulations for heading, 
by combination of the following parameters: the impact site 
on the head, rotational velocity of the ball, and head motion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Section view of the 3D model for simulation of forehead heading 
(upper) and top of head heading (lower) 

Acceleration, Head Injury Criterion (HIC), principal 
strain, principal strain rate and shear stress of white matters 
in the brain are compared among different headings 
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III. RESULTS AND DISCUSSION 

In cases of forehead heading, back spin of the ball and 
opposite motion of the head increased the resultant accelera-
tion, max. strain, max. strain rate and max. shear stress 
(Table 1). The increasing trend in cases of top of head head-
ing was the same as that in forehead heading. Heading from 
top of the head caused higher values than forehead heading 
in most of parameters except for the strain rate. Combina-
tion of back spin of the ball and head motion in both head-
ings have a high HIC. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Strain distribution of the brain on the sagittal plane (upper) and the 
coronal plane (lower) in the simulation of forehead heading; Locations of 
peak maximum principal strain are shown by red stars, and the time se-

quence is numbered. 

IV. CONCLUSIONS 

The head motion during heading increases the acceleration 
of the brain during heading. The back spin of the ball increas-
es its shear stress and strain rate during heading. When a mov-
ing player heads a ball with back spinning, the risk of mTBI 
may be high. This study shows that high strain and strain rate 
concentrate around the corpus callosum and shift from the 
impact site to the opposite direction. This observation is simi-
lar to those gathered from previous studies that simulated 
concussions sustained during American football. 

Table 1. Biomechanical parameters during the forehead heading 

Parameter Control Ball Spin Head Motion

Peak linear X-acceleration (G) 6.77 6.58 12.9 

Peak linear Y-acceleration (G) 0.15 0.06 0.11 

Peak linear Z-acceleration (G) 2.53 2.55 3.35 

Peak resultant acceleration (G) 7.28 7.13 14.0 

HIC 2.86 2.83 10.6 

    

Max. Strain 0.03 0.03 0.04 

Max. Strain Rate 5.21 4.44 10.3 

Max Shear Stress (Pa) 0.64 1.20 3.03 

 

Table 2. Biomechanical parameters during heading with the top of the 
head 

Parameter Control Ball Spin Head Motion

Peak linear X-acceleration (G) 1.30 0.52 1.85 

Peak linear Y-acceleration (G) 0.26 0.29 0.43 

Peak linear Z-acceleration (G) 4.29 4.21 7.18 

Peak resultant acceleration (G) 5.33 5.38 10.1 

HIC 1.30 1.23 7.02 

    

Max. Strain 0.03 0.03 0.05 

Max. Strain Rate 5.13 6.69 12.2 

Max Shear Stress (Pa) 3.44 3.51 11.5 
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Abstract— Learning performance can be improved by 
practicing tasks with higher difficulty, a phenomenon known 
as the contextual interference (CI) effect. In this study, we 
investigated changes in the baseline functional connectivity of 
the brain when the participants practiced the serial reaction-
time (SRT) task arranged respectively in an interleaved 
(higher CI) and a repetitive (lower CI) order. The resting-state 
functional magnetic resonance imaging (fMRI) data was 
analyzed using the group independent component analysis 
(ICA) to identify functionally homogeneous brain regions. 
These regions served as the nodes of the resting-state networks 
(RSNs) of the brain. Seven RSNs crucial for motor learning 
were identified, including the basal ganglia, sensorimotor, 
visual, auditory, visual, attentional, and the default-mode 
networks. We further found that the interleaved practice led to 
stronger functional connectivity than the repetitive practice 
within the default-mode network, particularly between the 
posterior cingulate and visual cortices, which are key regions 
for memory and visuospatial integration respectively. Our 
findings indicate that practice with higher difficulty enhances 
the baseline connectivity within the functional circuits of the 
brain, providing a neural basis for the benefits of higher CI 
practice on motor learning.* 

Keywords— Serial reaction time task, Contextual 
interference, Resting State, Independent component analysis, 
fMRI.  

I. INTRODUCTION 

Practicing tasks with higher difficulty leads to better 
learning performance than practicing tasks with lower 
difficulty, a phenomenon known as the contextual 
interference (CI) effect [1]. One way to increase the 
contextual interference of the tasks to improve learning is to 
arrange the tasks in an interleaved order. Compared to the 
easier tasks that were arranged in a repetitive order, the 
more difficult interleaved tasks result in inferior practice, 
but better retention performance [2].Our previous work 
demonstrated the CI effect using functional magnetic 
resonance imaging (fMRI), where the interleaved practice 
condition invoked greater sensorimotor BOLD responses 
than the repetitive condition during the practice phase, but 
this pattern was reversed during retention [3]. Nevertheless, 

                                                           
* Corresponding author.  

how various brain regions integrate to support such CI 
benefits on learning has remained elusive. In this paper, we 
investigate the functional brain network underlying the CI 
effects on learning based on the resting-state fMRI data [4]. 
The participants practiced a serial reaction-time (SRT) task 
arranged in either an interleaved or a repetitive order. We 
estimated the resting-state functional connectivity, with 
respect to these two practice conditions using group 
independent component analysis to identify functionally 
homogeneous brain regions as the hubs of the functional 
network [5]. Independent component analysis (ICA) is one 
of the most widely used blind source separation (BSS) 
techniques ,that identify the original source from noisy 
signals, without knowing the parameters of mixing and/or 
filtering processes [5, 6]. We hypothesized that, in practice 
phase, interleaved condition would lead to stronger resting-
state functional connectivity compared with a repetitive 
condition. We also hypothesized that when moving on the 
retention phase, we would get the opposite result from 
resting-state functional connectivity. To our knowledge, this 
study is the first to apply group ICA analysis to model 
resting-state interregional functional connectivity with 
respect to motor learning of SRT tasks.  

II. MATERIALS AND METHODS 

A. Participants 
Eighteen right-handed young adults were enrolled in the 

study. They were recruited from the National Yang-Ming 
University with the approval from the institutional review 
board (IRB). Participants were excluded if they had any 
contraindications to MRI. 

B. Study Design 
We adopted the design of the serial reaction time (SRT) 

task from our previous work [3]. The participants practiced 
the SRT task on two consecutive training days (Days 1  
and 2). To investigate the effects of practice on learning, we 
tested delayed retention performance on Day 5 [7-10]. 
Behavioral and fMRI data were acquired concurrently on 
each testing day within an MRI scanner. In each day we 
recorded resting activity after the practice or retention 
sessions. 
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The SRT task consisted of three different four-element 
sequences, presented in either a repetitive or interleaved 
order. The Participants positioned the four fingers of the left 
hand (all except the thumb) on the four light sensitive 
response keys of a magnet-compatible button box (Current 
Designs). Only one colored circle appeared at a time while 
the other circles were transparent [11]. The participants 
pressed the corresponding button as soon as possible when 
one of the colored circles (yellow, red, blue, and green) 
lighted up. The response time (RT) was recorded for each 
button press. We applied a within-subject crossover design, 
each participant started in the first week with either the 
repetitive practice (RP) or the interleaved practice (IP) 
condition; 2 weeks later, he or she performed in the other 
practice condition (i.e., repetitive → interleaved, or vice 
versa). The order of the practice conditions and the SRT 
task sequences was counter-balanced across participants. 

C. Functional Magnetic Resonance Imaging 

Images were acquired using a Siemens Trio 3.0 T MRI 
scanner. Functional images were acquired during and after 
the SRT tasks. On Days 1 and 2, each functional run lasted 
for 5 min and 48 s, and consisted of 153 EPI volumes 
(gradient-echo, TR = 2,000, TE = 30, flip angle = 90), each 
with 34 transverse slices, 4 mm thick, 1 mm gap, and a 64 × 
64 matrix yielding an in-plane resolution of 3 × 3 mm2. The 
first five volumes of each functional run were removed 
from analysis to allow for magnetization to approach 
equilibrium. On Day 5, the participants underwent three 
functional runs (two runs for sequence specific tests and one 
run for the novel sequence test). Each run lasted for 3 
minutes and 48 s, and involved the acquisition of 99 EPI 
volumes. On each day after the SRT task we acquired 
resting-state data for 5 min and 48 s, where the participants 
were asked to think of nothing in particular, remain relaxed 
but awake, with their eyes closed. 

D. Statistical Analysis 

a) Imaging Preprocessing and First Level Analyses 

Functional images were processed using the Statistical 
Parametric Mapping software (SPM8, Wellcome 
Department of Cognitive Neurology, London, UK). Image 
preprocessing procedures included realignment, slice-timing 
correction, spatial normalization that resampled the image 
to 3 × 3 × 3 mm3 per voxel, and smoothing using an  
 

 
 

isotropic Gaussian filter with full width at half maximum 
(FWHM) = 8 mm. 

b) Resting Data With Group ICA 

Resting data were decomposed into functional networks 
by using a group-level spatial ICA as implemented in the 
GIFT toolbox (http://mialab.mrn. org/software/gift/). We 
used a relatively high-order model order (the number of 
components, C was set to 80) to achieve a better “functional 
parcellation.” of the brain. To avoid otherwise prohibitive 
memory requirements, prior to ICA, the dimensionality of 
data was reduced using a two-step principal components 
analysis (PCA) based on the expectation-maximization (EM) 
algorithm, with 120 principal components (PCs) left in the 
first step, and then 80 PCs in the second step [12]. ICA was 
then performed using the Infomax algorithm [13] in  
the ICASSO software program with 20 repetitions 
(http://www.cis.hut. fi/projects/ica/icasso). The group 
spatial maps (SMs) were estimated as the modes of the 
component clusters. The spatial maps and time courses 
(TCs, Ri) of each participant were then back-reconstruction 
using the GICA3 method based on PCA compression and 
projection [14-17]. We characterized a subset of the 
identified independent components (ICs) (n = 26) as our 
resting-state networks (RSNs), based on the assumptions 
that RSN should exhibit peak activations in gray matter, low 
spatial overlap with known vascular, ventricular, motion, 
and susceptibility artifacts, and have their TCs dominated 
by low-frequency fluctuations [2,18]. The rest of the ICs 
were then regarded as physiological, movement-related, or 
imaging artifacts (ARTs) [6]. 

For each participant, functional connectivity was 
estimated by correlating the time course of every pair of ICs, 
yielding an n × n correlation matrix, where n=26 is the 
number of ICs. 

III. RESULTS 

A. Resting-State Networks 
Figures 1 displays seven main resting-state networks 

(RSNs). They were classified by their anatomical and 
functional properties. The basal ganglia network (BG) had 
functional activity focused in the thalamus. The 
sensorimotor network (MOT) contained the precentral and 
postcentral gyri. The auditory network (AUD) included 
Brodmann area 42 and the superior temporal gyrus. The 
default-mode network (DMN) was captured in five ICs. The  
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attentional network (ATTN) included Brodmann area 7 and 
the parietal lobe. Finally, we identified four ICs as 
components of the frontal networks (FRONT), whose 
functional activity was stronger in Brodmann areas 6, 10, 
and 46, the frontal lobe, and the superior frontal gyrus. 

B. Functional Network Connectivity 

Figure 2 shows functional connectivity between the 
seven RSNs, showing that these brain regions were 
synchronized to function as a whole during the resting state. 

Figure 3 shows that functional connectivity across seven 
main RSNs respectively under each practice condition and 
on each day. Red arrows indicate that connectivity between 
the two RSNs was significant. We further focused on 
functional connectivity patterns within the default-mode 
network. On day 2, the interleaved practice led to stronger 
functional connectivity from the posterior cingulate cortex 
(Brodmann area23) to the cuneus (Figure 4). This finding 
suggests that tasks with higher difficulty evoked more 
functional connections between memory-related (the 
posterior cingulate cortex) and cuneus in the brain. 

IV. CONCLUSION 
Our study applied the group ICA method to investigate 

longitudinal changes in resting brain networks that support 
the beneficial effects of CI on learning. We found that 
motor learning involved various functional specialized 
regions in the brain, such as sensorimotor, visual, and 
attentional areas. The CI effects on learning may be 
mediated by increased connectivity between memory and 
visual regions in the default-mode network, suggesting that 
learning changes the baseline configuration of the brain 
circuits. 
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Fig. 1 Functional network connectivity within RSNs. 
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Fig. 2 Functional network connectivity between RSNs. 

 
Fig. 3 Default-mode network in different practice conditions 

  

Fig. 4 Interleaved practice led to stranger functional connectivity on day 2 
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Abstract— The malignancy of breast tumors are evaluated 
via ultrasound images on clinical examination. As a second 
viewer, a computer-aided diagnosis (CAD) system was devel-
oped to classify the breast tumors using texture features to 
avoid misclassifying carcinomas. A total of 69 cases including 
21 malignant and 48 benign masses were acquired. For intensi-
ty-invariant texture extraction, the ultrasound images were 
first transformed into ranklet images to reduce the effect of 
brightness variability. From the ranklet images, tumor texture 
and speckle texture were extracted and compared to those 
from the original ultrasound images for tumor diagnosis. In 
the trade-offs between sensitivity and specificity, the ranklet-
based tumor texture and speckle texture were all significantly 
better than those of the original US images (Az: 0.83 vs. 0.58, 
p-value=0.0009 and Az=0.80 vs. 0.56, p-value=0.02). The pro-
posed CAD system using textures from intensity transformed 
sonographic images is robust to various gray-scale distribu-
tions and is more suitable in clinical use. 

Keywords— Breast cancer, ultrasound, computer-aided  
diagnosis, texture. 

I. INTRODUCTION 

Breast ultrasound (US) has been used in distinguishing 
between benign and malignant lesions [1]. The sonographic 
appearances are interpreted by radiologists for clinical ex-
amination and diagnosis. In various computer-aided diagno-
sis (CAD) systems, the sonographic descriptors were  
quantified to automatically evaluate the likelihood of ma-
lignancy of tumors [2-5]. The quantitative features extracted 
from the B-mode images included shape, tumor texture, and 
speckle texture features [4,5]. According to the perfor-
mance, the CAD system [6] acted as a second reader in 
classifying benign and malignant tumors collected from 
different US equipments during a 2-year period. However, 
the performance of intensity-based texture features was not 
as good as that of the shape features [6]. The gray-scale 
intensity variation in images may affect the performance of 
texture features. 

In this study, the ranklet transform [7] was proposed to 
convert the original US images into ranklet images to ex-
tract intensity-invariant texture features. The performance of 
intensity-invariant texture features was compared with that 

of the original texture features for the classification of 
breast tumors. 

II. MATERIALS AND METHODS 

A. US Acquisition 
The institution review board approval was obtained, and 

informed consent was waived for this retrospective study. 
The breast US database were collected using an ATL HDI 
3000 scanner (Philips, Bothell, WA) or a Medison Voluson 
530 scanner (Kretz Technik, Zipf, Austria) and a 5–10 MHz 
linear transducer during a 2-year period. 69 tumors includ-
ing 21 malignant and 48 benign masses were collected as 
the image database in the experiment. 

Fig. 1 shows three cases of breast tumor collected in the 
experiment. The gray-scale distributions of them are vari-
ous. The possible reasons include that the US images may 
acquired from different US equipments (ATL HDI 3000 
scanner or Medison Voluson 530 scanner). Depend on dif-
ferent operators or scanning settings, more or less difference 
in image presentation is also unavoidable. 

 

Fig. 1 Gray-scale distributions among ultrasound images are different 

B. Tumor Segmentation 
Tumor area was delineated first to specify the tissues of 

interest for further analysis. The automatic level-set seg-
mentation method [8] was used to delineate the tumor con-
tour to reduce operator-dependence. Using the gray-scale 
gradient in the differential equation, the level-set function 
evolves the user-defined seeds into a complex shape with 
changing topology. As a image preprocessing, the sigmoid 
filter [9] was used to enhance the tumor boundary to deal 
with weak edges. The gradient magnitude filter [10] was 
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then applied to generate a gradient image presenting the 
magnitude between pixels. Using the level-set method on 
the tumor area in the gradient image achieved the segmenta-
tion. Fig. 2(a) shows the tumor contour of the first image in 
Fig. 1. 

C. Texture Features 
The texture information in US images was based on the 

echo pattern presented by gray-scale values. Previous CAD 
systems [5,11] suggested extracting texture features inside 
or surrounding tumor for tissue characterization. The texture 
features can be classified into tumor texture and speckle 
texture. 

Tumor texture is the analysis of pattern inside the tumor 
area. After tumor segmentation, the tumor area enclosed by 
the contour is a cluster of similar biological structures 
shown as gray-scale values. The texture information inside 
the tumor area can be extracted by analyzing the correla-
tions between pixel values. 

Speckle texture is the analyzing of value correlations 
among speckle pixels. Speckle pattern in B-mode images 
was demonstrated to have tissue characteristics in breast 
tumor classification [4,5]. It is generated by microstructure 
scatterers contained in tissues such as tissue parenchyma. 
The scatterers scatter US pulses and generate the interfe-
rence pattern having granular appearances in B-mode im-
ages. To extract speckle pixels, the pixel values in a B-mode 
image were log decompressed to the raw intensity. In the 
intensity image, pixels have an exponential distribution with 
a ratio of mean to SD of 0.8-1.0 are speckle pixels. In the 
experiment, speckle pixels within a distance of 5 to the 
tumor boundary were gathered to be a speckle map for  
texture extraction. Fig. 2(b) shows the speckle pixels  
distributed around tumor area. 

 

 

                (a)     (b) 

Fig. 2 Texture features are extracted from (a) tumor area (b) speckle pixels 

a) Gray-level co-occurrence matrix: 

After specifying the meaningful area for texture extrac-
tion, the gray-level co-occurrence matrix (GLCM)[12] was 
used to analyzing the correlations between pixel values. 
GLCM is the second-order statistics describing the joint 

frequencies of pair-wise combinations. Co-occurrence ma-
trices P=[p(i,j|d,θ)] are constructed by locating each pixel 
and its surrounding adjacent pixels in a mask. The matrix 
element P=[p(i,j|d,θ)] is the frequencies of two adjacent 
pixels at a distance of d and a direction θ, one with gray-
scale i and the other with gray-scale j. The average and 
standard deviation (SD) of eight GLCM metrics defined 
below were calculated to be texture features. 
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b) Ranklet transform: 

Ranklet transform was used in intensity-based image fea-
tures for texture extraction [7]. In this study, ranklet trans-
form was applied to the US images for intensity-invariant 
texture features to reduce the effect of intensity variation. 
Ranklet transform calculates the relative rank of pixel value 
rather than original gray-scale pixel value. Using multi-
resolution and orientation-selective transformations, ranklet 
transform considers the characteristics of different scales 
and angles. Under a resolution value R, a number of over-
lapping crops with R×R was extracted by moving a R×R 
crop window. For each resolution, a image is separated into 
two subsets according to the orientations of vertical, hori-
zontal, and diagonal. Then, the number of pixels pairs  
(PH, PL) in each crop is calculated for each resolution and 
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orientation. The derived ranklet transform coefficient RO is 
formulated as following: 

DHVO
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∑ ∈ +−

=
π
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where the number in a crop is C. In the subset YO, pixels’ 
ranks π(p) are summed. The ranklet coefficient of a crop is 
close to 0 if there is no global variation. After ranklet trans-
form, pixel values are replaced by the ranklet coefficient to 
express the regularity correlation in neighborhood. As 
shown in Fig. 3, the gray-scale distributions among different 
processings are different but the corresponding ranklet  
images are similar. 
 

 
      (a)           (b)          (c)          (d) 

Fig. 3 The ultrasound images and their corresponding ranklet images in the 
order of vertical, horizontal, and diagonal orientation for (a) original image 

(b) gamma filter (c) contrast filter (d) equalization filter 

In the experiment, each US image was transformed to 
ranklet images of five image resolutions (2, 4, 8, 16, and 32) 
and three orientations (vertical, horizontal, and diagonal). 
Then, the average and SD of eight GLCM metrics were 
extracted from the ranklet images for tumor texture and 
speckle texture. Both feature set has 240 texture features. 

c) Classification: 
In the classifier of binary logistic regression [13], step-

wise backward elimination was used in the evaluation of the 

texture features. The subset of features with the least error 
rate was selected to be the most relevant. Leave-one-out 
cross-validation was then used for the generalization ability. 
After classification, five performance indices include accu-
racy, sensitivity, specificity, positive predictive value 
(PPV), and negative predictive value (NPV) were calculated 
upon the biopsy-proven pathology. Performance differences 
were evaluated using chi-square test. Az, area under the 
receiver operating characteristic (ROC) curve, was used for 
the trade-offs between sensitivity and specificity. 

III. RESULTS 

Table 1 shows the performances of texture features ex-
tracted from ranklet images compared to the original US 
images. Most performance indices achieved significant 
result (p-value>0.05). With respect to Az, both the tumor 
texure and speckle texture are significantly better than those 
of the original US images (p-value=0.0009 and 0.02,  
respectively). The ROC curves are shown in Fig. 4. 

Table 1 The performance comparisons of tumor texture and speckle 
texture with and without ranklet transform using chi-square test 

Performance
indices 

Tumor 
Texture

Tumor 
Texture 

(Ranklet)

p-value 
Speckle 
Texture 

Speckle 
Texture 

(Ranklet)

p-value

Accuracy 
58% 

(40/69)
80% 

(55/69) 
0.0058* 62% 

(43/69) 
83% 

(57/69) 
0.0076*

Sensitivity 
38% 

(8/21) 
76% 

(16/21) 
0.0126* 33% 

(7/21) 
71% 

(15/21) 
0.0134*

Specificity 
67% 

(32/48)
81% 

(39/48) 
0.1035 75% 

(36/48) 
88% 

(42/48) 
0.1167 

PPV 
33% 

(8/24) 
64% 

(16/25) 
0.0318* 37% 

(7/19) 
71% 

(15/21) 
0.0281*

NPV 
71% 

(32/45)
89% 

(39/44) 
0.0396* 72% 

(36/50) 
88% 

(42/48) 
0.0570 

Az 0.58 0.83 0.0009* 0.56 0.80 0.02* 

* p-value<0.05 indicates a statistically significant difference.  

IV. DISCUSSION 

Texture features are widely used in CAD systems for 
breast tumor classification. However, the performance of the 
texture features is not consistent in previous studies [5,6]. A 
reason is that the texture features are easily affected by differ-
ent gray-scale distribution. In this study, we proposed to use 
ranklet transform [7] for extracting robust texture features to 
the intensity variation. The texture features extracted from 
ranklet images were demonstrated to be intensity-invariant 
and provide diagnostic information in classifying tumors 
examined by different US equipments (ATL and Medison). 
Compared to other existed CAD systems [3,4], our image 
database composed of different scanner models and settings 
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is similar to the real world situation. Consequently, the result 
is meaningful in clinical use. 

The limitation of this study is the number of cases col-
lected in the experiment. More cases from different scanner 
models and settings should be included in the future to  
evaluate the generalization ability. 

 

Fig. 4 Roc curves of two texture feature sets with and without ranklet 
transform 

V. CONCLUSIONS 

The texture features extracted from ranklet images with 
multi-resolution and orientations performed significantly 
better than those from the original US images. The CAD 
system based on the intensity-invariant texture features 
would be more reliable to evaluate breast US images  
acquired from various equipments and settings. 
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Abstract— This paper proposes a non-rigid, symmetric and 
diffeomorphic algorithm for the registration of MR images. A 
log-Euclidean framework was used to model diffeomorphisms. 
Multiple features were used to enhance the speed of the pro-
posed algorithm, including compactly supported Wendland’s 
basis functions as models of velocity fields, a greedy optimiza-
tion strategy, and a coarse-to-fine hierarchical framework. 
Symmetry was ensured through the invertibility of diffeomor-
phisms and the symmetry of the objective function and optimi-
zation algorithm. The proposed algorithm was evaluated using 
the results of 1560 pairwise registrations of 40 T1-weighted 
MRIs in the LPBA40 dataset. Our results demonstrated  
that the proposed algorithm is diffeomorphic with sub-voxel 
accuracy in terms of symmetry. The proposed algorithm out-
performs 14 other registration algorithms in terms of speed 
(compared with diffeomorphic algorithms) and accuracy. 

Keywords— Magnetic Resonance Images, diffeomorphisms, 
non-rigid registration. 

I. INTRODUCTION  

Image registration is crucial for spatial normalization of 
brain magnetic resonance images (MRI). Spatial normaliza-
tion involves warping multiple images to a single reference 
frame. This allows researchers to analyze intra-subject and 
inter-subject anatomical variations on a similar basis. 

Among non-rigid registration techniques, diffeomorphic 
registration algorithms [1-5] can provide a more well-
formed solution to overcome the limitations of displace-
ment-based frameworks. This type of framework can ensure 
a one-to-one relationship of the mapping function, thereby 
preserving the topology after warping. Nonetheless, the 
calculation of diffeomorphic mapping functions are compu-
tationally intensive comparing to simple displacement-
based models.  

Another essential property for registration algorithms is 
symmetry, or inverse-consistency. Symmetric registration 
algorithms can obtain consistent results when the warped 
image and reference image are interchanged. It may be a 

potential solution to avoid bias induced by asymmetric 
registration algorithms, as reported in [6]. Let  denote 
the estimated mapping obtained by registering image A to 
image B, this inverse consistency can be formulated as: 

 .             (1) 

The objective of this study is to design a diffeomorphic 
and symmetric non-rigid registration algorithm that can 
avoid the heavy computational burdens, usually inevitable 
in conventional diffeomorphic registration algorithms, and 
also can surpass other registration algorithms in terms of 
accuracy. 

II. METHODS 

A. Model of Diffeomorphism 
This study used a log-Euclidean framework [1, 7] to 

model diffeomorphisms. A diffeomorphic mapping function 
(Φ) is implicitly parameterized by its projection on the Lie 
Algebra of the space of diffeomorphisms. This projection is 
modeled as a time-independent velocity field (V). The con-
version between a velocity field and its corresponding map-
ping function are defined as the logarithm and exponential 
operator: Φ , Φ exp  .            (2) 

Our work used the exponential operator defined in [7], 
which is the flow of the partial differential equation 
(PDE)  at time 1 (denoted as · ,1 ): exp · ,1  .              (3) 

Through modelling diffeomorphisms by their projection 
on a Euclidean space of their Lie Algebras, combinations of 
diffeomorphisms are simplified to linear combinations of 
velocity fields, and inversions of mapping function is re-
duced to vector negations. In our work, we used a modified 
16-step midpoint method to solve the PDEs. 
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B. Radial Basis Functions 
In our work, velocity fields are represented as linear 

combinations of Wendland Ψ-functions ( ) [8] in order to 
reduce the dimensionality of the optimization problem: V ∑  ,            (4) 

where α is the vector coefficient representing the orientation 
and magnitude of each basis function, and S specifies the 
extent of support. Wendland Ψ-functions are piece-wise 
polynomial and compactly supported radial basis func-
tions(RBFs): 1 4 1 , 0 10, 1  .     (5) 

Wendland Ψ-functions yield better computational effi-
ciency when compared with other types of RBFs (e.g. 
Gaussian function) because of their piecewise-polynomial 
nature. In addition, their compact support also help to re-
duce the volume involved when optimizing the coefficients, 
therefore further increasing the computational efficiency. 

C. Optimization  
To overcome the curse of dimensionality when searching 

in the extremely high-dimensional parameter spaces of 
registration problems, we employed a greedy optimization 
approach similar to [9, 10]. The coefficient of each RBF is 
estimated sequentially and individually. We used downhill 
simplex method [11] to estimate the optimal coefficient of 
each RBF. A deterministic initialization scheme was  
imposed to ensure reproducibility and symmetry. 

D. The Objective Function 
The objective function is the log-likelihood representa-

tion of maximum a posteriori (MAP) estimates (see [1] for 
details): E , , , ,  .      (6) 

In (6),  is the likelihood term, a measure used to indi-
cate the similarity between the warped source image ( ) 
and the static target image ( ). The prior term ( ) regula-
rizes the warping function ( ) to conform to given prior 
knowledge. The regularization parameter ( ) is empirically 
set to 0.05. 

This study used a symmetric version of the correlation ra-
tio (CR) as the likelihood term. CR is a robust measure 
against variations in the same and different modalities. 
However, it is not symmetric. This study used a symmetric 
correlation ratio inspired by [22]: E , , , , , ,   .(7) 

 

Fig. 1 Illustration of the hierarchical framework. Yellow circles represent 
the supports of RBFs. 

The prior term used in this study was the Laplacian mod-
el of the velocity field, which gives a smaller penalty for 
smoother deformation: exp . (8) 

In our case, Ω is the support of the current RBF.  

E. A Hierarchical Framework 
This study used a hierarchical framework similar to that 

used in [9] in order to increase accuracy and stability. The 
overall velocity field can be represented as the sum of RBFs 
with various levels of support extents (or scale level): ∑ ∑ , ,,  ,       (9) 

where L specifies the total number of scale level and Kj 
denotes the number of RBFs at level j. 

The optimization begins with coarse registration using 
large RBFs and low-resolution images. As the level increas-
es, the mapping is gradually refined through the use of de-
tailed images and smaller RBFs. The RBFs are placed along 
grid points and the estimation of the coefficient of an RBF 
is skipped if the evaluation region of this RBF does not 
contain any brain tissue. This hierarchical framework is 
illustrated in Fig. 1. 

III. RESULTS 

A. Data and Registration 
Evaluation of the proposed algorithm was performed us-

ing the LPBA40 dataset provided by the Laboratory of 
Neuro Imaging (LONI) at UCLA [12]. LBPA40 contains 
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This comparison is rough but still valid since our expe-
riments were run on similar computing environment to that 
used in [13]. Lower mean rank, as reported in [13],  
indicates better accuracy of the algorithm. Our algorithm, 
when using 5 scale levels, is faster than all other algorithms 
listed. Although the proposed algorithm using 6 levels is 
slower than 2 of the 6 algorithms, we must emphasize again 
that our algorithm, either with 5 or 6 scale levels, yields 
accuracy higher than all of the listed algorithm. 

Table 2 Comparison of speed with other diffeomorphic registration 
methods. 

Algorithm Mean Rank Run time (min) 

Proposed (level 5) n/a ~4.5 

Proposed (level 6) n/a ~25 

SyN 1.00 77 (15.1) 

ART 1.00 20 (1.6) 

DARTEL 1.88 71.8 (6.3) 

JRD-fluid 2.50 71.1 (1.0) 

Diffeomorphic Demons 3.00 8.7 (1.2) 

SICLE > 4 33.5 (6.6) 

IV. CONCLUSIONS  

In this study we developed an efficient non-rigid registra-
tion algorithm, which is symmetric and diffeomorphic. Our 
evaluation has shown that the proposed algorithm is fully 
diffeomorphic and has sub-voxel accuracy in terms of 
symmetry. Also, it outperforms all registration algorithms 
listed in [13] in term of accuracy, and is faster than the top-
ranked diffeomorphic registration algorithm. Future work 
will include improvements of accuracy and further evalua-
tion based on a variety of datasets and evaluation methods. 
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virtual slide into processable image format in GIMP and 
save that image. ImageJ [8] can also apply image-
processing methods to pathological images. One of the most 
interesting characteristics of ImageJ is that it has plugin 
functionality. C. Deroulers [9] introduced “NDPITools” to 
ImageJ as the plugin. This plugin enables ImageJ to handle 
on “ndpi” format image. ImageJ with the plugin firstly con-
verts a virtual slide image to the normal format image, and 
save these images. Then, ImageJ applies image-processing 
methods to the pathological images. However, both GIMP 
and ImageJ don’t directly deal with the virtual slides. They 
need to convert the virtual slide image into processable 
image format in GIMP or ImageJ, save that image dividing 
the images into several parts before applying image-
processing techniques. It takes more time and computer’s 
memory than directly applying image-processing techniques 
to the images. 

Therefore, we propose and develop the Support System 
for Pathological Diagnosis (P-SSD). P-SSD consists of 
several subsystems that make it easy not only for patholo-
gists to double-check their diagnosis but also for researchers 
to apply image-processing techniques to pathological im-
ages. Moreover, the standard pathological database col-
lected by P-SSD is available to researchers. 

The rest of this paper is organized as follows. In Section 
2, we describe concept of P-SSD. In section 3, we explain 
recent work on P-SSD and compare it with other software. 
Some brief conclusions are drawn in the last section. 

II. P-SSD 

We propose P-SSD to support both pathologists and re-
searchers developing auto-pathological diagnosis system. 
Fig. 2 shows flow of P-SSD. P-SSD consists of five main 
subsystems as follows: (i) Converting system, (ii) Super-
vised database system, (iii) Learning system, (iv) Detection 
system,(v) Showing system. P-SSD is built with Visual 
Studio C++, Win32 API and OpenCV. P-SSD has plugin 
function, which make it easy to apply image-processing to 
the pathological images.  

A. Converting System 
This system converts a virtual slide into the proposed 

original format image. A virtual slide is created as a unique 
format image when a glass slide is digitally scanned. To 
deal with the unique format of the virtual slide, P-SSD con-
verts the virtual slide into the proposed format pathological 
image. It enables researchers to apply image processing to a 
virtual slide without saving it as other formats. It is easy for 
researchers with P-SSD to work on the pathological images. 
 

Moreover, with P-SSD, time and computer’s memory spent 
to output a virtual slide image as a processable image for 
researchers are greatly reduced.  

 

 

Fig. 2 P-SSD consists of the five processes as follows; (i) converting 
virtual slide into standard format image, (ii) obtaining supervised database, 

(iii) learning the feature of cancer cell, (iv)  detecting cancer area with 
learning model, (v) showing the result to pathologists. 

B. Supervised Database System 
This system obtains supervised database. In P-SSD, in 

order to obtain the supervised database for researchers, the 
standardized pathological images are supervised by pa-
thologists marking outlines of cancer areas as shown in Fig. 
3, and cancer area is in a blue outline. Pathologists can see a 
pathological image as a whole because the image is con-
verted into low resolution images with P-SSD. Then the 
supervised data is outputted as series of points in xml file, 
and a set of the supervised data and images are stored in the 
database. Fig. 4 shows the output file; the lines from first to 
eleventh show first cancer area. Third and seventh lines 
indicate x-coordinates of points of outline, and fourth and 
eighth lines indicate one y-coordinate of points of outline. 
Lines from twelfth to fourteenth shows second cancer area. 
When that output data is reshown, the series of points are 
linked to form outlines. By saving the supervised data as 
text data, not image, computer’s memory spent is reduced.  

C. Learning System 
This system learns the features of cancer and non-cancer. 

Many methods of cancer detection have been proposed, and 
the cancer detection method is implemented mostly by the 
machine learning. The methods calculate features from 
pathological images supervised by pathologists, and then 
the learning model is built by machine learning methods. 
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Usually in researches, the virtual slide is divided into image 
patches, and the features are then calculated from the image 
patches. P-SSD can divide the pathological images into the 
image patches. Those image patches are rectangle images 
whose size are properly decided by the researchers, and 
calculate the features from every image patches.  

 

 

Fig 3 The supervised image. A blue outline indicates the cancer area. 

 

Fig. 4 Example of the supervised data. From first line to eleventh  
line show first cancer area. Third and seventh lines indicate x-coordinates 
of points of outline, and fourth and eighth lines indicate one y-coordinate 

of points of outline. From twelfth line to fourteenth line shows second 
cancer area. 

The learning model is used in two ways. One way is that 
it is used for cancer detection in the non-supervised patho-
logical virtual slide, which is explained in the next section.  
The other way is that the learning model is used for classi-
fying the database into each kind of caner and non-cancer. 
These classified databases can be used by students majoring 
in pathology and any other people who are in this field. 

D. Detection System 
This system detects cancer area. After the virtual slide is 

divided into image patches, the features are calculated from 

the image patches on the same way as the learning process. 
Then, with the applied learning data, cancer area is detected 
in unsupervised pathological images. Fig. 5 shows an ex-
ample of xml file P-SSD outputs as result. In the result xml 
file, the central coordinates of the image patches is shown at 
the third and the fourth lines. The sixth line shows the de-
tection result. If there is a cancer cell in the interest area, P-
SSD outputs TRUE, otherwise, P-SSD outputs FALSE. 

 

 

Fig. 5 Example of the result xml. The lines from first to seventh show 
the result of one cancer area. Third and fourth lines indicate a center coor-
dinate of the image patches in the cancer area. Sixth line shows the result 

of detection. 

E. Showing System 
This system shows the detected cancer area of a patho-

logical image by painting in red those image patches that 
includes cancer based on the xml file, each area is shown in 
a rectangle shape. Pathologists can double-check the cancer 
area with the result image of detection. Also, P-SSD can 
screen and sort out the result images with detected cancer 
from ones without it beforehand, so that pathologists can 
start the diagnostic work from there. 

F. Plugin 
There are many features and learning techniques for 

pathological images in the world. To make it easy to apply 
those techniques to pathological images, we introduce the 
plugin function to P-SSD. Also, the techniques for the 
pathological images such as auto-nuclei segmentation [10] 
and auto-prediction [11] except for auto-cancer detection 
are applied to the pathological images. 

III. RECENT WORK ON P-SSD 

In this paper, P-SSD use “ndpi” format images as the vir-
tual slides image.The existing software such as GIMP and 
NDPTool need to divide whole virtual slide image which is 
a 60000 x 52000 pixels image into parts before the patholo-
gists can supervise the images. Table 1 shows the number 
and the size of the output images from whole virtual slide 
image. For GIMP, 2336 images of 1920x1024 pixels BMP 
images, whose resolution depend on the size of display, are 

<line number="1"> //First cancer area 
    <point> 
        <x>X1_VALUE</x> //x-coordinate of points 

        <y>Y1_VALUE</y> //y-coordinate of points 

    </point> 
    <point> 
        <x>X2_VALUE</x> 

        <y>Y2_VALUE</y> 

    </point> 
… 
</line> 
<line number=”2”> //Second cancer area 
… 
</line> 

<brock>  
<point>  

<x>X1_VALUE</x> //x-coordinate 

<y>Y1_VALUE</y> //y-coordinate 

</point>  
<result>TRUE</result> //the result of detection 

</brock> 



Bey

sav
x 5

tab
pat
mo
dep
are
cal

cul
pat
det
im
pix
in 

Ta
th

aut
pat
sub
bas
sys
vir
ma
res
cal
of 
lea
and
can
ly, 
int
app

pat
tec
 

yond Supporting
 

ved using NDP
52000 pixels T
Pathologists m

blet, and chan
thologists can 
ouse wheel ch
pends on a sca
ea, the size of
lculated, and sh
In this paper, 
lating HLAC f
tches. The lea
tection. The re

mage is painted 
xels because th
every 128 x 12

able 1 The number
he images. NDP.vi

This paper h
to-Pathologica
thologists and
bsystems: conv
se system, lear
stem. Converti
rtual slides dire
at images. In o
searches, with 
l images are su
cancer areas. 

arning the feat
d then with th
ncer areas by d
showing syste

troduce plugin 
ply feature calc
With P-SSD,
thological diag
chniques to pa

g Pathological D

 
 

P.view. For ND
IFF images are

mark the outlin
ge some colo
zoom in and 

hanging the re
anning machin
f the area surr
hown on the im
P-SSD learns 
feature from 1
arning model 
esult image of 

in red. Each r
he results of ca
28 pixels. 

r and size of image
iew outputs BMP f

TIFF forma

IV. CONCLU

has presented
al Diagnosis (P
d the researche
verting system
rning system, d
ng system enab
ectly without o
order to obtain
supervised dat
upervised by p
Learning syst

tures of cancer
he learning mo
distinguishing c
em shows the r
function to P-

culation and le
 the patholog
gnosis, and the
thological ima

Diagnosis: Conce

DPTool, 16 im
e saved. 
nes using a m
rs of the outl
out an intere

solution. Max
ne. After mark
rounded by th

mage. 
and detects ca

128 x128 path
is only used 
detecting canc

red-painted are
ancer detection

es after dividing th
format images, and

at images. 

USIONS  

d the Suppor
P-SSD) to sup
ers. P-SSD co

m, obtaining su
detection system
bles researcher
outputting them
n the supervise
tabase system,
pathologists ma
tem builds lean
r in the pathol
del, detection 
cancer and non
result of cancer
-SSD, which m
eaning techniqu
gists can dou
e researchers c
ages more easi

ept of Support Sy

IFMBE P

mages of 60000

mouse or a pen
lines. Also the
est area with a
x magnification
king the cancer
he outlines ge

ancer after cal
ological image
for the cancer

cer area in tha
ea is 128 x 128
n are outputted

he virtual slide into
d ImageJ outputs 

 

rt System for
pport both the
onsists of five
upervised data
m and showing
rs to handle the
m as other for
ed database for
 the pathologi
arking outlines
ning model by
logical images
system detects

n-cancer. Final
r detection. We

makes it easy to
ues.  
uble-check the
can apply their
ily. P-SSD can

ystem for Pathol

roceedings Vol. 

 

0 

n 
e 
a 
n 
r 

et 

-
e 
r 

at 
8 
d 

o 

r  
e 
e 
-
g 
e 
-
r 
-
s 
y 
s, 
s 
-
e 
o 

e  
r 
n 

support n
pathologi
time and 
image as 

The au

1. Metin N
Nasir M
Biomed

2. Junko 
Kuwata
ing Hig
The 20
puter A

3. Yuichi 
“DEVE
DATAB
USING
of the 
2011, p

4. S. Doy
boosted
tion fro
59, no. 

5. Teja G
Recent 
tional C

6. Sivaram
for On-
tation S

7. Availab
8. W. Ras

Maryla
9. Duque 

Platform
and Bio
IEEE, 2

10. Veta M
“ Autom
topatho
doi:10.

11. Banu G
Mamm
means,”
Internat
 

Author
Institute
Street:
City:
Country
Email:
 
 
 
 

logist and Resea

47 

not only pathol
ical diagnosis.
computer’s m
the normal for

CONF

uthors declare t

R

N. Gurcan, Laura 
M. Rajpoot, Bulen
dical Engineering, 
Takahashi, Hiros

a,"System to Detec
gher-order Local A
12 International C

Applications, 2012,
Ishibashi, Atsuk

ELOPMENT OF 
BASE SYSTEM 

G IMAGE FEATU
Japanese Society 

pp.3-21. 
yle, M. Feldman, 
d Bayesian multire
om digitized needl
5, 2012,  pp. 120

G.P., Ravi S., “Fa
Trends In Inform

Conference, 2012, 
man S., Trivedi M
-Road Vehicle Rec
Systems, IEEE Tra
ble: http://www.gim
sband, “ImageJ,” U
nd, USA. [Online]
J. J. Silva L. E.

m for Biomedical
ology Society, 201
2013, pp. 2084-20

M, van Diest PJ, Ko
matic Nuclei Segm

ology Images,” 
1371/journal.pone

G. S., Fareeth A., H
agram image usi
” Biomedical and 
tional Conference,

: Takumi
e: Tokyo U

 2641 Y
 Chiba 

y: Japan 
 751360

archer 

 
 

logists, but als
 Moreover, P
emory spent to

rmat. 

LICT OF INT

that they have n

REFERENCES

E. Boucheron, A
nt Yener, “Histopa

IEEE Reviews, V
shi Takemura, H
ct Abnormal Cells
Autocorrelation F

Conference of Info
, pp.284-288. 

ko Hara, Isao Ok
HISTOPATHOLO
WHICH ENABL

URES AND TEXT
of Computationa

J. Tomaszewesk
esolution classifie
le biopsies,” IEEE
05–1218. 
ace recognition us
mation Technolog
pp. 103-107. 
. M., “A General A
cognition and Trac
ansactions, 2010, V
mp.org/ 
U. S. National Ins
]. http://imagej.nih
., Murta L.O., “O
l Signal Analysis,
13 35thAnnual Inte
87. 
ornegoor R, Huism
mentation in H&E

2013, PLoS 
e.0070221. 
Hudewale N., “Pre
ng Support Vect
Health Informatic
, 2012, pp. 573-57

i Ishikawa 
University of Scie

Yamazaki, Noda 

06@ed.tus.ac.jp 

so researchers 
P-SSD greatly 
o save the virtu

EEST 

no conflict of i

S  

Ali Can, Anant Ma
athological Image A
Vol. 2, 2009, pp.14
Hiroshi Mizoguchi

s in Pathological I
Features and Colo
ormation Science 

kayasu and Koji 
OGICAL INFOR

LES IMAGE RET
T INFORMATION
al Statistics, Vol. 

ki, and A. Madab
er for prostate can
E Trans. Biomed. 

sing subspaces tec
gy (ICRTIT), 201

Active-Learning F
cking,” Intelligent 
Vol. 11, pp. 267-27

stitutes of Health, 
h.gov/ij/ 
Open Architecture
,” Engineering in 
ernational Confere

man A, Viergever 
 Stained Breast C

ONE 8(7): 

ediction of Breast 
or Machine and 
cs (BHI), 2012 IEE
76. 

ence 

135

of auto-
reduces 

ual slide 

interest. 

adabhushi, 
Analysis,” 
7-171. 
i, Takeshi 
Images us-
r Spaces," 
and Com-

Kurihara, 
RMATION 
TRIEVAL 

N,” Journal 
24, No.1, 

bhushi, “A 
ncer detec-

Eng., vol. 

chniques,” 
2 Interna-

Framework 
Transpor-

76. 

Bethesda, 

e Software 
Medicine 

ence of the 

MA, et al. 
ancer His-

e70221. 

Cancer in 
Fuzzy C-

EE-EMBS 



© Springer International Publishing Switzerland 2015 
I. Lackovic (ed.), 1st Global Conference on Biomedical Engineering & 9th Asian-Pacific Conference on Medical and Biological Engineering,  

136

IFMBE Proceedings 47, DOI: 10.1007/978-3-319-12262-5_38  

A Full Digital Design of TCD Ultrasound System  
Using Normal Pulse and Coded Excitation 

Jie Li, Xianfen Diao, Kai Zhan, and Zhengdi Qin 

National-Regional Key Technology Engineering Laboratory of China for Medical Ultrasound, Shenzhen University, Shenzhen, P.R.China 
Department of Biomedical Engineering, Health Science Center, Shenzhen University, Shenzhen, P.R.China 

 
 
 

Abstract— Transcranial Doppler (TCD) ultrasound is com-
monly used in some departments to detect blood flow and 
emboli in the cerebral artery at the forefront of medical tech-
nology. Conventional TCD systems expose more and more 
disadvantages such as inadequate depth information, low 
sensitivity and poor accuracy in clinical diagnosis. In this 
study, a full digital design of TCD ultrasound system is intro-
duced, in which raw radiofrequency (RF) is directly converted 
to digital data with an A/D converter. All signal processors 
such as digital I/Q demodulator can be achieved by utilizing 
digital signal processing (DSP) techniques. This design can 
solve the problems above. In particular, it offers a full-depth 
intracranial examination, which can be used to locate tran-
scranial windows conveniently so as to make TCD analysis 
much easier even for an inexperienced person. Furthermore, 
coded excitation is allowed. In our experimental system, RF 
signals are collected in vitro from a flow phantom using a TCD 
system, which alternately transmitted 8 wavelengths normal 
pulse and 4 wavelengths pulse coded by 7-chip Barker code. 
The in vitro results are promising. Qualitatively the blood flow 
is easier to track using the pulse compressed signal. It is both 
feasible and beneficial to implement the full digital design in a 
TCD system. 

Keywords— Barker, Coded excitation, Digital demodulator, 
Full-depth, TCD. 

I. INTRODUCTION  

Transcranial Doppler (TCD) ultrasound offers a complete 
array of dedicated studies to address many clinical applica-
tions, such as diagnosis of extracranial and intracranial 
stenosis and occlusion, monitoring during carotid endarte-
rectomy or carotid stenting and detection and counting of 
emboli [1]. More and more departments in hospitals have 
outfitted TCD instruments, and some higher quality re-
quirements are claimed at the same time. Currently, most 
TCDs are analog PC-based systems with bulky and compli-
cated structure whose performances cannot meet doctors’ or 
researches’ demands. Furthermore, it will take a considera-
ble time for a freshman to be a TCD technician. So, it is 
inevitable to develop the next generation of TCD ultrasono-
graphy system to cater for clinical diagnosis. The full digital 
design is one of the promising methods. 

In conventional structures of a TCD ultrasound system, 
RF signal from transducer passes through a T/R (Transmit 

and Receive) switch (such as MD0101 produced by Super-
tex inc.), which is designed to protect a low noise receiver 
from the high voltage transmit pulses in ultrasound applica-
tions. And a dual I/Q demodulator and phase shifter (such 
as AD8333 produced by ADI) demodulates the RF signal 
after T/R switch. The two channels of I&Q signals are re-
spectively conditioned by amplifiers, dynamic noise reduc-
tion systems and filters. Then I/Q signal is depth-sampled, 
thereby losing most Doppler information except for those in 
the sample depths. As a result, less depths blood flow in-
formation are displayed in conventional TCD systems. Then 
the depth-sampled signal passes through wall filter previous 
to analog-to-digital conversion. 

To achieve full-depth examination, any depth informa-
tion should not be lost. When implemented with full digital 
TCD system introduced in this study, full-depth information 
can be obtained because A/D converter directly collects RF 
signal without demodulation and depth-sampling, thereby 
containing full-depth Doppler information. All depths in-
formation in RF signal is processed simultaneously while 
analog TCD systems cannot support such large-scale data 
computing. This full-depth examination is similar to power 
M-mode Doppler (PMD) described in the report by Moehr-
ing and Spencer [2]. However, PMD scheme is just a  
digital-to-be system. Fig. 1 shows the schematics of a con-
ventional system and full digital TCD ultrasound system 
respectively. 

 

Fig. 1 Schematics of conventional and full digital TCD systems 

When executing the full digital design, coded excitation 
can be used as transmitted pulse. Normal pulse excitation 
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was seriously limited by the narrow bandwidth of the 
transmitted pulse which led to poor axial resolution. The 
axial resolution is inversely proportional to the length of 
transmitted pulse. Long transmitted pulse is required to 
obtain an adequate singal-to-noise ratio (SNR). Which 
means that the tradeoff between axial resolution and SNR in 
ultrasound system. To improve the resolution, the transmit-
ted pulse length needs to be decreased. In doing so, the 
pressure amplitude over the duration of the pulse would 
need to be increased to obtain an adequate SNR. However, 
increasing the pressure amplitude would increase the me-
chanical index (MI) and could potentially have an adverse 
effect on the system safety. Several researches have vali-
dated that coded excitation is a feasible and beneficial me-
thod to solve the problem [3] [4] [5] [6]. This scheme must 
be carried out in full digital system. 

On the other side, miniaturization and portability are the 
other trends in the development of medical facilities. Be-
cause of the huge signal computing and complicated hard-
ware circuit, most conventional TCD systems are PC-based 
with giant structures and high power consumption. In full 
digital TCD design, RF signal is conditioned by T/R switch 
(such as TL441 produced by TI), then the signal input to a 
high-speed A/D converter and the data are stored in an on-
board buffer. In this case, system can get rid of most analog 
circuits for signal processing and reduce the demands of 
signal processor, hence accomplishing miniaturization of 
TCD system. Moreover, more accuracy and reliability in 
clinical diagnosis can be achieved using full digital design. 

The aim of this study was to validate the viability and 
benefits of full digital design in TCD ultrasound system. In 
vitro experiments were implemented to perform the prom-
ised results in both normal pulse and coded excitation TCD 
systems. The blood flow signals in different depths can be 
extracted and displayed at the same time. 

II. METHODOLOGY 

A. Digital Demodulator 
In Doppler ultrasound systems, I/Q demodulation is a 

common and useful RF signal processing technique since it 
allows for the direct extraction of amplitude and phase in-
formation. Generally, an analog approach to quadrature 
demodulation shown in Fig. 2 is used under the analog 
circumstances. I and Q signals are obtained by low-pass 
filters to remove the sum frequency components generated 
by the mixing operation. I and Q are digitized by an analog-
to-digital (A/D) converter in each channel [7]. When im-
plemented with conventional analog RF components, the 
demodulator requires the frequency of local carrier to strict-
ly match the frequency of base pulse. While periodic offsets 
between the local carrier signal and base pulse caused by 

non-linear characteristics of analog devices, some variations 
in manufacturing and differences in operation environments 
lead to mismatch[8]. Besides, a number of inherent errors 
also degrade the performance of analog I/Q demodulator, 
including gain balance, DC offsets, impedance match and 
carrier leakage [9]. As noted above, numerous deficiencies 
associated current techniques limit the analog demodula-
tor’s performance. Techniques for correcting errors in I and 
Q signals have been proposed in articles by F. E. Churchill 
et al [10] and D. L. Sharpin et al [11]. However, these tech-
niques for calibrating errors in I and Q signals are nontrivial 
to implement since the errors must be measured with appro-
priate test signals and the necessary correction algorithms 
carried out. 

 

Fig. 2 Conventional I/Q demodulator 

Consequently, it would be highly desirable to implement 
DSP techniques which have several advantages over analog 
signal processing due to its accuracy, predictability, repea-
tability and stability. As the full digital design was used in 
TCD ultrasound system, DSP techniques can be used under 
the digital circumstances. Recent advances in high-speed 
analog-to-digital converters allow digital I/Q demodulator 
to be well implemented, greatly reducing these systematic 
errors. Fig. 3 shows a design of digital demodulator imple-
mentation that inherently improves the performance.  

 

Fig. 3 Digital I/Q demodulator 

B. Pulse Generation 
To confirm the feasibility of full digital design in both 

normal pulse and coded excitation TCD ultrasound systems, 
normal pulse and coded signal were generated by an arbi-
trary waveform generator. In this experiment, the normal 
pulse is an 8wavelengths binary sequence which most of 
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energy focused within the transducer bandwidth and the 
coded transmitted signal is an oversampled 7-chip Barker 
code demodulated by 4 wavelengths base pulse sequence. 

C. Experiment Set-up 
In our experimental system, a flow phantom is set up as 

shown in the schematic in Fig. 4. The depth of the phantom 
is 10cm. The blood mimicking fluid in it circulates around 
the flow loop as the flow direction shown in Fig. 4. Flow 
rate can be controlled by a pump controller. A 2 MHz trans-
ducer is used for detecting the blood flow signal while the 
phantom is run. 

 

Fig. 4 Schematic of flow phantom 

The experimental system is based on a commercially 
available TCD ultrasound system. The clock source (16 
MHz) of the experimental system is connected to an arbi-
trary waveform generator as external main clock. The arbi-
trary waveform generator generates 2-channel transmitted 
signals, trigger signal and 8MHz external clock for A/D 

converter as sample frequency ( sf ). It is flexible to give 

different transmissions including normal pulse and Barker 
coded pulses to our experimental system, the trigger signal 
and 8 MHz clock signal were connected to the PC-housed 
16-bit A/D converter. When the RF cable, external 8MHz 
clock and trigger signal were continuously input to the A/D 
converter and the data were stored in an on-board buffer. In 
our experimental system, a single-sensor transducer at 2 
MHz was used to insonate the flow phantom at a pulse 
repetition frequency (PRF) of 7812.5 Hz. 

III. RESULTS 

After A/D converter, RF data is saved in a variable as 
row vector in MATLAB. After digital I/Q demodulation, 
down-sampling and decoding (if coded excitation), the 
 

row vector is reshaped as a M N×  dimensional matrix
X . M is the number of samples in depth and N  is the 

number of frames in a specified time. Then add a window of 

TW  in time domain to M NX ×  to reduce the Gibbs effect:  

.M N M N TY X W× ×= ∗                 (1) 

Where M NY ×  is the data after windowing. The follow-

ing is spectral analysis of M NY ×  based on STFT and ap-

propriate windowing operation in frequency domain:  

[ ]M N FZ FFT Y W×= ⋅∗              (2) 

Where [ ]FFT ⋅  is STFT operation, FW  is a window 

in frequency domain. Promising results shown in Fig. 5 
can be achieved from matrix Z . Full-depth blood flow 
information is described in this figure. X-axis is depth and 
Y-axis is the envelope of frequency shift. Two peaks (P1 
and P2 labeled in Fig. 5(a) and Fig. 5(b)) of the line are 
the blood flow in this depth. Furthermore, as the Y-axis 
and the width of those two peaks shown, expected effects 
in both axial resolution and SNR were attained using 
coded excitation. 

  

(a) Normal pulse excitation          (b) Barker coded excitation 

Fig. 5 Blood flow information in full-depth in vitro is detected by experi-
mental system using normal pulse and coded excitation  

According to the image of full-depth blood flow informa-
tion above shown in the Fig. 5, the depth which has blood 
flow can be directly found so as to conveniently check the 
blood flow of the depth and display it. The depths of P1 and 
P2 are 4.62cm and 7.58cm. Fig. 6(a) (b) and Fig. 7(a) (b) 
depict the blood flow information in the depth which P1 and 
P2 located using normal pulse and coded excitation  
respectively. 
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Abstract— The purpose of this study is to use sodium mag-
netic resonance imaging (sodium MRI) to observe the varia-
tions in sodium signal intensity in mice brains after ischemic 
stroke, and to estimate the tissue sodium concentration of the 
ischemia area in mice brain. Experiments were performed 
using a 7T MRI system. Before the MRI scan (48 hours), the 
mice underwent middle cerebral artery occlusion (MCAO) to 
induce focal brain ischemia. The average signal intensity in the 
sodium images of mice brains showed a 2.2-fold increase. The 
average estimated values of the ischemia area and contralater-
al area in the mice brains were 106.5 mM and 49.9 mM, re-
spectively. This study demonstrates the feasibility of sodium 
MRI in mice brain of ischemic stroke at 7T MRI. The signal 
intensity of sodium on the mice brain shows a significant in-
crease in the ischemia area compared to the contralateral 
brain hemisphere. The estimated values of the sodium concen-
tration exhibited a significant correlation with the biochemical 
values of the sodium concentrations.* 

Keywords— sodium MRI, ischemic stroke, mice brain,  
sodium concentration. 

I. INTRODUCTION  

Stroke was a serious disease in which the blood supply to 
the focal brain area was restricted [1]. Although extant clin-
ical imaging methods (such as computed tomography, diffu-
sion MRI, and perfusion MRI) could rapidly and effectively 
identify the brain regions affected by a stroke. However, the 
viability of the brain cells in these regions could not be 
determined. Thus, certain other imaging technologies were 
required [2]. 

Apart from proton MRI, use of the sodium MRI in many 
disease models was a potential method, because of its avail-
ability for use as a bio-marker for brain physiology and 
metabolism [3]. There were many studies have investigated 
the increase in the tissue sodium concentrations that occurs 
during stroke using separate animal models of brain ische-
mia. However, the majority of these studies has been  
performed on rats, cats, or nonhuman primates; studies 
involving mice are relatively rare. 

                                                           
* Corresponding author. 

Although the signal acquisition of sodium in the mice 
brain was a challenge due to the volume of mice brain is 
smaller than other animal models. However, the sodium 
imaging of mice brain still has the potential to offer the 
necessary physiological information. 

Therefore, the purpose of this study is to use sodium 
MRI to observe the variations in sodium signal intensity in 
mice brains after ischemic stroke, and to estimate the tissue 
sodium concentration of the ischemia area in mice brain. 

II. MATERIALS AND METHODS 

A. The Animal Models 
In vivo MRI was performed on male C57BL/6 mice (≈20 

g, n=6). 48 hours before the MRI scan, each mouse under-
went middle cerebral artery occlusion (MCAO) to induce 
focal brain ischemia. The protocol was approved by the 
Institutional Animal Care and Use Committee of Chang 
Gung University. 

B. Experimental Setup  
The experiments were conducted using a 7 Tesla small 

animal MRI instrument (BioSpec 70/30 USR, Bruker BioS-
pin GmbH, Germany) equipped with a double-tuned 
1H/23Na surface coil to excite and receive signals. A surface 
coil with a 2 cm diameter was placed on the MR imaging 
instrument. After the mice were anesthetized using a mix-
ture of 1% isoflurane and 100% pure oxygen, they were 
placed on the supporting platform and connected to external 
anesthetic machines to manage their anaesthetized state. 
The supporting platform was connected to a warm water 
circulation system to maintain the temperature of the mice 
during the experiment. Furthermore, the mice’s respiratory 
conditions were monitored during the experiment to ensure 
their safety. The sample side of the surface coil was fixed as 
close to the brain of the mice as possible for efficient signal 
acquisition. Subsequently, the supporting platform was 
moved to the center of the magnetic field before the coil 
parameters were set. The resonant frequency for hydrogen 
and sodium nuclides was 300.33 MHz and 79.44 MHz, 
respectively. 
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C. MR Imaging of in Vivo Mice 
Proton MRI scans were performed using a TurboRARE-

T2 pulse sequence. The imaging parameters were as fol-
lows: TR = 2500 ms, TE = 33 ms, FOV = 2.5 cm × 2.5 cm, 
matrix size = 256 × 256, flip angle = 180o, NEX = 4, thick-
ness = 1.5 mm, 7 slices, and scan time = 5 min 20 s. 

Sodium MRI scans were performed using a FLASH 
pulse sequence. The imaging parameters were as follows: 
TR = 90 ms, TE = 2.5 ms, FOV = 2.5 cm × 2.5 cm, matrix 
size = 64 × 64, flip angle = 30o, NEX = 300, thickness = 1.5 
mm, 3 slices, and scan time = 28 min 48 s. 

D. Image Analysis 
Image J (National Institutes of Health, USA) was used to 

analyze the MR images. The inhomogeneous correct me-
thod has been described in previous research [4]. The 
DICOM images were imported into Image J, and the matrix 
size of the sodium images was made equal to that of the 
proton images through interpolation. Image analysis was 
identified and circled the regions of interest (ROIs) in the 
proton images of the ischemia and contralateral areas of the 
mice brains. The ROI of the sodium images was defined by 
referring to the corresponding proton image. Finally, the 
ROIs were measured for signal intensity. Statistical analysis 
was performed using the paired Student’s t-test and correla-
tion analysis by SPSS software. 

E. Estimate of Sodium Concentration 
The method of estimation has been described in previous 

research [5]. The estimated equation is Equation 1. Based 
on these methods, sodium concentration estimates were 
obtained directly from the sodium images by measuring the 
mean signal intensity (SNa(tissue)) in circled ROIs in the 
ischemia and contralateral areas. In addition, the mean sig-
nal intensity (SNa(ref)) of reference was also measured in the 
circled ROI in the contralateral area. In our study, the con-
centration of sodium in the reference was set to 45 mM for 
normal mice brain tissue concentration ([Na]ref) [6]. Na SNSN Na          (1) 

Furthermore, after MRI scan, the mice were sacrificed. 
A part of the cortex tissue from ischemia area and contra-
lateral area of each mouse brain was sampled to measure 
the biochemical values of sodium concentration in the 
brain tissue. In this protocol, all efforts were made to mi-
nimize suffering. The cortex tissue of the brain was placed 
in centrifuge tube and diluted with water 10-fold. After the 
centrifugation process, the clear liquid from the centrifuge 
tube became the sample. The measure of the biochemical 
values of sodium concentration was supported by the De-
partment of Laboratory Medicine at Chang Gung Memori-
al Hospital, Lin-Kou. A biochemical analyzer was used 
(Lxi725, Beckman, USA). 

III. RESULTS AND DISCUSSIONS  

Fig. 1 shows the results of the one mouse in vivo mea-
surement. The proton images measured for the mice brains 
were showed in Fig. 1a. Fig. 1b showed the sodium images 
of mice brain after inhomogeneous correction. The T2 
weighted proton images showed the area of ischemia, de-
fined as the hyperintense areas in the right hemisphere of 
the mice brain. The sodium image reveals a similar result. 

 

Fig. 1 IFMBE logo Fig. 1. In vivo proton and sodium image of mice brain: 
(a) proton image, (b) sodium image after approximately correct. 

 

Fig. 2. The average signal intensity of ROI of sodium image six  
mice brain. 

The signal intensity of sodium image was determined for 
a ROI in the ischemia area and a ROI in the contralateral, as 
Fig. 2 showed the average signal intensity in the sodium 
images for 6 mice brain, showing an average 2.2-fold in-
crease in signal intensity. The signal intensity of sodium 
was significantly increased in the ischemia area compared 
to the contralateral brain hemisphere (tested with a paired 
Student’s t-test, P<0.05). The SNR of sodium image were 
determined for an ROI in the ischemia area and an ROI in 
the contralateral from sodium imaging in 6 mice brain. 
Table 1 shows the average SNR of sodium imaging in 6 
mice brain. The average SNR showed a 2.1-fold sodium 
intensity increase. 
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Table 1. SNR determined from in vivo measurement 

 SNR of sodium imaging 

ROI in ischemia area 5.9 

ROI in contralateral 2.8 

 
The estimated values of the sodium concentration of the 6 

mice brains are presented in Table 2. The average estimated 
values of the ischemia area and contralateral area in the mice 
brains were 106.5 mM and 49.9 mM, respectively. The re-
sults demonstrated that the estimated value of the sodium 
concentration was increased in the ischemia area compared to 
the contralateral brain hemisphere. In addition, the biochemi-
cal values of sodium of 6 mice brains are also presented in 
Table 2. The average biochemical values of the ischemia area 
and contralateral area in mice brains were 141.3 mM, and 
75.6 mM, respectively. The correlation of the estimated  
values and biochemical values was showed in Fig. 3. The 
estimated values of the sodium concentration exhibited a 
significant correlation with the biochemical values of the 
sodium concentrations (Pearson correlation coefficients 
R=0.976, explanatory power up to 95.3%, P<0.05). 

Table 2. Sodium concentration of mice brain 

 Estimate value of sodium 
concentration of mice brain 

from sodium MRI 

Biochemical value of 
sodium concentration of 

mice brain 
 Ischemia area contralateral Ischemia 

area 
contralateral 

No.1 125.9 mM 53.8 mM 183 mM 88 mM 

No.2 115.9 mM 49 mM 154 mM 55 mM 

No.3 103.9 mM 54.2 mM 117 mM 62 mM 

No.4 78.6 mM 38.6 mM 142 mM 85 mM 

No.5 83.4 mM 63.3 mM 90 mM 67 mM 

No.6 131.5 mM 40.7 mM 162 mM 97 mM 

Average 106.5 mM 49.9 mM 141.3 mM 75.6 mM 

Standard 
deviation 

21.9 9.2 33.3 16.6 

 

 

Fig. 3. The correlation of the estimate values and biochemical values. 

IV. CONCLUSION  

This study demonstrated the feasibility of sodium MRI in 
mice brain at 7T MRI and to estimate the tissue sodium 
concentration of the ischemia area in mice brain. The signal 
intensity of sodium in mouse brain showed significantly 
increased levels in the ischemia area compared to the con-
tralateral brain hemisphere. The average signal intensity 
showed a 2.2-fold increase. In addition, the estimated values 
of sodium concentration exhibited a significant correlation 
with the biochemical values of the sodium concentrations. 
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Abstract— The development of an average glandular dose 

(AGD) assessment method of the resolution testing phantom is 
useful in mammographic study. The purpose of this study was 
the evaluation of image quality and AGD using the resolution 
testing phantom in mammography. The equivalent thickness 
of the standard breast phantom with percentage glandular 
content (PGC) of 50% that would require the same mAs as the 
resolution testing phantom was calculated. In this study, 2-6 
cm resolution testing phantoms were exposed at tar-
get/filter/kV combinations of Mo/Mo/27 and 28 kVp. The AGD 
and spatial resolution of these images were analyzed. Results 
from this study showed that the equivalent thickness of stan-
dard breast linearly increases with increasing thickness of 
resolution testing phantom. The measured spatial resolutions 
for different tube voltages were comparable (6-8 lp/mm). The 
calculated AGDs for the tube voltage of 27 kVp were slightly 
higher than those of 28 kVp. In conclusion, the equivalent 
thickness of standard breast phantom (PGC=50%) producing 
the same exposure factors as resolution testing phantom was 
developed. As a consequence, both image quality and AGD 
information can be acquired during the spatial resolution 
testing in mammography.* 

Keywords— Mammography, dose, image quality, phantom, 
spatial resolution. 

I. INTRODUCTION 

In mammography, it is important to optimize both equip-
ment setting and imaging parameters so that the suitable  
image quality is obtained at the lowest possible average glan-
dular dose (AGD). Some studies suggested that the AGD to 
patient and image quality can be estimated by using an appro-
priate thickness of a breast-tissue-equivalent phantom that 
requires the same exposure as the breast in mammography [1]. 

PMMA (polymethyl methacrylate) and BR-12 materials 
are frequently used for the construction of breast phantom. In 
the European protocol [2], PMMA slabs with different thick-
nesses were suggested for the assessments of image quality 
and the AGD in mammography. In clinical practice, many 
image testing phantoms are constructed using the image qual-
ity testing objects imbedded in a BR-12 slab, such as the 
resolution testing phantom. These BR-12 based phantoms are 
not allowed for the assessment of the AGD. 
                                                           
* Corresponding author. 

The development of an AGD assessment method of the 
resolution testing phantom is useful in mammographic 
study. To achieve this purpose, a simple approach is the 
determination of equivalent thickness of standard breast 
phantom with percentage glandular content (PGC) of 50% 
for the resolution testing phantom. The purpose of this study 
was the evaluation of image quality and AGD using the 
resolution testing phantom in mammography. 

II. MATERIALS AND METHODS 

A digital mammography system (Siemens) was used in 
this study. A set of the resolution testing phantom (see Fig. 
1) was used for the assessments of image quality and the 
AGD. The standard breast model of a superficial layer of 
adipose tissue 0.5 cm thick was used in this study. The 
percentage glandular content (PGC) of each breast, defined 
as the percentage by mass of glandular tissue in the central 
region of the standard breast model [3], was used.  

 

 

Fig. 1 The resolution testing phantom 

The equivalent thickness of the standard breast phantom 
with PGC of 50% that would require the same mAs as the 
BR-12 slab was calculated (see Fig. 2). The BR-12 slabs 
and the standard breast phantom with PGC of 50% at four 
thicknesses (2, 3, 4, 5, and 6 cm) were exposed at various 
target/filter/kV combinations of W/Rh/25-32 kVp [4]. The 
relationship between the equivalent phantom thickness (T) 
and exposure parameters can be expressed as 

T = C1 × ln(mAs) + C2 × ln(kV) + b        (1) 

where C1, C2 and b are fitted coefficients, and mAs and kV 
are the tube loading and the tube voltage of each phantom 
exposure, respectively. A least-squares fit was applied to 
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Abstract— In this paper, preliminary simulated reconstruc-

tion results are presented to investigate the effects of geome-
trical mismatch between the physical and computational mod-
els on the reconstructed images.  Two types of mismatch are 
discussed.* 

Keywords— Diffuse Optical Imaging, Inverse Problem, 
Near Infrared, Breast Tumor Detection. 

I. INTRODUCTION 

Diffuse optical imaging (DOI) uses near infrared (NIR) 
light to interrogate biological tissue such as breast. Func-
tional information like oxy-hemoglobin and deoxy-
hemoglobin concentration about breast can be derived  
for screening [1, 2] and complementary to structural  
information obtained from X-ray mammography, which is 
hampered by false positives and negatives [3, 4].  

Among the DOI systems investigated recently, some 
have been physically in conjunction with a commercialized 
imaging modality such as ultrasound [5], MRI [6] or x-ray 
mammography [7, 8] for enhancing tumor detection sensi-
tivity and specificity [9].  On the other hand, some stand-
alone DOI systems under development have been still 
drawn attention to avoid limitation by the requirements of 
the other imaging modality such as metallic compatibility 
for MRI, and hard breast compression for mammography, 
etc.  With using a stand-alone prostrate DOI imaging sys-
tem, or even a prostration and compression combined one, 
the cross-section of breast varies with patient subjects when 
measurements are performed.  In these circumstances, the 
actual cross-section may be inconsistent with that used in 
the image reconstruction. This paper aims at investigating 
and addressing the effect of the geometrical mismatch on 
image reconstruction. 

II. METHOD 

Image reconstruction in diffuse optical imaging consists 
of solving forward and inverse problem. In solving the for-

                                                           
* Corresponding author. 

ward problem, the forward model that usually uses in DOI 
to predict the distribution of light under condition of pre-
sumed optical properties is the diffusion equation: 

 
0

( ) ( , ) ( ) ( , ) ( , ),
a

i
S

c

ω
κ ω μ ω ω∇ ⋅ ∇Φ − − Φ = −⎡ ⎤

⎢ ⎥⎣ ⎦
r r r r r  (1) 

where Φ(r,ω ) is the photon density at position r , ω is the 

light modulation frequency, S
0
(r,ω )  is the source term, c  

is the speed of light in tissue, and μa
 and κ denote the 

optical absorption and diffusion coefficients, respectively. 

In solving the inverse problem, the inverse solution is 
obtaining by numerical way of iteratively minimizing the 
difference between the measured diffusion photon density 
data, Φ M , around the tissue and the computational model 
data, ΦC , from solving the forward problem by finite ele-
ment method with the current estimated optical properties. 
This data-model misfit difference is typically defined as: 

χ 2 = Φ i
C − Φ i

M⎡⎣ ⎤⎦
2
,

i=1

N M

∑             (2) 

where NM is the number of measurement data. However, 
minimizing this defined data-model misfit difference 
usually runs into difficulty with an ill-conditioned prob-
lem, which usually happens in DOI image reconstruction. 
Therefore, regularization is needed to remedy this prob-
lem. In this study, Tikhonov regularization is applied and 
the inverse solution is obtained by solving the following 
equation: 

JT J + λI( )Δχ = JT ΔΦ,            (3) 

where Δχ  is the update vector composed of Δμa
 and 

Δκ  , the update length from current estimated optical 
properties, J = ∂ΦC ∂μa ∂ΦC ∂κ⎡

⎣
⎤
⎦

 is the Jacobin  

matrix, and λ is the regularization parameter. 
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III. RESULTS 

In order to investigate the effect of geometrical mismatch 
on DOI image reconstruction, the preliminary simulated 
reconstructions were present. In the simulation, the cross-
section of simulated phantom was assumed elliptic to im-
itate the situation that the cross-section of breast may not be 
circle when conducting prostrate DOI measurement. This 
simulated elliptic phantom embedded with one inclusion 
was employed to generate simulated measurement data for 
subsequent image reconstruction. Specifically, the simu-
lated measurement data were obtained from solving the 
diffusion equation Eq. (1) by finite-element method with 
multiple illumination and measurement positions. But, the 
cross-section of reconstruction domain was mismatched to 
be a circle in the simulation. 

Two types of simulation conditions were considered 
here. In the first type, the diameter of circle reconstruction 
domain is as large as the length of major axis of the simu-
lated elliptic phantom, as illustrated at the left-hand side of 
Fig. 1.  Corresponding reconstructed absorption images are 
shown at the right-hand side of Fig. 1.  As can be seen from 
the reconstructed images, the reconstructed inclusion suffers 
from severe distortion although it can still be reconstructed. 
In the second type, the diameter of circle reconstruction 
domain is the same as the length of minor axis of the simu-
lated elliptic phantom, as shown in Fig. 2.  It can be seen 
that the inclusion can be well reconstructed; however, se-
rious artifacts in a ring are present around the boundary of 
reconstruction domain.  The degraded ring artifacts result 
from the compensation of a smaller computation model 
used which causes extra high absorption coefficients at 
source and detection positions. It is worth noted that the 
artifacts near the vertical axis are even worse than those 
near the horizontal axis due to the degree of mismatch. 

IV. CONCLUSION 

In this paper, we have presented the reconstructed ab-
sorption images when the geometry adopted in image re-
construction algorithm is inconsistent with that of physical 
model. Based on the reconstructed results of Figs.1 and 2, 
this geometrical mismatch would result in the distortion for 
the reconstructed inclusion or artifacts around the boundary 
of reconstruction domain. Some probable interpretations 
were discussed. Such a geometrical mismatch should be 
taken into account and minimized when it cannot be pre-
vented during performing measurement with a DOI system. 
 

 

Fig. 1. Simulated reconstruction of absorption images under the condition 
of geometrical mismatch. Assume round reconstruction domain is larger 
than the simulated elliptic phantom. Left-hand side: geometry of the test 

case; right-hand side: reconstructed absorption images corresponding to the 
synthesized condition. 

 

Fig. 2. Simulated reconstructions of absorption images under condition of 
geometry mismatch. Assume round reconstruction domain is smaller than 
the simulated elliptic phantom. Left-hand side: geometry of the test case; 

right-hand side: reconstructed absorption images corresponding to the 
synthesized condition. 
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Abstract— Stereo tracking systems are used in surgical na-
vigation to measure 3D positions of surgical instruments and 
patients, including invisible light based tracking systems and 
image based tracking systems. Optical tracking systems use 
reflective balls or flat chessboards as markers which can not 
be used in limited space. This paper introduces a new 3D spa-
tial position measurement system using 3D image markers 
based on integral photography. This 3D image marker has 
spatial information encoded into a 2D image. Therefore, it has 
compact size while providing spatial position measurement. 
We design 3D image markers for a special probe and display 
them in 3D space using integral photography. Furthermore, 
we fulfill the stereo camera calibration, keypoints extraction 
and 3D position calculation. Experiments were performed to 
evaluate the accuracy of the system and the application is 
clarified to express the practicability of integral photography 
based 3D image markers.    

Keywords— spatial position measurement, 3D image mark-
er, integral photography, stereo tracking. 

I. INTRODUCTION  

Tracking systems are used in surgical navigation to ob-
tain positional information, assisting surgeons in confirming 
the position of surgical instruments and patients. 

Current optical tracking systems mainly include near-
infrared optical tracking systems as well as image based 
tracking systems. Both of them use 3-marker probes or 4-
marker probes for localizing targets, and the methods to 
calculate the 3D spatial posture are also both based on com-
puter vision according to keypoints detected on stereoscopic 
images. Nowadays, various types of tracking systems are 
commercially available. The NDI (Northern Digital Inc.) 
Polaris optical tracking system is a near-infrared optical 
tracking system using reflective balls as markers and near-
infrared filter attached lenses to obtain images which only 
contain the markers [1]. The MicronTracker designed by 
Claron Technology Inc. is an image based tracking system 
using 2D-chessboards as markers and visible light instead of 
near-infrared light for imaging [2]. This technology can 
combine the environmental information and the positional 
information, which makes surgical navigation feasible. To 
sum up, these two types of markers should form the poly-
gon to ensure the spatial degrees of freedom to track and 
probes can not have the character of small volume of space. 

The design of the marker is based on the working envi-
ronment. Tanaka et al. [3] presented a new ArrayMark 
marker for service robots. Even for the slightest movement, 
the pattern of this marker will change. In this paper, we 
recommend a new type of marker based on 3D display 
technologies to overcome the challenge of the limited space. 
Integral photography (IP) we used in this study is one of 3D 
display technologies. Without using any supplementary 
glasses or instruments, IP [4] can provide 3D images. The 
main component of IP is an array of tiny lens used to take 
and display the image or the 3D object [5]. IP possesses 
varying directional information that every point on the dis-
play can be seen from various directions within its viewing 
angle, as if it appears in the 3D space [6]. Liao and Wang et 
al. [7,8] used an image-rendering algorithm to get a com-
puter-generated image which simulates the multiple rays in 
the 3D space through a microconvex lens array. In this 
paper, we get the computer-generated image based on IP, 
the 3D object is projected to the space and two images with 
different parallax are captured using a stereo camera. To get 
the marker's 3D position, this research fulfills the stereo 
camera calibration, keypoints extraction and 3D reconstruc-
tion. Furthermore, we design a new probe based on integral 
photography 3D image markers which can be used to track 
the posture of the probe. Different from the traditional one, 
it can be designed for linear to fit the narrow space, and 
fulfill the position measurement. Because of these advan-
tages, the 3D position measurement system can be used in 
surgical navigation and object tracking with both the infor-
mation of the probe and the environment. Experiments were 
performed to evaluate the accuracy of the system and the 
application was clarified to show the practicability of the 
integral photography based 3D image markers. 

II. METHODS 

A. System Overview 
The proposed system consists of a stereo camera, a probe 

with three 3D image markers and a computer workstation 
for camera calibration as well as image processing, as illu-
strated in Fig.1. The stereo camera consists of two cameras 
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(ALLIED guppy pro) is used for tracking patients and in-
struments. The 3D image marker based on IP is composed 
of a printed integral photography image and a convex lens 
hexagonal array placed in front of the image. The 3D mark-
er is captured by the stereo camera and further calculation 
can get the marker’s position in 3D space. Finally, the 
probe’s position can be calculated according to the geome-
trical relationship. In this system, surgeons can move the 
probe to the interested area to get the 3D information. 

 

Fig. 1 System configuration. 

B. 3D Image Markers 
The initial 2D marker was designed to be a chessboard 

pattern that we can extract its keypoint. Using IP, the 2D 
marker was processed into 2.5D marker which is a 2D im-
age with the depth information. Fig. 2(a) shows the prin-
ciple of the 3D image marker. We use an image-rendering 
algorithm which simulates the ray of light through the mi-
cro-convex lens array to get a computer-generated marker. 
Then we put the lens array whose parameters are the same 
with the previous one above the generated image to get the 
3D marker. Each point in a 3D space is reconstructed by the 
convergence of rays from pixels on the 2D display through 
lenses in the array. The 2D display can be a computer dis-
play or a printed paper. An observer can see the marker 
above the lens array from various directions within its view-
ing angle. Based on the principal above, a new probe is 
designed which was shown in Fig. 2(b). This probe pos-
sesses three collinear 3D image markers whose depth of 
space can be adjusted according to the demand. 

 

Fig. 2 (a) Principle of 3D image markers; (b) New probe based on three 3D 
image markers. 

In Fig. 2(b), three markers reconstructed by the 3D image 
markers in the space are configured as a triangle. When 

people put the tip of probe on surgical instruments or pa-
tients, the stereo camera could capture images and the posi-
tion of the tip would be calculated according to the geome-
tric relationship we designed. 

C. Camera Calibration and 3D Reconstruction 
The geometrical model of the camera image determines 

the relationship between the points in 3D space and the 2D 
points in the 2D images. We regard the camera model as a 
pinhole one and use a 10×7 chessboard to calibrate the ste-
reo camera based on Zhang’s calibration method [9].  
According to the parameters of the stereo camera, we can 
calculate the 3D position of the 3D image marker's keypoint 
which we designed, as illustrated in Fig. 3. Pl is the key-
point on the left image while pr is the keypoint on the right 
image. P is the keypoint reconstructed. 

We can obtain the formula as follows: 

( )( ) ( )l rT x x Z f T Z− − − =            (1) 

Simplifying the formula, we get: 

( )
( )( )( )
( )( )( )

2 2

2

l r

l r x

l r y

Z fT x x

X Z x x c f T

Y Z y y c f

= −

= − − +

= − −

          (2) 

We can finally get the 3D position of P. 

 

Fig. 3 The geometric image of the calculation. 

D. Keypoint Extraction 
We use semi-automatic algorithm to fulfill the corner ex-

traction based on OpenCV. Subpixel optimization (SPO) 
iterates to find the subpixel accurate position of the corner, 
as shown in Fig.4.   

ip is the adjacent point of the keypoint q which we want 

to locate. Every vector from q to ip  is orthogonal to the 

image gradient in ip . Consider the expression: 

( )T
i pi iDI q pε = ⋅ −                (3) 

Where the piDI  is the image gradient in ip . The value 

of q can be calculated when iε  is minimized.   
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Fig. 4 Subpixel corner extraction. 

III. EVALUATION 

Fig. 5 shows the evaluation system for 3D position mea-
surement which mainly consists of a stereo camera, 3D 
image markers, an X-Y platform and a rotation platform. 
According to the formulas mentioned in the second part, the 
3D position of the keypoints can be calculated. The 3D 
image markers can be moved in the space using the x-y 
platform and can be rotated using the rotation platform. 
Fig.6 shows the 3D image marker we designed in detail. 

 

Fig. 5 Evaluation system for 3D position measurement. 

 

Fig. 6 (a) Computer-generated 2D marker based on IP; (b) 3D image 
marker in space from different viewpoints. 

From the beginning, we made an evaluation to make sure 
the availability of a single 3D image marker which has only 
one keypoint. We moved the 3D image marker forward and 
backward in a step of 10 mm, captured the images using the 
stereo camera, extracted the keypoint and reconstructed it. 
Then we moved it right and left, repeating the process. The 
3D position of the keypoint can be calculated based on the 
captured images. Moreover, the relative distance of the 
keypoints in different 3D position can be calculated. To 
evaluate the error of the relative distance, the relative dis-
tance error was defined as: 

err dRD R D= −                  (4) 

where the dR  is the relative distance we calculated, the 
D is 10 mm which is the length of each movement. The 
final data is defined as: 

0
max

n

err ierr erri
RD RD RD

=
± −              (5) 

where the errRD  is the average of the errRD  and n is the 
number of the experiments. 

As a result of a 3D image marker's evaluation, the error 

of the relative depth distance (RDD) is 1.47±2.19 mm 
(n=10), the error of the relative depth distance (RDD) using 

subpixel optimization (SPO) is 1.15±2.51 mm (n=10), the 

error of relative horizontal distance (RHD) is 0.67±2.16 
mm (n=10) and the error of relative horizontal distance 

(RHD) using subpixel optimization (SPO) is 0.74±1.41 mm 
(n=10), shown in Table 1. 

Table 1 The result of a 3D image marker's evaluation 

Parameters Error   Error(SPO)  

RDD/mm 1.47±2.19 (n=10)   1.15±2.51 (n=10) 

RHD/mm 0.67±2.16 (n=10)   0.74±1.41 (n=10) 

 
Three markers on the probe can be used to locate the tip 

of the probe and track the posture of the probe. To measure 
the accuracy of the probe's movement according to the three 
3D image markers which is illustrated in Fig. 2, an extra 
evaluation was carried out. We used a tablet (nexus 10) to 
simulate the probe. The geometric space relationship of 3D 
image markers we designed is shown in Fig. 7(a). Fig. 7(b) 
is a combination of the images captured by the stereo cam-
era. Keypoint-1 and keypoint-3 were almost 1cm above the 
tablet owing to the usage of IP. Repeating the procession 
mentioned above, the 3D position of the tip and the relative 
distance can be calculated. 

 

Fig. 7 (a) Geometric information of 3D image markers; (b) Combination of 
images captured by stereo camera. 

As a result of the virtual probe's evaluation, the error of 

the relative depth distance (RDD) is 1.09±1.44 mm (n=8), 
the error of the relative depth distance (RDD) using subpix-

el optimization (SPO) is 0.40±0.31 mm (n=8), the error of 

relative horizontal distance (RHD) is 0.17±0.16 mm (n=8) 
and the error of relative horizontal distance (RHD) using 

subpixel optimization (SPO) is 0.07±0.07 mm (n=8) ac-
cording to the Table 2. 

Different from the traditional probe, 3D image markers 
on the probe can be designed in line which was shown in 
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Abstract— Ischemic stroke is a high prevailing and disease 

in industrialized countries. A valid animal model is essential to 
develop an extensive research. Among various models, middle 
cerebral artery occlusion (MCAO) is one of the common used 
ischemic stroke animal models. In this study, we evaluate the 
absorption coefficient, reduced scattering coefficient and he-
modynamic responses using near infrared spectroscopy 
(NIRS). The correlation between NIRS signals and the brain 
infarction volume was measured from histochemical stain. 
Through the well correlation about reduced scattering coeffi-
cient, NIRS can be an effective tool to evaluate ischemic stroke.  

Keywords— Ischemic stroke, NIRS, histochemical stain. 

I. INTRODUCTION  

Ischemic stroke (IS) is the obstruction of blood supply to 
the brain. Once blood supply is blocked, death of neuron 
will result. Even though blood flow returns after few hours, 
the ischemic area will still go on deterioration and eventual-
ly cause cell death.  

Middle cerebral artery (MCA) is the most common artery 
involved in human ischemia stroke and the surgery of MCA 
occlusion can be divided into permanent occlusion or tran-
sient ischemia. The transient ischemic model is chosen in 
this study because it is more compatible to real situation [1]. 
Near infrared spectroscopy (NIRS) is a noninvasive optical 
technique which provides the real-time information about 
dynamic change of oxy-hemoglobin (HbO) and deoxy-
hemoglobin (Hb) in cerebral tissue [2]. Because these mole-
cules can absorb specific wavelengths of light, ischemia 
alters the optical properties of brain tissue. Taking these 
properties, several studies have investigated brain response 
during cerebral ischemia using optical methods. Wolf et al. 
used NIRS to show a decrease in oxyhemoglobin and an 
increase in deoxyhemoglobin during focal cerebral ischemia 
in rats [3]. Moreover, Weiguo et al. could locate the cortical 
ischemia focus of the rats with MCAO by using 760 nm and 
850 nm NIR light [4]. In the other hand, near infrared spec-
troscopy is used widely in the differentiation tissue types. 
Some results have shown that NIR light in the 700– 850 nm 
wavelength range is special to tissues as light scattering is 
more prominent than light absorption [5]. There is a signifi-
cant difference in light-scattering properties between differ-
ent tissue types and between healthy and diseased tissues 

due to their differences in anatomical substructure. In addi-
tion, extracellular and intracellular organelles of diseased 
tissues undergo changes in their density, morphological 
size, and distribution of scattering [6]. Extracting the mean 
particle size and number density of scattering particles from 
the reduced scattering coefficient spectrum in breast tissue 
was discussed recently [7]. NIR light take a banana-like 
shape when it goes through high scattering tissue like the 
brain cortex. Then the transmitted light passes through the 
thin scalp and skull bone and reaches the detection position. 
Thus, we can get the brain infarction region through analyz-
ing the parameters of NIRS signals. In addition to NIRS 
measurement, 2,3,5-triphenyltetrazolium chloride (TTC) as 
histochemical stain was applied to differentiate between 
alive and dead neuron [8] as well as to observe the correla-
tion between NIRS signals and infarction volume.  

II. MATERIALS AND METHODS 

A. Animal Model of Ischemic Stroke 
We used male Sprague-Dawley (SD) rats (n=31) weight-

ing 280~330 g (7~9 weeks) in this study.  The focal cere-
bral ischemia was induced by occluding the MCA using the 
intraluminal suture method. Briefly, rats were anesthetized 
with Isoflurane by a homemade close loop inhalation sys-
tem, and nylon filament-tube was used to occlude the origin 
of the MCA. It was inserted into the internal carotid artery 
lumen until it met mild resistance, approximately 1.85 cm 
beyond the common carotid artery bifurcation. After occlu-
sion for 90, 120, or 180 minutes in MCA territory, the fila-
ment was removed. Similar procedures were performed in 
the sham group except no filament in use. During the sur-
gical procedure, the body temperature was maintained at 
37.5℃ using an electrical heating pad. 

B. Measurement of NIRS Signals  
To record NIRS signal, the homemade optical probe was 

placed on skull with its light transmission pathway across 
the MCA territory along its long axis. The probe contains 
two light sources and one detector for each hemisphere. 
Each light source coupling with two laser beams with  
wavelengths of 690nm and 830nm from Imagent (ISS,Inc). 
First, absorption coefficient (µa), and reduced scattering 
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coefficient (µs’) were calculated. Mapping the µa at each 
wavelength with the knowledge of the wavelength-
dependent molar extinction (ε) values of the chromophores 
enables us to calculate tissue chromophore concentration 
(C) of Hb, HbO separately with Beer Lambert’s Law as (1).                                                             

,             (1)                     

where the bracket [ ] represents a matrix and  is the  
wavelength. Other studies have shown that the wavelength 
dependence of scattering in tissue in the near infrared  
range follows a power-law dependence of the form  
(Equation 2) [7]. 

, (2) 

where A is the scattering amplitude, and sp is the scattering 
power. It has been shown that A and sp are related to geo-
metrical properties; A is related to changes in number densi-
ty of the scatterers, particle distribution and refractive index. 
Comparatively, decrease in sp simply reflects an increase in 
scatterer size and vice versa. The measurements were per-
formed at baseline, during occlusion, immediately after had 
filament retracted and the 1st, 2nd, 3rd day after acute IS 
induction in this study. 

C. Histochemical Stain  
TTC stain is widely used as it is a rapid, easy and eco-

nomic tool to verify an ischemic stroke model. TTC is co-
lorless in reduced form and oxidized to red color in oxida-
tive form when encountered with vital mitochondrion.  In 
this study, the rats were sacrificed on the 3rd day after 
MCAO surgery and brain in each rat was rapidly removed 
after perfusion of saline. Eight, 2 mm coronal sections were 
made from the olfactory bulb to the cerebellum and then 
stained with 1% TTC for 30 minutes. Then the mitochon-
drion in non-ischemia brain parenchyma reacted with TTC 
and turned to red color. In contrast, loss of mitochondrion in 
the ischemia area made the reaction impossible and leaves 
the ischemia territory in white color. The stained brain sec-
tions were captured with scanner. The infarction volume of 
each brain was analyzed by Image J. 

D. Statistical Considerations 
Correlation between NIRS signals and infarction volume 

were performed by Pearson correlation coefficient. The 
correlation was considered to be significant at a probability 
level of less than 0.05 (p< 0.05). 

III. RESULTS 

A. , , and Hemodynamic Changes 

The changes in µa, µs’ are detected, and oxygen satura-
tion (StO2), HbO, Hb, total  hemoglobin (tHb) in both 

hemispheres during MCAO compared with baseline and 
after reperfusion were analyzed and calculated as absolute 
quantification from Imagent (ISS, Inc) (Fig. 1). Our results 
show the significant reduction in StO2, HbO, and tHb during 
MCAO compared with pre-MCAO and after reperfusion. In 
addition, µs’ in two wavelengths increases and scattering 
power decreases gradually after MCAO surgery.  

Compared with sham group, MCAO group including the 
lesion at cortex and subcortex, as well as subcortex only are 
presented in Fig. 2. The obvious differences of absorption 
properties are on the time of MCAO surgery. For example, 
StO2 of both MCAO group is obviously lower than that of 
sham group. However, µs’ of the lesion at subcortex is clos-
er to sham group, and both differ from the lesion at cortex 
and subcortex. The sp also has these qualities especially on 
the third day after MCAO. 

B. TTC Stain  

The infarction volume is analyzed and compared 90 mi-
nutes of reperfusion time with 120 and 180 minutes, as 
shown in Fig. 3. It seems that the infarct area is equivalent 
on the occlusion time of 120 and 180 minutes, more than 90 
minutes. For this reason, in order to promote the statistical 
efficacy, we would do the following analysis with these 
three occlusion times. To explain the variation of the infarct 
area, Fig. 4 shows the influence of different regions of le-
sion. The lesion at subcortex only leads to smaller infarction 
area. 

C. Correlation between NIRS Signals and Infarction 
Volume 
According to past studies [9], we assumed that tissue 

scattering properties is related to tissue structural properties 
and scattering power (sp) simply reflecting the average size 
of scatterers. Postoperative day (POD) 3 was chosen be-
cause infarction growth is stable from then on. Also, sp and 
µs’ (830, 960 nm) of lesion at subcortex only are closer to 
the sham group and different from the other group on POD 
3. In order to investigate the relationship between sp, µs’ 
and infarction volume, correlation about them is performed 
except the group of lesion at subcortex only (Fig. 5). High 
correlation between µs’ (830nm) and infarction volume (r = 
0.87; p < 0.05; n = 8) can be found. As for the sp, µs’ 
(690nm), the r values are -0.51 and 0.44, respectively which 
are not statistically significant (p > 0.05). Additionally, 
since MCAO group of StO2 differs from sham group on 
MCA occlusion time in Fig. 2 (d), correlation is shown in 
Fig. 6. The r value is -0.14 in the StO2 which does not reach 
the significant level. 

)]C([303.2)(λμ a λε=

λ

sp
s A)(λ' −λ=μ

aμ 'sμ
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Abstract— The majority of studies investigating correla-
tions between personality and neuroscience have used the  
Big-Five personality scales developed in Europe and North 
America. This is the first study to address correlations between 
Chinese personality traits and cortical activation. 

In this study, we used the Chinese Personality Adjective 
Rating Scale to analyze the personalities of 23 respondents. We 
also used functional magnetic resonance imaging to explore the 
correlations between Chinese personality traits and cortical 
activation. The results of this study indicated that Optim-
ism/Pessimism, Extraversion/Introversion, and Industrious-
ness/Unindustriousness from the Chinese Personality Adjective 
Scale were correlated with Neuroticism, Extraversion, and 
Conscientiousness from the Big Five personality traits. The 
activation positions were consistent with those identified in 
earlier studies. Additionally, this study indicated that the 
clearest position of activation for the dimension of competence 
vs. impotence was the supplementary motor area. The tempor-
al gyrus and hippocampus were negatively correlated with 
moral character. The activation of the limbic system was posi-
tively correlated with  large-mindedness vs. small-mindedness, 
and the thalamus, temporal lobe, and parietal lobe were posi-
tively correlated with flexibility vs. rigidity. 

This is the first study to address correlations between Chi-
nese personality traits and cortical activation. The results of 
this study can serve as an essential reference for research on 
Chinese personality traits and neuroscience. 

Keywords— fMRI, Brain, Chinese, Personality. 

I. INTRODUCTION 

The question of whether environmental or personality 
factors influence behavior may be the oldest in the field of 
psychology. A number of neuroscientific methods exist for 
exploring the correlations between a variety of personality 
dimensions and neurobiology. In North America and Eu-
rope, the NEO-Five Factor Inventory (NEO-FFI) [1] is 
often used for related research. A number of studies have 

found relationships between the Big Five personality traits 
and cortical activity [2]. In Taiwan, the field of psychology 
often applies the Chinese Personality Adjective Rating 
Scale to explore Chinese personality traits. Because the 
Chinese Personality Adjective Rating Scale shares only 
three dimensions in common with the Big Five personality 
traits, studies on the Big Five personality traits and neuros-
cience have been unable to interpret the relationships be-
tween the Big Seven personality traits and cortical activity. 
In this study, we integrated the fields of cognitive neuros-
cience and personality psychology to investigate the corre-
lations between a variety of Chinese personality traits and 
cortical activity. 

II. METHODS AND MATERIALS 

A. Participants 

We recruited 23 respondents with normal hearing (10 
women and 13 men). Their average age was 26 (SD = 4.1), 
and all were right handed. After all of the respondents 
signed a written consent form approved by the institutional 
review board, we ensured that they understood the risks and 
safety regulations of functional magnetic resonance imaging 
(fMRI). Then, we performed whole brain scans using fMRI. 

B. Personality Assessment 

We used the Chinese Personality Adjective Rating Scale to 
analyze the personalities of the respondents. The version we 
used was the Simple Chinese Personality Adjective Rating 
Scale, which had 56 items encompassing 7 personality di-
mensions: (1) optimistic vs. pessimism; (2) large-mindedness 
vs. small-mindedness; (3) extravesion vs. introversion; (4) 
other-orientedness vs. self-centeredness; (5) agreeableness vs. 
disagreeableness; (6)  industriousness vs. unindustriousness; 
and (7) Competence vs. Impotence. This is a Likert-type  
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4-point rating scale, with answers ranging from extremely 
inconsistent to extremely consistent. Every dimension of the 
Chinese Personality Adjective Rating Scale has a reliability 
of at least 0.7, indicating that the dimensions are reliable 
(optimism vs. pessimism = 0.84; large-mindedness vs. small-
mindedness =0.79; extraversion vs. introversion = 0.83; oth-
er-orientedness vs. self-centeredness = 0.82; agreeableness 
vs. disagreeableness = 0.77; industriousness vs. unindu-
striousness = 0.80; and competence vs. impotence = 0.84). 

Table 1 Main demographic and personality measures 

Main demographic and personality measures 

Number of subject 23 

Men / women 13 vs. 10 

Mean age,SD M=26  ,  SD=4.1 

NEO-FFI scores  

Optimism vs. Pessimism M=3.84, SD=054 

Liberality vs. Stinginess M=3.66,SD=0.40 

Dynamism vs. Passivity M=3.65,SD=0.44 

Moral Character M=3.71,SD=0.28 

Flexibility vs. Rigidity M=3.65,SD=0.43 

Diligence vs. Idleness M=3.44,SD=0.53 

Wisdom vs. Stupidity M=3.53,SD=0.46 

C. fMRI Acquisition 
We used block design with echo planar imaging (EPI) to 

perform 3T fMRI. The method we used to obtain the fMRI 
images was single-shot T2 weighted EPI. The area scanned 
included a range from the entire cerebellum to the cerebrum 
and was divided into 44 slices with a thickness of 3 mm. 
We obtained the following image parameters: repetition 
time (TR) = 3000 ms; echo time (TE) = 35 ms; flip angle = 
90°; matrix size = 64 * 64; field of view = 192 mm; and 
dummy scan = 6 s. We simultaneously used case T1 imag-
ing for reference. The T1 imaging parameters were 
TR/TE/flip angle = 9 ms/4.2 ms/90° and voxel size = 0.86 
mm * 0.86 mm * 1.0 mm. In addition, we used E-Prime 2.0 
to design the experimental procedure. 

D. Statistical Analysis 
We used Cronbach’s alpha to assess the reliability of the 

Chinese Personality Adjective Rating Scale (Simple Ver-
sion). We used MATLAB 8.0 and SPM8 for preprocessing 
and interpreting the fMRI image data. We used the genera-
lized linear model for analysis. 

 
 

III. RESULTS 

In optimism vs. pessimism, the clearest areas of positively 
correlated activation were the right superior temporal (T = 
4.74, x = 68, y = -26, z = 6) followed by the left supplementa-
ry motor area (SMA) (T = 4.61, x = -8, y = -16, z = 62). 

In large-mindedness vs. small-mindedness, the clearest 
areas of positively correlated activation were the right supe-
rior precuneus (T = 4.73, x = 6, y = -58, z = 0) followed by 
the right limbic lobe (T = 4.71, x = 20, y = 2, z = 36). 

In extraversion vs. introversion, the clearest areas of po-
sitively correlated activation were the right middle cingu-
lum (T = 5.33, x = 12, y = 12, z = 38) followed by the right 
superior occipital (T = 4.97, x = 28, y = -82, z = 30). 

In other-orientedness vs. self-centeredness, the clearest 
areas of negatively correlated activation were the right mid-
dle temporal (T = 4.34, x = 56, y = -2, z = -24) followed by 
the left parahippocampal (T = 4.04, x = -24, y = -28,  
z = -22). 

In agreeableness vs. disagreeableness, the clearest areas 
of positively correlated activation were the right thalamus 
(T = 5.47, x = 10, y = -26, z = 2) followed by the left  
temporal lobe (T = 4.57, x = -28, y = -64, z = 12). 

In industriousness vs. unindustriousness, the clearest 
areas of positively correlated activation were the right tha-
lamus (T = 4.94, x = 14, y = -30, z = 2) followed by the left 
middle cingulum (T = 4.35, x = -10, y = 10, z = 40). 

In Competence vs. Impotence, the clearest areas of posi-
tively correlated activation were the left SMA (T = 5.63, 
x = -10, y = 2, z = 76) followed by the right SMA (T = 4.95, 
x = 12, y = 14, z = 56). 

 

 

Fig. 1. Point distribution of Chinese personality traits in cortical activation: 
(a) optimism vs. pessimism; (b) Large-mindedness vs.  Small-

mindedness; (c) Extraversion vs. Introversion; (d) Other-orientedness vs.  
Self-centeredness; (e) Agreeableness vs. Disagreeableness; (f) Indu-
striousness vs. Unindustriousness; (g) Competence vs.  Impotence. 
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Table 2. Primary positions of activity in the cerebral cortex for the Chinese 
personality traits. 

Item Region T x y z 
Optmism 

vs. 
Pessimism 

R superior temporal 4.74 68 -26 6 
L supplementary motor 
area 

4.61 -8 -16 62 

L rolandic oper 4.27 -48 -12 16 
R postcentral 4.19 58 -12 48 

Large-mindedness  
vs. 

Small-mindedness 

R superior precuneus 4.73 6 -58 0 
R limbic lobe 4.71 20 2 36 
R parietal 4.53 18 -52 72 
R SMA 4.52 12 -8 70 

L angular 3.89 -40 -64 30 
Extraversion 

vs. 
Introversion 

R middle cingulum 5.33 12 12 38 

R superior occipital 4.97 28 -82 30 

L middle occipital 4.53 -36 -72 4 

R SMA 4.33 8 14 54 
Other-orientedness 

vs. 
Self-centeredness 

R middle temporal 4.34 56 -2 -24 

L paraHippocampal 4.04 -24 -28 -22 

Agreeableness 
vs. 

Disagreeableness 

R thalamus 5.47 10 -26 2 

L temporal lobe 4.57 -28 -64 12 

L SMA 4.45 -4 4 62 

R cuneus 4.29 14 -76 38 
Industriousness 

vs. 
Unindustriousness 

R thalamus 4.94 14 -30 2 

L middle cingulum 4.35 -10 10 40 

R cuneus 4.11 8 -78 34 

R postcentral 4 46 26 64 
Competence 

vs. 
Impotence 

L SMA 5.63 -10 2 76 

R SMA 4.95 12 14 56 

R lingual 4.63 8 -72 -10 

R calcarine 4.23 12 -88 8 

L lingual 3.9 -14 -56 -2 

 

IV. DISCUSSIONS 

A. Comparison with the Big Five Personality Traits 
A study published by Yang et al. [3] indicated that  the 

Chinese Personality Adjective Rating Scale contains three 
dimensions that are correlated with those in Big Five  
personality traits. The correlation coefficients between neu-
roticism and optimism vs. pessimism, extraversion and 
extraversion vs. introversion, and conscientiousness and 
industriousness vs. unindustriousness are -0.70, 0.77,  
and 0.73, respectively However, a 2013 study [4] indicated 
that neuroticism from the Big Five personality traits is nega-
tively correlated with the upper right parietal cortex. By 
contrast, in this study, optimism vs. pessimism from the 
Chinese Personality Adjective Rating Scale was positively 
correlated with the parietal lobe. Conscientiousness from 

the Big Five personality traits is positively correlated with 
the precuneus. We found the same activation position for 
industriousness  vs. unindustriousness in this study. We 
found positively correlated activity for  large-mindedness 
vs. small-mindedness in the limbic system. The limbic sys-
tem regulates human emotions. This indicates that people 
with more straightforward and open personalities than oth-
ers do show clearer activity in the limbic system. The only 
negatively correlated personality dimension we found in 
this study was other-orientedness vs. self-centeredness, 
which was negatively correlated with both the temporal 
gyrus and the hippocampus. This indicates that people who 
are more cunning than others are have clearer activity in 
these two regions. agreeableness vs. disagreeableness was 
positively correlated with the thalamus, temporal lobe, and 
parietal lobe. This indicates that these positions show more 
activity in people with meek and easygoing personalities. 
Wisdom vs. stupidity is connected to intelligence. Previous 
studies have indicated that the motor cortex and prefrontal 
cortex are connected to intelligence. In this study, we found 
that the position with the clearest activation for Competence 
vs. Impotence was the SMA, which is consistent with the 
findings of previous studies. 

B. Research Restrictions 
This is the first study to examine the correlations be-

tween Chinese personality traits and cortical activation. We 
adopted the Chinese Personality Adjective Rating Scale. In 
this scale, liberality vs. stinginess, moral character, flexibili-
ty vs. rigidity, and wisdom vs. stupidity cannot be compared 
with any of the Big Five personality traits. Therefore, no 
study that can corroborate our findings exist. In addition, 
this study only involved 23 participants. Because this num-
ber is clearly insufficient compared with those in other 
studies, the validity and reliability of this study may have 
been reduced. 

V. CONCLUSIONS  

The results of this study can serve as an essential  
reference for research on Chinese personality traits and 
neuroscience. We found correlations between  optimistic 
vs. pessimism, extraversion vs. introversion, and indu-
striousness vs. unindustriousness on the Chinese Personality 
Adjective Rating Scale and neuroticism, extraversion, and 
conscientiousness from the Big Five personality traits. The 
positions of activation were consistent with those identified 
in previous studies. In addition, the only negatively corre-
lated personality dimension we found in this study was 
moral character, which was negatively correlated with both 
the temporal gyrus and the hippocampus. This indicates  
that people who are more cunning than others have clearer 
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activity in these two regions. We found positively correlated 
activity for liberality vs. stinginess in the limbic system, 
which regulates human emotions. This indicates that people 
with more straightforward and open personalities than oth-
ers do show clearer activity in the limbic system. 
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Abstract— Shearwave Dispersion Ultrasound Vibrometry 
(SDUV), a method could quantify both tissue elasticity and 
viscosity has been introduced recently. Vibration extraction is 
an important step in SDUV. Two vibration extraction algo-
rithms, the quadrature demodulation method (QDM) and the 
cross-spectrum method (CSM) are usually used in SDUV. 
However, the extraction quality of QDM and CSM are under 
appropriate comparison. This study aims at comparing the 
extraction quality of QDM and CSM based on a parameterized 
model for various signal-to-noise ratio of ultrasound echoes 

. Results showed that when , the stan-
dard deviations of the estimated vibration phase using the 
vibration extracted by the two methods are close, which has no 
significant differences on the calculation result of the shear 
wave speed. The computation efficiency of CSM is lower than 
that of QDM. As a conclusion, when , the tissue 
vibration should be extracted by CSM to suppress the estima-
tion error of vibration phase. However, when , 
the tissue vibration should be extracted by QDM to reduce the 
processing time. The findings in this study may provider some 
strategy in SDUV, which can optimize the examination proto-
col and make it more efficient.* 

Keywords— SDUV, QDM, CSM, vibration extraction. 

I. INTRODUCTION 

Due to the close relationship with the tissue pathology, 
the mechanical properties of tissues have a significant value 
in clinic [1]. Since Ophir supposed an ultrasound elastic 
imaging method of tissues in 1991, many techniques for 
tissue elastic measurement have been proposed such as 
quasi-static elastography, shear wave elasticity imaging, 
vibro-acoustography and supersonic shear imaging [2]. 
Although biological tissues are viscoelastic materials, most 
techniques ignore the viscosity of tissues. Neglecting tissue 
viscosity may not only cause bias in the estimation of tissue 
elasticity, but also increase the inaccuracy of diagnosis [3]. 
To remedy this defect, shearwave dispersion ultrasound 
vibrometry (SDUV) which can quantify tissue elasticity and 
viscosity non-invasively was proposed [4].  

In SDUV, the estimation accuracy of vibration signal  
determines the estimation accuracy of viscoelastic parame-
ters. Two vibration extraction algorithms, the quadrature 

                                                           
* Corresponding author. 

demodulation method (QDM) [5] and the cross-spectrum 
method (CSM) [6] are usually used in SDUV. QDM shifts 
the spectrum of the consecutive echoes to be centered at 
zero Hz, and then remove the high frequency components 
by a low-pass filter. While CSM extracts the vibration by 
tracking the phase shifts between consecutive echoes at the 
frequency where the magnitude of the cross spectrum is 
maximum. However, the extraction quality for various sig-
nal-to-noise ratio of ultrasound echoes ( ), the practical 
applicable scope and the efficiency of the methods are under 
appropriate study and comparison. 

In this paper, ultrasound echoes based on a parameterized 
model for various  were simulated. QDM and CSM 
were applied to extract the vibration. The vibration phase 
was estimated to compare the extraction quality of the me-
thods and the computation time was recorded to compare 
the computational efficiency of the methods.  

II. METHOD 

A. Quadrature Demodulation 

The motion of tissues vibrated by the harmonic force can 
be represented as [7]: D t D sin ω t ,                       (1) 

where  is the amplitude of the vibration,  is the vibra-
tion time of the motion,  is the vibration phase. The  
spectrum of the vibration can be modeled as a frequency 
modulated spectrum, when the vibration speed and frequency 
of tissues are much lower than the propagation velocity and 
frequency of the interrogating ultrasound echoes [8]. Thus, if 
the centre frequency of the interrogating ultrasound is , 
echoes reflected by vibrating tissues can be modeled as [7]: r t , t A t , t cos ω t β sin ω t , (2) 

here,  is the acquisition time of the echo, ,  is the 
complex envelope of , ,  is the initial phase of 
the ultrasound signal,  is defined as: β D ,                                          (3) 

where  is the Doppler angle and c  is the longitudinal 
sound propagation speed in the medium. The model 
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represented in (2) is quite commonly used in modeling the 
interrogating ultrasound echoes for vibration tissues in SDUV 
[5, 9]. Applying a quadrature demodulator to , , we 
can have in-phase and quadrature components [7]: I t , t  |A t , t | cos β sin ω t ,   (4) Q t , t |A t , t | sin β sin ω t ,   (5) 

 is a transmitting phase constant. Following Zheng, et al., 
the complex velocity quantity is defined as [5]: v t , t X t , t jY t , t A t , t A t , t T      |A t , t ||A t , t T |e , , T ,      (6) 

where X t , t  and Y t , t  is the real and image part of 
the complex velocity quantity. Extracting the phase differ-
ence, the vibration signal can be represented as: s t , t 12 sin ω T 2⁄ tan X t , tY t , t  

T⁄ t , t t , t T ,                (7) β cos ω t ω T 2⁄    
B. Cross-Spectrum 

The cross-spectrum method was proposed to solve the 
displacement of artery-wall using pulse-echo ultrasound [6]. 
They suggest extracting the displacement at the actual cen-
ter frequency where the maximum occurs in the magnitude 
of the cross spectrum [6]. If nth and n 1 th echoes were 
defined as r  and r  and their corresponding frequency 
spectrums are R f  and R f , the cross spectrum can 
be represented as: R f R f |R f ||R f |e ∆ ,            (8) 

where ∆  is the phase shift between consecutive 
echoes and  is complex conjugation. All echoes should be 
windowed with a Hann window firstly to ensure a maxi-
mum occurs in the magnitude of the spectrum. After that, 
the phase difference between consecutive echoes at the 
actual center frequency can be obtained. The vibration ve-
locity of the tissue can be estimated by: ν ∆ T ,                                          (9) f  is the actual center frequency, T  is the pulse repeti-
tion period of the pulse-echo interrogation, ω  is the centre 
angular frequency of the detecting transducer. The tissue 
vibration is harmonic at ω , thus the displacement of the 
tissue can be calculated by: D ,                                            (10) 

III. EXPERIMENTS 

Under the limitation of FDA (ISPTA 720 mW cm⁄ , 
the amplitude of tissue vibration usually is on sub-micron 
level. In this study, the amplitude was set at 1µm , which is 
a typical value observed in experiments and the other para-
meters were given in Table 1. Practically, the  is 
primarily determined by the electronic noise from the acqui-
sition system [9]. Therefore, the normally distributed noise 
was added to the simulated ultrasound echoes as: r t , t A t , t cos ω t β sin ω t      n t , t ,                                           (11) 

and the  varied from 20dB to 50dB. There were 100 
datasets with different initial noise data added in the ultra-
sound echoes for the same . 

Table 1 Parameters of simulated ultrasound echoes 

Vibration amplitude 1μm
 Vibration phase 45°N Cycles of vibration 5 

Vibration frequency 2π 200Hz
 Ultrasound frequency 2π 9MHz 

Sampling frequency 100MHz
 Window length 1mm 

Speed of sound 1480 ⁄
 

In SDUV, the estimation accuracy of vibration phase de-
termine the estimation accuracy of shear wave speed, which 
would be used to solve the viscoelasticity of tissues. Thus, 
we applied QDM and CSM to the simulated echoes to ex-
tract the vibration and the SNR of the extracted vibrations 
were compared. Then, the vibration phase was estimated 
from the extracted vibration using a Kalman filter [7] to 
compare the extraction quality of the methods. Paramete-
rized model (11) was used, because it’s hard to know the 
actual vibration phase extracted from real data, so that we 
cannot quantitatively make the comparison. The analyzed 
parameters in the follow content and their corresponding 
meanings were represented by the symbols in Table 2. 

Table 2 Symbols for the analyzed parameters in the follow content 

 The SNR of the vibration extracted by QDM 
 The SNR of the vibration extracted by CSM VD  The estimated vibration phase using the vibration 

extracted by QDM VC  The estimated vibration phase using the vibration 
extracted by CSM 
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IV. RESULTS 

Fig. 1 illustrates the vibration set up in the experiment 
and vibrations extracted by QDM and CSM. There are two 
cycles in the picture. From Figure 1(a), we can see that 
CSM can extract the vibration reasonably when 20  and the extraction quality is better than QDM. As 
illustrated in Fig. 1(b), when 35 , CSM is still 
better than QDM in the extraction quality. But the differ-
ence is smaller than that in Fig. 1(a). 

 

(a) =20dB 

 

(b) =35dB 

Fig. 1 The vibration signals extracted by QDM and CSM, solid curve is the 
vibration set up in the experiment, dotted curve is the vibration extracted 

by QDM and dashed curve is the vibration extracted by CSM 

Table 3 SNR Mean SD  of the vibration signals extracted by QDM 
and CSM for various  SNRU 20dB 25dB 30dB 35 dB 40 dB 45 dB 50 dB SNRVD(dB) 

2.800.64 
7.750.67 

12.790.67 
17.750.67 

22.720.68 
27.860.68 32.670.51SNRVC(dB) 

14.000.64 
19.110.67 

24.130.64 
29.120.60 

34.130.64 
39.020.67 43.810.64

 
Table 3 displays the SNR of vibration signal extracted  

by QDM and CSM. When 20 , the mean and 

standard deviation (SD) of  and  are 2.80 0.64  and 14.00 0.64 , respectively. When 
 varies within 20 -50 ,  is about 11  

greater than  for the same . 
Table 4 illustrates the estimated vibration phase using the 

vibration extracted by QDM and CSM for various . 
The phase set in the experiment is 45°(Table 1). As  
increases, the standard deviation of VD and VC decrease 
and the mean value of the phase approximate to 45°. The 
SD of VC  is just 1.00°  when 20 , which is 
much smaller than the figure 3.97° of VD. When 35 , the mean value of VD  and VC  is 45.16° and 45.01°, respectively. The SD of VD and VC, both within 1°, is 0.73° and 0.22°, respectively. 

Table 4 The estimated vibration phase Mean SD  of the vibration 
extracted by QDM and CSM SNRU 20dB 25dB 30dB 35dB 40dB 45dB 50dB 

VD 
Degrees 

45.05 3.97 44.67 2.04 45.25 1.26 
45.16 0.73 

44.92 0.46 
45.00 0.22 45.00 0.13VC 

Degrees 
44.89 1.00 45.00 0.62 45.02 0.34 

45.01 0.22 
44.99 0.11 

45.00 0.06 45.00 0.03
V. DISCUSSION 

In this paper, ultrasound echoes based on a parameterized 
model for various  were simulated. QDM and CSM 
were applied to the simulated echoes to extract the vibra-
tion. The SNR of the extracted vibration was compared and 
the vibration phase was estimated to compare the extraction 
quality of the methods. Ultrasound echoes can be modeled 
as a simple model in this study, because tissues are assumed 
to be isotropic homogeneous body in SDUV and the win-
dow length is usually greater than 0.5mm, which is greater 
than the pulse duration used in this study in the case of a 
sound speed of 1480m/s. Although many tissues are inho-
mogeneous in a macroscopic level, a local homogeneity in 
5×5 mm ROIs when using SDUV is suggested [10]. 

From the results of the extracted vibration signal (Table 
3), it is reasonable to conclude that the extraction quality of 
CSM is better than that of QDM for the same . The 
vibration signal, i.e. the phase of the ultrasound echoes in 
the fixed center frequency, will be distorted by the noise. 
QDM extracts the phase of the echoes at the fixed center 
frequency, which cannot track the actual center frequency 
after distortion, thus limits its extraction equality. CSM, 
however, locates the phase shifts according to the actual 
center frequency and so it is more accurate.  

When 35 ,  is about 11  greater 
than  for the same . But the SD of VD  and VC are close 1° , because both  and  are 
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greater than 15  when 35  (Table 3, Table 4). 
This is consistent with the performance of the Kalman filter 
used in this study, that the SD of the estimated vibration 
phase 1° if the SNR of the vibration 15 . In SDUV, 
the distance between consecutive measurement points is 
usually greater than one-tenth of the shear wavelength, i.e. the 
corresponding phase shift 36°. The SD of 1° can be neg-
lected compared to the phase shift between consecutive mea-
surement points, since it has no significant influence on the 
estimation of the shear wave propagation speed. 

In QDM a low-pass filter, which performs Fourier trans-
form and inverse Fourier transform, was implemented on 
the ultrasound echoes. In CSM, however, ultrasound echoes 
will be segmented and windowed with a Hann window. The 
power spectrum and the phase information of the echoes 
will be calculated. Therefore, CSM is more complex and 
computational than QDM. In this study, the computation 
time for extracting the vibration using QDM is 0.081s 
(Computing Environment: Matlab R2011b, Intel E8200 
2.66GHz), while the time consumed by CSM is 0.208s 
(2.6 times of the former method). 

VI. CONCLUSIONS  

In summary, the tissue vibration should be extracted us-
ing the cross-spectrum method to suppress the estimation 
error of the vibration phase when 35 . When 35 , VD and VC are close to each other and 
have no significant influence on the calculation result of the 
shear wave speed. Meanwhile, the computation efficiency 
of the cross-spectrum method for vibration extraction is 
lower than that of the quadrature demodulation method. 
Therefore, the tissue vibration should be extracted by the 
quadrature demodulation method to reduce the processing 
time under this circumstance. The findings in this study 
suggest a better strategy in SDUV, which may help to op-
timize the examination protocol and make it more efficient. 

In this paper, the differences in the performance of the 
quadrature demodulation method and the cross-spectrum 
method in extracting the tissue vibration with normally 
distributed noise added in simulated ultrasound echoes were 
discussed. In clinical application, however, a more complex 
situation may be met in the received ultrasound echoes, 
which remains further study. 
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Abstract— Sleep diseases, such as insomnia and obstructive 
sleep apnea, seriously affect patients’ quality of life. For diag-
nosis, polysomnographic (PSG) recordings are most usually 
taken to evaluate the sleep quality and efficiency. However, the 
large amount of wires connections for conventional PSG often 
cause sleep interference and not self-applicable. In this study, a 
complexity-measure-based method for evaluating the sleep 
quality was proposed. We utilize multiscale entropy (MSE) to 
analyze the 32 all-night sleep polysomnographic (PSG) record-
ings from 32 adults. The range of the subjects’ sleep efficiency 
was from 56% to 97%. Half of the subjects’ sleep efficiencies 
were equal or higher than to 85% (good sleep) and the other 
half were lower than 85% (poor sleep). The result shows that 
the averaged MSE values of poor sleep efficiency group are 
higher than good sleep efficiency group in each scale factor. 
This means that the complexity of sleep EEG of poor sleep 
efficiency group is higher than good sleep efficiency group. 
This finding may be used to quickly distinguish the subject’ 
sleep efficiency is good or poor. 

Keywords— Sleep quality, Sleep efficiency, Multiscale  
entropy, electroencephalogram (EEG). 

I. INTRODUCTION  

Human beings spend approximately one third of their 
lives sleeping. In human physiology, a good deep sleep 
(SWS) stage can aid physical recovery; in addition, a good 
rapid eye movement (REM) stage can improve learning 
ability and memory. Sleep diseases, such as insomnia and 
obstructive sleep apnea, seriously affect patients’ quality of 
life. These sleep problems may cause daytime sleepiness, 
irritability, depressive or anxious mood, or even death. For 
diagnosis of sleep problems, all-night polysomnographic 
(PSG) recordings including electroencephalogram (EEG), 
electrooculogram (EOG) and electromyogram (EMG) are 
usually taken from the patients and scored by a well-trained 
expert according to Rechtschaffen & Kales (R&K) rules [1].  

According to R&K rules, the EEG, EOG, and EMG sig-
nals are required for the expert to score the sleep stages. 
However, the excessive number of wired connections for 
conventional Polysomnography (PSG) is often a problem 
that leads to sleep disturbance. In generally, people will 
have the first night effect if they sleep in hospital [2]. This 
effect often interferes with sleep quality.  

Recently, a new signal analysis method called multiscale 
entropy (MSE) has been proposed [3, 4] to estimate the 
complexity associated with the long-range temporal correla-
tion of a time series. Instead of a single scale, it calculates 
the entropy of a time series over multiple temporal scales. 
MSE has been applied to analyze the complexity of various 
biomedical signals such as EEG [5-8], ECG [4], and heart 
rate [9, 10]. These studies show that MSE values of some 
biological signals are different between both patients and 
normal subjects and younger subjects and older subjects. In 
this study, MSE was applied to analyze the EEG signals of 
from the people with different sleep quality. Moreover, the 
MSE values with different sleep stages are also compared 
between good and poor sleep efficiency groups.  

II. METHOD 

A. Subjects and Recording 
All-night PSG sleep recordings were obtained from 32 

healthy subjects (18 males and 14 females) ranging from 18 
to 24 years in age. The subjects were interviewed about 
their sleep quality and medical history. None of them re-
ported any history of neurological or psychological disord-
ers. The PSG recordings of each subject, including six EEG 
channels (F3-A2, F4-A1, C3-A2, C4-A1, P3-A2, and P4-
A1, according to the international 10-20 standard system), 
two EOG channels (the above right and below left outer 
canthus), and a chin EMG channel, were acquired through 
the Siesta 802 PSG (Compumedics, Inc.). The sampling rate 
was 256 Hz with 16-bit resolution. The filter settings of the 
cut-off frequencies were 0.5–30 Hz for EEG/EOG and 5–
100 Hz for EMG. As suggested by the R&K rules [1], these 
nine-channel signals were used for manual scoring and only 
the data of the C3-A2 EEG channel were used for multis-
cale entropy analysis. 

The 32 PSG sleep recordings were visually scored by a 
sleep specialist using the R&K rules with a 30-s interval 
(termed the epoch). Each 30-s epoch was classified into one 
of the five sleep stages, including Wake, rapid eye move-
ment (REM), stage 1 (S1), stage 2 (S2), slow wave sleep 
(SWS), and movement artifact. In our experiments, only 
epochs belonging to the five sleep stages were used and 
movement artifact epochs were rejected. 
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Sleep efficiency is the ratio of time spent asleep (total 
sleep time) to the amount of time spent in bed. In clinical 
diagnosis, people may have a sleep disorder if their sleep 
efficiencies were lower than 85% [11]. In our experiments, 
the range of the subjects’ sleep efficiency was from 56% to 
97%. Half of the subjects’ sleep efficiencies were equal or 
higher than to 85% and the other half were lower than 85%.  

B. Multiscale Entropy 
Multiscale entropy (MSE) measures the complexity of a 

time series by taking into account the entropy with respect 
to multiple temporal scales. MSE can be computed from the 
different types of entropy with multiple coarse-grained 
sequences, such as approximate entropy (ApEn) [12] or 
sample entropy (SampEn) [13]. The sample entropy was 
utilized as the kernel for entropy calculation in this study. 

Given an EEG time sequence with N samples,
}...,,,{ 21 Nxxxx = , the original times series is divided into 

non-overlapping windows of length τ, defined as the scale 
factor. The data points inside each window are then aver-
aged. Each element of the coarse-gained time series yτ(j) is 
calculated by the following equation: 
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After obtaining each element of the coarse-gained time se-
ries, we calculate the sample entropy [13] for each of the 
coarse-grained time series. For scale τ, the corresponding 
coarse-gained time series has N/τ points and is denoted as 

)}(),...,(),...,1({
τττττ
NyiyyY = . Defining an m-dimensional 

sequence vector, )}1(),...,1(),({)()( −++= miyiyiyim
τττμ , 

a distance measure for two vectors )()( imμ  and )()( jmμ  

with length of m points is defined as 
}10|:)()(max{|),( −≤≤+−+= mkkjykiyjid ττ . The 

parameter r is defined as the tolerance for accepting matches, 

and )()( imμ is similar with )()( jmμ when rjid ≤),( . Let 

)(rCm
i  represent the probability that vector )()( jmμ  is simi-

lar with )()( imμ  and can be calculated by the following 

equation: 
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where jω =1 when rjid ≤),( ; otherwise, jω = 0. In  

Eq. (2), j ranges from 1 to integer of τ/N , and ij ≠  to  

 

exclude self-matches. The probability that the two se-
quences will match for m points can be calculated by the 
following equation: 
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The probability that the two sequences will match for 
m+1 points is calculated by the following equation: 
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For the sample entropy, i and j range from 1 to the integer 
of τ/N  for the calculation of both m- and (m+1)-point 
matching. Finally, the sample entropy for scale τ is calcu-
lated by the following equation: 

)](/)(ln[),,( 1 rCrCNmrSpEn mm+−=
τ

       (5) 

Some theoretical and clinical applications have shown 
that the parameters 1=m  or 2 and 25.01.0 −=r  of the 
standard deviation (SD) of the original time sequence pro-
vide good statistical validity for SampEn [14,15]. The pa-
rameters 2=m  and SDr *15.0=  were used to calculate 
MSE values in this study.  

III. RESULTS 

We calculated the averaged 20 MSE value (the scale fac-
tor = 1-20) from good and poor sleep efficiency groups, 
respectively. Fig. 1 shows the averaged 20 MSE curve of 
good and poor sleep efficiency groups. We find that the 
averaged MSE values of poor sleep efficiency group are 
higher than good sleep efficiency group in each scale factor. 
Moreover, the averaged MSE values between good and 
poor sleep efficiency groups are very close when scale fac-
tor is 1; the different of the averaged MSE values between 
good and poor sleep efficiency groups when the scale factor 
= 2-13 was more obvious than other scale factors. This 
finding proved that the MSE analysis may be used to quick-
ly distinguish the users sleep efficiency is good or poor. 

Then, we compared the MSE curves and the repeated-
measure one-way ANOVA of good and poor sleep efficien-
cy groups in five stages, Wake, S1, S2, SWS and REM. 
Figs. 2 (a)-(e) shows the results of the comparison in Wake, 
S1, S2, SWS and REM stages, respectively. Some interest-
ing characteristics can be observed from Fig 2. 

1) In each stage, the trend of the MSE curve of good sleep 
efficiency groups is similar with poor sleep efficiency 
groups. 
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Fig. 1 The averaged 20 MSE curves of the all-night EEG data derived from 
two groups, good and poor sleep efficiency groups. SampEn was evaluated 

at 1-20 scale factors. The symbols represent the mean values of SampEn 
for each group. 

 
2) In addition to Wake, the mean SampEn values of poor 

sleep efficiency groups are higher than good sleep effi-
ciency groups in other stages. 

3) For each scale factor, the entropy values and the levels of 
sleep depth have negative correlation and the entropy val-
ues monotonically decrease from wake to deep sleep 
(SWS). 

4) In addition to Wake and REM, almost all of the MSE 
values between good and poor sleep efficiency groups 
have statistical differences. 

IV. CONCLUSIONS  

In this study, MSE was applied to analyze the EEG signals 
of from the people with different sleep quality. Moreover, the 
MSE values with different sleep stages are also compared 
between good and poor sleep efficiency groups. The result 
shows that the averaged MSE values of poor sleep efficiency 
group are higher than good sleep efficiency group in each 
scale factor. This means that the complexity of sleep EEG of 
poor sleep efficiency group is higher than good sleep effi-
ciency group. This finding may be used to quickly distinguish 
the subject’ sleep efficiency is good or poor. 

From the above results, we concluded that the sleep pat-
tern and the sleep EEG complexity of healthy individual are 
different from people with low sleep efficiency or patient 
with sleep diseases. Therefore, we also make some sugges-
tions for improving the performance of most automatic 
sleep staging methods in the future. Firstly, the averaged 
MSE value of all night sleep EEG was used to evaluate 
subject’s sleep efficiency is good or poor. Then, the two 
different classifier-models were utilized to classify the sleep 
 

stage of good and poor sleep efficiency groups, respective-
ly. The different classifier-models can enhance the accuracy 
of the automatic sleep staging system. 

 

 

Fig. 2 MSE curves and the repeated-measure one-way ANOVA results of 
good and poor sleep efficiency groups in five stages. (a) Wake, (b) S1, (c) 

S2, (d) SWS, (e) REM. (***p<0.001, **p<0.01, *p<0.05) 
*The symbol “(B)” denotes the poor sleep efficiency group. 
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Abstract— The waxing-and-waning high-voltage spindles 

(HVSs) are the electroencephalographic hallmarks of the ab-
normalities in the synchronization of oscillatory activities in 
cortical-basal ganglia networks. The HVSs were observed 
during waking immobility on lesioned Sprague-Dawley rats by 
unilateral injection of 6-hydroxydopamine (6-OHDA). The 
local field potentials (LFPs) collected from the lesioned and 
control rats were analyzed with continuous wavelet transform 
using a tunable complex Morlet wavelet function identified 
with a careful choice of design parameters for the efficient 
detection of HVSs. In this study, an online detection algorithm 
optimized with suitable wavelet parameters using a window 
size of 500 and a constant decision threshold, is verified to 
detect the HVSs lasting 1.15-3.49 seconds from seven lesioned 
rats with maximum precision, sensitivity and specificity. These 
results provide further motivation for the real-time implemen-
tation of the automatic HVS detection systems with improved 
performance for pathophysiological and therapeutic applica-
tions to the thalamocortical network dysfunctions like Parkin-
son’s disease. 

Keywords— HVS, CWT, complex Morlet wavelet, Parkin-
son’s disease, online spindle detection. 

I. INTRODUCTION  

High-voltage spindles (HVSs) are characterized as syn-
chronous, immobility-related spike-and-wave patterns of 
local field potentials (LFPs) and oscillating in the 5-13 Hz 
frequency band [1]. In general, there are various spindle 
detection algorithms to detect normal sleep spindles [2] and 
spike-wave discharges (SWD) [3-4]. There are significant 
differences between the HVS and normal sleep spindles in 
terms of physiology and signal dynamics such as: (i) HVS 
initiates in cortex while sleep spindles in thalamus, (ii) 
HVSs can occur frequently during passive wakefulness 
whereas the sleep spindles are prevalent in sleep states, (iii) 
on contrary to the sleep spindles, the majority of HVSs in 
experimental models appears to show an increased power in 
the lower range of theta frequency band (6-7 Hz) [5]. HVSs 
are found to be associated with spatial memory impairments 
[1] and Parkinson’s disease (PD) [6]. The onset and end  
of HVSs episodes could occasionally vary across the cortic-
al-basal ganglia structures and thus leads to different mor-
phological features. Besides this, the HVSs are different 
from the epileptic spike-wave discharges whose dominant 

frequency lies in the 30 -50 Hz band [3].  Such unique 
characteristics of HVSs from that of the normal sleep spin-
dles and epileptic SWD demands an existing spindle detec-
tion algorithm to be optimized with a suitable choice of 
wavelet parameters and the thresholding mechanism. 

The major findings of our approach are listed as follows. 
First, a set of complex Morlet wavelets tuned to various 
bandwidth parameter values (fb = 9, 10, 11, 12, 13, 14, 15, 
16) and centre frequency (fc = 1 Hz) are used as mother 
wavelets in continuous wavelet transform (CWT) to detect 
the characteristic oscillations of HVSs and the detection 
performance is investigated to obtain the optimal choices. 
Second, a constant decision threshold is used for the wave-
let power to detect HVSs with 100% precision, 100% speci-
ficity and 100% sensitivity using the optimal wavelets. 
Finally, as this algorithm is based mainly on the CWT using 
the complex Morlet wavelet function whose digital architec-
ture is proved to be time-efficient in Fourier space [7], the 
proposed algorithm demonstrated with improved perfor-
mance can be extended further to the FPGA-based real time 
systems for pathophysiological and therapeutic applications. 

II. MATERIALS AND METHODS 

A. Data Acquisition 
The PD rat models were induced in 3-4 months old Spra-

gue-Dawley rats by unilateral injection (coordinates: AP -
4.4 mm, ML +1.2 mm, V -7.8 mm relatively to bregma) of 
6-OHDA in the medial forebrain bundle (MFB) at the rate 
of µl/min using an integrated electrophysiology instrument 
suitable for deep brain stimulation (DBS) procedure. Four 
weeks following the unilateral injection of 6-OHDA, the 
lesioned group of rats were determined as successful PD 
models through amphetamine-induced rotational behaviour 
(Amp, 3mg/kg, ip) by measuring the rotational speed of the 
lesioned rats as 6 turns per minute. The rats were unilateral-
ly implanted bipolar stimulation electrode into the ipsilater-
al STN with their initial coordinates at AP -3.6 mm and L 
+2.5 mm. The LFP recordings were collected from a group 
of twenty four lesioned rats and twenty control rats. The 
LFPs of the lesioned rats were recorded in both sleeping  
and waking immobile states in order to study the behaviour 
of spindling and non-spindling characteristics. The LFPs 
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without artifacts and with the duration of sixty seconds were 
considered in the following sections to evaluate the perfor-
mance of the spindle detection algorithm. 

B. Algorithm 

The steps involved in the automatic HVS detection algo-
rithm [4] are summarized in Figure 1. The CWT has been 
used extensively for the analysis of one-dimensional non-
stationary signals such as normal sleep spindles and SWD 
over the two-dimensional time-frequency plane with varia-
ble resolutions in both domains [2-4]. Given a specific 
mother wavelet , the wavelet basis function ,  is 
defined as in Eq. (1) and the CWT ,  of a 1-D signal 

 is given by Eq. (2) as shown below. 
                        , 1| |                                    1          , , , 1| |       2  

 
In the above equations, the scaling and translation parame-

ters are represented by  and . The choice of mother wavelet 
is critical to determine the detection performance of such 
wavelet-based spindle detection algorithms. The complex 
Morlet wavelet has been selected in our approach as they are 
proved to be successful in automatic spindle detection algo-
rithms [3, 4] and the real part of the wavelet  is mathe-
matically defined in Eq. (3) where the centre frequency and 
bandwidth parameters are denoted by  and  respectively. 

 

 
 

Fig. 1 Flowchart of automatic HVS detection algorithm 

                           /                       3   

The value of  is taken as 1 [3, 4] as this choice leads to a 
simplified relation between the scale  in wavelet domain 
and the frequency in Fourier space   as summarized in  
Eq. (4).  

      √ 24                        1          4  

This relation is optimal to have a good frequency resolution 
in the low frequency range signals such as spindles or neur-
al signals in general.  

Next, the bandwidth parameter  has to be selected 
carefully and the effects of this parameter on the perfor-
mance characteristics of the detection algorithm are eva-
luated in the present study by tuning its values from 9 to 16. 
In this context, the complex Morlet wavelet with variable  
will be denoted by its equivalent MATLAB function 
cmorfb-1 in the subsequent sections. The selection of 
cmorfb-1 wavelet for the detection of HVS is clearly evident 
due to its close resemblance to each other as shown in Fig-
ure 2. In the present work, the wavelet power  defined 
as the sum of the square of the CWT coefficients ,  
in the desired 5-13 frequency band is calculated across the 
window size  of 500 data points (0.5 sec) for the entire 
signal as shown in Eq. (5). If the wavelet power is greater 
than the constant decision threshold (Tr) of 0.5µV2 [3], then 
the detector output is set to high to represent the occurrence 
of HVS, otherwise it is low.     

| , |  ;                : 5 13     5  

 

 

Fig. 2 (a) cmor9-1 wavelet; (b) High-voltage spindle 
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III. RESULTS AND DISCUSSION 

A. Time-Frequency Analysis 

The time-frequency distribution obtained from the CWT 
is used to discriminate the control and PD signals by the 
energy distribution of the coefficients over the joint time-
frequency plane. As shown in Figure 3, the prevalent blue 
color indicates the lower values of energy distribution in 
control signal. However in Figure 4, the elevations in the 
energy distribution corresponding to the occurrence of 
HVSs in the PD signal are clearly evident where the color 
map scale is more than twice that of the one in Figure 3.      

 

 

Fig. 3 Time-frequency distribution of a typical control signal. (a) Con-
trol signal. (b) Time-frequency distribution of (a) using CWT with cmor9-1 

wavelet function. 

 

 
 

Fig. 4 Time-frequency distribution of a typical PD signal. (a) PD  
signal. (b) Time-frequency distribution of (a) using CWT with cmor9-1 -

wavelet function.   

 

Fig. 5 Response (shown in black color) of the automatic HVS detection 
algorithm to a typical PD signal (shown in blue color) in Figure 4, for 

various wavelet functions. (a) cmor9-1, (b) cmor10-1, (c) cmor11-1, (d) 
cmor12-1, (e) cmor13-1, (f) cmor14-1, (g) cmor15-1 and (h) cmor16-1. 

Here the amplitude of PD signal and the detector output are normalized to 
be in the range of 0 to 1. 

 
 

Fig. 6 Response (shown in black color) of the automatic HVS detection 
algorithm to a typical control signal (shown in red color) in Figure 3, using 
cmor9-1 wavelet. The response shown here remains same independent of 

the wavelet functions used in this study. Here the amplitude of control 
signal and the detector output are normalized to be in the range of 0 to 1. 

 
 

B. Evaluation of Detection Performance  
The response of the algorithm varies with the choice of 

bandwidth parameters in the cmorfb-1 wavelet. The values 
of fb selected in this study guarantees no false positives (FP) 
and hence results in 100% specificity for all wavelets as 
shown in Table 1 and Table 2.  The detection performance 
is characterized by well-defined coverage of the HVS and 
its corresponding onset and end in time domain by the de-
tector outputs shown in Figure 5.  The detector outputs for 
the cmor9-1 and cmor10-1 wavelets show a prominent per-
formance for all datasets apart from the one shown in Figure 
5 (a-b). The spindle duration spanned by the detector out-
puts for the last spindle in Figure 5 decreases as we progress 
from cmor11-1 to cmor13-1 wavelets as seen in Figure 5(c-
e). As shown in Figure 5 (f-h), for the same spindle, the 
false negatives (FN) exist in the detector outputs with 
cmor14-1, cmor15-1 and cmor16-1 wavelets and this  
reduces the sensitivity significantly. The detection perfor-
mance of the algorithm shown in Figure 6 for the control 
signal remains same independent of the choice of wavelets  
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considered in this study due to its very low wavelet power 
compared to that of the threshold power. The performance 
metrics shown in Table 1 and Table 2 strongly recommends 
the choice of cmor9-1 and cmor10-1 as the optimal wavelets 
for the detection of HVSs using a constant decision threshold 
with maximum sensitivity, specificity and accuracy.  

Table 1 Performance metrics* of the detection algorithm for each spindling 
PD dataset using cmor9-1 wavelet function with the window size of 500 

and a constant threshold power of 0.5µV2.  

S.No. Nv TP FP FN 
Sensitiv-

ity % 
Accura-

cy % 
Specific-

ity % 

1 12 12 0 0 100 100 100 

2 12 12 0 0 100 100 100 

3 8 8 0 0 100 100 100 

4 5 5 0 0 100 100 100 

5 14 14 0 0 100 100 100 

6 16 16 0 0 100 100 100 

7 6 6 0 0 100 100 100 

    Mean 100 100 100 
 

*Nv: Number of visual detections; TP: True Positives; FP: False Posi-
tives; FN: False Negatives; Sensitivity = (TP / (TP + FN)) x 100; Accuracy 
= (TP / Nv) x 100; Specificity = (TN / (TN + FP)) x 100; 

Table 2 Mean performance metrics* of the detection algorithm for the 
spindling PD datasets using other cmorfb-1 wavelet functions with the 

window size of 500 and a constant threshold power of 0.5µV2. 

S.No. Wavelet 
function 

Accuracy 
% 

Specificity 
% 

1 cmor10-1 100 100 

2 cmor11-1 97.14 100 

3 cmor12-1 97.14 100 

4 cmor13-1 97.14 100 

5 cmor14-1 95.36 100 

6 cmor15-1 95.36 100 

7 cmor16-1 94.17 100 

    
 

*Excluding cmor10-1, sensitivity is less than 100% as FN is non-zero in 
all other cases.  

IV. CONCLUSIONS  

In this study, the performance of an online HVS detec-
tion algorithm is evaluated using CWT with complex  
Morlet wavelets. The optimal choices of mother wavelets 
were found to be cmor9-1 and cmor10-1 for a constant 
threshold 

 
 

wavelet power. Also, the performance metrics were com-
puted for seven PD datasets to verify the detection results 
for HVSs lasting 1.15-3.49 seconds. As this algorithm uses 
a window size of 500 to detect the spindles with minimum 
duration of 1 second, it can be used as an online detection 
algorithm with minimum latency. Considering the time-
efficient FPGA implementation of Morlet CWT [7], the 
detection algorithm can also be extended to cost effective 
FPGA-based systems for real time applications.  
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Abstract— Sound signal can be decomposed to a slowly 
varying envelope cue and a rapidly varying fine structure cue. 
These cues can help people to sound perception, sound 

lateralization, speech recognition in noise, and so on. Cochlear 
implant can help people with hearing loss to hear the sound. 
However, there are still many restrictions with cochlear 
implant user and a gap between normal hearing and cochlear 
implant user. This study investigated the contribution of 
envelope and fine structure cues with different SNR and 
simulated cochlear implant in Taiwanese mandarin speech 
recognition in noise. Ten normal hearing subjects participated 
in this experiment. Our result shows sentence recognition in 
noise almost depends on the envelope cues, but the fine 
structure cues still have limited contributions. 

Keywords— Envelope, Fine Structure, Cochlear Implant 
(CI), Normal Hearing Test. 

I. INTRODUCTION  

Using cochlear implant (CI) devices, making patients 
with hearing loss have the opportunity to hear the sound 
again. It can provide good speech recognition in quite to CI 
users. However, even the best performance CI user, there are 
still many challenges, such as speech recognition in noise 
and tonal language. 

Hilbert in 1912 showed that a signal can be decomposed 
into a slowly varying envelope (ENV) and a rapidly varying 
fine structure (FS) [1]. Smith et al. had investigated the 
relation of envelope and fine structure for speech reception, 
melody reception and sound lateralization, and demonstrated 
that fine structure was the main information carrier for 
melody and sound localization [2]. The envelope is the 
loudness contour and the intensity of the sound signal. It is 
the important part of speech recognition. The fine structure is 
the detail of the sound signal, that helping to identify the 
pitch, tonal language and sound lateralization.  

The stimulating strategies of cochlear implants, such as 
continuous interleaved sampling (CIS), advanced 
combination encoder (ACE) and HiResolution® (HiRes), 
calculation the intensity of the envelopes from each 
frequency band, which were used to determine the current of 
stimulation in each electrode. But the envelope and fine 
structure of the input sound signals was not clearly 

delineated in these stimulating strategies of cochlear 
implants [2]. Only partial fine structure information was 
conveyed by stimulating strategies to CI users. Thus, the aim 
of the present study was to investigate the importance and 
contribution between the envelope and fine structure to 
recognize the Chinese sentences in noise. 

II. METHODS 

A. Subjects 
10 NH subjects (6 females and 4 males) between the ages 

of 20 and 28 years old (mean 23.8 years) participated in 
experimental. All subjects were native speakers of 
Taiwanese Mandarin. Participants signed an informed 
consent form and were paid for their participation. 

B. Material and Processing 

We selected the Mandarin Speech Perception in Noise 
(MSPIN) proposed in [3] as the speech material. MSPIN is a 
sentence list which contains 300 Taiwanese Mandarin 
sentences for speech recognition in noisy environment. Each 
sentence contains 7~10 words and subjects are asked to 
recognize the last word after listen the whole sentence. These 
sentences are evenly classified into two categories: high 
predictability (HP) and low predictability (LP). A sentence 
with HP means that it contains 2~3 cues to predict its last 
word. In contrast, a LP sentence doesn’t contain any cue, 
which means the subject has to recognize the last word 
directly. The masker used in the experiment was 
speech-shaped noise (SSN). SSN is a white noise signal 
shaped as long-term average spectrum (LTAS) of target 
speech. The speech and noise were added at -12 to 12 dB in 6 
dB steps. All processing was done digitally via software 
routines in MATLAB. 

The sound source of spatial configurations was simulated 
using the head-related transfer function (HRTFs) [4]. Fig. 1 
shows how we used HRTFs to produce different sound 
source angle of incidence. Speech source is fixedly 
originated in the front at 0° azimuth, and noise source is 
placed at an angle of incidence of 270° (S0N270) azimuth. 
The distance between source and KEMAR was 1.4 meters.  
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Abstract— Electrical Impedance Tomography (EIT) is a 

non-invasive image reconstruction technique. Typically, an 
EIT scheme involves the solution to an inverse problem, which 
usually gives a poor resolution, due to linearization and  
ill-posedness of the problem. An alternative approach based  
on Artificial Neural Networks (ANN) has been used as a re-
placement of the inverse problem, giving correct results with-
out linearizing the problem. However, training an ANN may 
be time consuming and usually requires a large amount of 
iterations before achieving a correct answer to the input stimu-
lation. Several studies focused on training ANNs, and Evolu-
tionary Algorithms (EA) gives a faster global convergence. In 
this paper, a novel approach based on Artificial Neural Net-
works and Particle Swarm Optimization (PSO) is proposed to 
improve the training process. A training method based on PSO 
algorithm achieves a faster global convergence. 

Keywords— Electrical impedance tomography, neural net-
work, particle swarm optimization, finite element method, 
inverse problems. 

I. INTRODUCTION  

In Electrical Impedance Tomography (EIT), the main dif-
ficulty is to solve an inverse problem while achieving an 
acceptable accuracy [1]. To do this, the use of Artificial 
Neural Networks (ANN) as a reconstruction method can 
generate a correct answer to the inverse problem efficiently 
[2]1. Since the resulting ANN may have a large number of 
inputs and outputs, the training process may take a long 
time before reaching the desired accuracy. This long train-
ing time may become problematic in some situations. In this 
paper, a solution to reduce the number of iterations that 
occur during the training process is proposed. To find an 
adaptive solution and quickly adjust the ANN to the prob-
lem, it can be interesting to reduce the number of iterations. 
The global convergence of the Particle Swarm Optimization 
(PSO) algorithm can be used to train the ANN with a li-
mited number of iterations [3].  

This paper introduces an approach based on a PSO algo-
rithm to train the neural network to solve the EIT inverse 
problem. Evolutionary Algorithms (EA) have been used to 
train ANNs and their ability to provide a fast convergence 
has been demonstrated. 

II. THEORY 

A. Electrical Impedance Tomography 

The final goal EIT imaging is to get an accurate map of 
the electrical conductivities of the different elements con-
tained in the Finite Element (FE) model. The only data 
available is the electrical voltage or current measured  
from the boundaries, using a finite number of electrodes [1]. 
Not only this problem is nonlinear, it is also severely ill-
posed, meaning that it does not satisfy the Hadamard’s 
conditions [4]. 

Several methods have been discussed to solve this prob-
lem. These methods can fit into two categories: linear ap-
proximations and nonlinear optimization [5]. Linear approx-
imations tend to linearize the problem in order to simplify 
its resolution while reducing the accuracy of the model 
(linearization induces smoothness into the underlying ma-
thematical representation). On the other hand, a nonlinear 
approximation is based on a more complex but correct ma-
thematical model, and therefore on can expect a higher 
resolution.  

B. Artificial Neural Networks 

ANNs are computational models based on human brain 
function. They are capable of approximating the solution of 
a non-linear problem such as the EIT problem [4]. 

Typically, an ANN is made of 3 layers of neurons inter-
connected. From a mathematical point of view, a neuron 
can be seen as a linear function (here, radial basis and pure 
linear functions have been chosen) having two variable 
parameters, called weights and biases, which varies during 
the training process. Once the neuron calculated the output 
given a specific input, the result is sent to the next layer of 
neurons. By passing the information through the different 
layers of neurons, an ANN is capable of approximating the 
solution to a non-linear problem. 

Before using an ANN, it is required to train it. Typically, 
this phase is used to determine the different weights and 
biases used in the network to interconnect the different 
neurons. 
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C. Particle Swarm Optimization 

Evolutionary Algorithms, such as PSO, have been proven 
to be able to train a neural network with faster global con-
vergence than classical training methods, based on gradient 
or back-propagation [7]. In facts, an ANN can be trained 
with a reduced number of training iterations. 

PSO, an EA based on the movement of birds in a bird 
flock, surveys the domain and searches for a global solution 
to the problem [8]. It is an auto-organized structure capable 
of training neural networks. In PSO, each particle has its 
own position X and its own speed V. After iteration k, par-
ticles move according to (1). The speed Vk+1 depends on the 
previous speed Vk of the particle, its best position Pi and the 
global best position Pg. The inertia weight ω, and the coef-
ficients b1 and b2 depend on the problem and are fixed in 
advance. Equation (1) is used to update the particle’s posi-
tion in one dimension [8]. 
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When PSO algorithm is used to train a neural network, 

the weights and biases of the network are adjusted at each 
iteration of the PSO algorithm. Each particle of the PSO 
algorithm contains a set of weights and biases (the dimen-
sion of the PSO problem is equivalent to the number of 
weights and biases contained in the network). 

After each iteration, the ANN is updated with newly cal-
culated weights and biases. Then, the training data is used to 
feed the network and calculate an error (Mean Square Error, 
MSE) on the reconstructed images. The error is transmitted 
to the PSO algorithm, which updates its particles conse-
quently, according to (1). The goal of the PSO algorithm is 
to minimize this error by moving the particles in the search 
space. Eq. (2) defines the MSE function used to compute 
the error value: 

 

∑ −=
elements

outputstargetsabsMSE 2)(        (2) 

 

where targets and outputs are, respectively, the desired 
outputs and the real outputs values obtained from the ANN. 

III. EXPERIMENTS 

In this paper, a neural network has been trained to  
solve the EIT problem. This network was trained using PSO  
 

 
 

algorithm in order to demonstrate the fast convergence of 
the PSO algorithm and its possible application in the resolu-
tion of ill-posed inverse problems. 

The simulations used a FE model of a circular tank of 
256 elements, having 16 electrodes at its outer boundary. 
An electrical current is sent into the simulated tank using 
two adjacent electrodes, while the other 14 electrodes are 
used for measurements. Measurements are done using a pair 
of two adjacent electrodes, allowing a total of 13 measure-
ments per current injection. The same current pattern is sent 
16 times, each time using a different couple of adjacent 
electrodes. By performing 13 measurements for each couple 
of input electrodes, it is possible to get a total of 208 current 
measurements from the electrodes 

About 200 EIT images were simulated, and their corres-
ponding forward problems were solved to train the ANN. 
To get a realistic data set, each image contains one circular 
object having a random size and random conductivity, 
which can be located anywhere in the tank. 

Two different ANN were created and trained with the 
same data set. One was trained with the PSO algorithm 
described above, and a second one with the well-known 
gradient descent back propagation algorithm described  
in [9]. 

Finally, another set of EIT images was generated and 
used to test the efficiency of the neural network. For each 
reconstructed image, an error was calculated and compared 
to the error obtained by a linear approximation (Gauss New-
ton one step). 

IV. RESULT 

A. Performance 

Training neural networks with PSO can achieve a faster 
convergence. Once the network converges, it can be used to 
solve the EIT problem without dealing with linear approxi-
mations required by linear inverse solvers. With this ap-
proach, the number of training samples can be reduced 
significantly. Since PSO is capable of global convergence, 
training an ANN with PSO algorithm decreases the error 
exponentially because the updated weights and bias make 
the network more accurate. 

The two different ANNs were trained to solve the EIT in-
verse problem and their convergence is plotted in Figure 1 
below. 
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Fig. 1Comparison of training methods. PSO is compared to gradient 
descent. 

Figure 1 clearly shows the positive effects of the global 
convergence of PSO algorithm during the training process. 
By training the ANN with EA, the output error is signifi-
cantly reduced at the beginning of the training process. In 
the case of the EIT problem, PSO algorithm reached an 
MSE error of 0.05 with less than 200 iterations, while the 
gradient descent training algorithm needs more than 10 000 
iterations to get the same accuracy. 

B. Image Reconstruction 

The ANN trained by PSO algorithm has been tested and 
different EIT images were reconstructed with this neural 
network. While the linear approximation can give a recon-
struction without any training, the nonlinear optimization 
made by the ANN is expected to give a better result, closer 
to the original image. 

 

 
 

Fig. 2 Comparison of reconstructions using inverse solver (middle) and 
ANN trained with PSO (right). On the left, the original image. 

 
Fig. 2 shows the EIT image obtained with both inverse 

solver and the proposed solution, based on artificial neural 
network and particle swarm optimization. Visually, it can be 
seen that the solution presented in this paper gives rough 
boundaries (compared to linear inverse solver). On each 
reconstruction, an MSE error was calculated. By using a 

linear inverse solver, an average error of 7.8% is obtained. 
By using the proposed method, the average error dropped 
down to 5.5%. Finally, Fig. 2 clearly shows that the pro-
posed method is capable to achieve a higher accuracy than 
the commonly used linear inverse solvers. 

V. CONCLUSION  

Solving the EIT with neural networks usually requires 
fewer resources than linear inverse solvers, and therefore 
can achieve a good reconstruction in a relatively short time. 
Using a specific training method, such as PSO, can over-
come some limitations of NN in biomedical application. 
Here, the fast convergence of the PSO algorithm gives a 
rapid training, by achieving certain accuracy more than 50 
times faster than the back propagation algorithm. In addi-
tion, due to its mathematical definition, an ANN is capable 
of solving the inverse problem with a limited smoothness, 
which usually leads to a closer result of the EIT problem. 
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Abstract— This study utilized movement-related sensorimo-
tor Mu rhythm to probe EEG abnormalities in leukoaraiosis 
patients when they were performing self-paced finger move-
ment task. The differences in EEG Mu rhythms between pa-
tients and normal subjects were studied and compared. Leu-
koaraiosis is a descriptive term used to describe neuroimaging 
findings of diffuse hemispheric white matter abnormalities, 
mainly characterized by loss of myelin and/or ischemic injury. 
The leukoaraiosis has been suggested a major risk factor and 
prognostic factor for stroke. Since EEG signals are weak (μv) 
and stochastic, the use of traditional digital filter may be unable 
to well extract the stochastic sensorimotor rhythms which could 
result in the pitfall of underestimating subject’s responses. 
Accordingly, a novel tool, multivariate empirical mode decom-
position (MEMD), was adopted in this study to exact the senso-
rimotor Mu rhythm in human brain. Our results found the beta 
event-related synchronization (ERS) of EEG Mu rhythm in 
Leukoaraiosis patients are significantly lower than those in 
normal controls using conventional event-related synchroniza-
tion (conventional beta ERS) (0.44±0.2 uv v.s. 0.84±0.42) (stu-
dent’s t-test, p<0.01). Further analyzing the single-trial beta 
ERS using MEMD approach, the single-trial beta ERS in Leu-
koaraiosis patients and normal controls were 2.02±1.68 uv and 
1.68±0.73 uv (student’s t-test, p<0.05). It can be observed that 
the standard variation of single-trial beta ERS in Leukoaraiosis 
patients is larger than that that in normal controls (1.68 uv. v.s. 
0.73 uv). The large signal variation in beta ERS could result in 
the suppression of conventional ERS values in Leukoaraiosis 
patients.* 

Keywords— Electroencephalograph (EEG), Event-related 
synchronization (ERS), Multivariate empirical mode decom-
position (MEMD). 

I. INTRODUCTION  

The Leukoaraiosis a disease which causes changes in the 
white-matter structure of human brain. Leukoaraiosis is a 
descriptive term used to describe neuroimaging findings of 
diffuse hemispheric white matter abnormalities mainly 
characterized by loss of myelin and/or ischemic injury. 
Patients suffering from Leukoaraiosis may cause patholo-
gies in myelin loss, sparse perivascular space, neuronal 
axon loss, gliosis, etc., accompany with clinical symptoms 

                                                           
* Corresponding author. 

of dementia, handicap, depression, gait instability, and  
urinary incontinence. Current Leukoaraiosis studies mainly 
focus on studying the structure changes in MRI images. Lee 
et al. (2008) found most Leukoaraiosis patients have sever 
angiosclerosis [1]. Patankar et al. (2006) found high corre-
lateon between atherosclerosiss and Leukoaraiosis [2]. 
Neurmann-Haefelin et al. (2006) utilized MRI to study the 
correlateon between Leukoaraiosis and stroke patients [3]. 
Nevertheless, though some MRI studies on Leukoaraiosis 
has been reported, only few functional studies were per-
formed in the past. 

In this study, we utilized EEG event-related desynchrnoi-
zation/ synchronization (ERD/ ERS) as biomarker to probe 
the abnormality of neural oscillatory activities in Leukoa-
raiosis patients. Neural oscillatory activities in human brain 
can be either phase-locked or non-phase-locked reactive to 
external or internal stimuli. These oscillatory activities 
usually exist in specific frequency bands and spatial loca-
tions [4]. Event-related non-phase-locked neural activities 
represent power changes, either enhanced or suppressed 
relative to baseline activities. The power changes in event-
related activities can be caused by the decrease or increase 
in synchrony of the underlying activated neuronal popula-
tions. Previous researches have suggested that the  
event-related power suppression in motor area, serving as 
physiological meaning of motor planning and movement 
preparation, called ERD, while the increase of power in the 
post-movement beta band may reflect deactiva-
tion/inhibition during the recovery phase in the movement 
process, called ERS [5]. Due to fast temporal changes in 
brain oscillatory activities, Electroencephalogrpahy / Mag-
netoencephalography (EEG/MEG) are often selected as 
powerful tools to study ERD and ERS phenomena. 

The induced oscillatory activities have been study in 
many aspects, including somatosensory input response [6], 
motor functions [5 7-9], cognitive performance [10], level 
of memory loading [11], etc. Several methods have been 
developed to quantify the induced oscillatory activities. 
Pfurtscheller et al. developed ERD/ERS technique by  
simply filtering EEG activities within a fixed frequency 
band, rectifying the filtered signals, and then averaging  
over dozens of trials to find an averaged in the primary 



An

sen
tud
for
al. 
fie
equ
Pfu
tio
nen
pre
acr
wh
Sin
filt
for
fre
nel
act

adv
Pfu
mi
EE
im
bet
ana
the
for
con
osc
spe
mi
Th
cha
mo
too
23
vel
osc
22
con
int
nee

ER
sul
der
pat
siti
osc

nalysis of Post_M
 

nsorimotor cor
de modulation 
rm to detect the

proposed the 
s and averag
ui-bandwidth 
urtscheller use
n methods to 
nts in oscillato
esume fixed fr
ross trials and r
hich may be too
nce the determ
tering has bee
r ERD/ERS d
equency band d
ls may not op
tivities in other
To study the 
vanced signal 
urtscheller et 
nimum Mahal

EG oscillatory a
magery tasks [7]

ta oscillatory a
alysis (ICA)-ba
e Morlet wavel
r classifying m
ntrol [19]. How
cillatory activi
ecified statisti
ght be not su

herefore, consi
astic nature of
ode decomposi
ol for extractin
]. In our previ
loped an EMD
cillatory from 
]. Nevertheles
ntained intrica
ter-trial variati
eded. 
In this stud

RD/ERS in Le
lts were compa
rstand inter-tria
tient, we adop
ion (MEMD) t
cillatory activi

Movement Event

 
 

rtex [5 12]. C
(AM) method

e signal envelo
temporal-spec

ges filtered M
frequency ba

ed autoregressi
extract the si

ory signals [16]
requency band 
require dozens
o stringent to r
mination of fr
en addressed a
detections, the
determined from
ptimize the ext
r channels [5]. 
inter-trial var
processing tec
al. proposed 
lanobis distan
activities induc
]. Lee et al. ex
activities using
ased approach 
let-based time-

motor imagery 
wever, the afor
ities with assu
ical models f
itable for stoc
dering the no
f brain oscilla
ition (EMD) ha
ng event-relate
ious publicatio
D-based appro
one single cha
s, since human

ate neural netw
ions in multi

dy, we detec
eukoaraiosis pa
ated with thos
al variability o
ted multivariat
to extract mov
ities in multic

t-Related Synchr

lochon et al. u
d based on the
ope changes [1
ctral evolution

MEG signals 
ands [14, 15]
ive and spectr
ignificant freq
]. However, th
and temporal 

s to hundred tri
reflect trial-by-
requency band
as the most im

e utilization o
m one or few s
traction of neu

riation of ERD
hniques have b
adaptive autor
ce classifier t
ced from four d

xtracted MEG p
g an independ
[17, 18]. Qin a

-frequency ana
for brain com
rementioned m

umed basis fun
for signal extr
chastic signal 
n-linearly dyn
tory activities,
as been chosen
ed oscillatory 
ons, we had su
oach to extrac
annel in MEG
n brain is a co

work, a metho
channel EEG/

cted finger-li
atitents, and th
e in normal su

of ERD/ERS in
te empirical m
vement-induced
channel EEG 

ronization (ERS)

IFMBE P

utilized ampli
e Hilbert trans
3]. Salmelin e

n method recti
in pre-defined
. Florian and
ral decomposi
quency compo
ese approaches
characteristics

ials for average
-trial dynamics
d for bandpass
mportant issue
f stereotypica
specified chan
ural oscillatory

D/ERS, severa
been proposed
regression and
to discriminate
different motor
post-movemen
ent componen
and He applied
alysis approach

mputer interface
methods extrac
nctions or pre
raction, which
interpretations

namic and sto
, the empirica
n as a potentia
activities [20

uccessfully de
ct sensorimotor
G/EEG data [21

omplex system
od for studying
/MEG data is

fting induced
he detected re
ubjects. To un
n Leukoaraiosis
mode decompo
d event-related
data [24, 25]

) in Leudoaraios

roceedings Vol. 

 

-
-

et 
-
d  
d 
-
-
s 
s 
e 
s. 
s 
e  

al 
-
y 

al 
d. 
d 
e 
r 

nt 
nt 
d 
h 
e 
t 
-
h 
s. 
-

al 
al 
-
-
r 
1 

m 
g 
s 

d 
-
-
s 
-
d 
.  

The effic
by the e
performin
tasks. Th
within th
aligned a
(IMF), in
statistical
approach 
specific f
variability
an insight

Fourte
1 was eig
males) w
and 85 ye
subjects (
nueropath
old. Subj
sessions, 
each sess
paced ind
six-minut
performed
to suppre
quired by
bandstop,
Products 
with the 
placed th
and pariet

 

Fig
nels from 
ing right 

sis Patients 

47 

cacy of the pro
extraction of b
ng self-paced 
he present app
he same subban
and compared 
n which no pre-
l model is req

also enables
frequency band
y on a trial-by
tful view on su

II. MATERI

en subjects we
ght right-hande

who were leuko
ears old. The g
(four males and
hological illne
jects participat
one right and 

sion, each subj
dex-finger liftin
te EEG recordi
d briskly, whil

ess the occipita
y a EEG-record
, 60Hz; samp
Co., Munich,
International 

he frontal lobe 
tal lobe (C3, C

g. 1. One example
one epoch in subj
index-finger move

spectra o

 
 

oposed method
beta-related os

right and lef
proach allows
nd across diff
in the same in
-defined basis o
quired. The pr
 the capabilit

d, temporal wa
y-trial base, wh
ubtle brain dyn

IALS AND ME

ere recruited in
ed subjects (fo
oaraiosis patie
group 2 was six
d two females)
ess, aged betw
ted in two se
one left index-
ject was reque
ng approximat
ing. Each mov
le keeping thei
al alpha rhythm
ded device (ban
ling rate, 200
, Germany), p
10 – 20 sys
(F3, Fz, F4, F

Cz, C4, Cp1, Cp

 of the MEMD pro
ect S1 of the grou
ement. The tempo
of the decomposed

d has been ma
scillatory activ
ft index-finger
s oscillatory a
ferent channels
ntrinsic mode 
or prior inform
roposed MEM
ty of analyzin
aveform, and in
hich possibly p
amics. 

ETHODS 

n this study. Th
our males and 
ents, aged betw
x right-handed
 who had no h

ween 23 and 2
lf-paced finge
-finger lifting t
ested to perfo
tely once every
ement was ask
ir eyes opened 
m. EEG data w
ndpass, 0.05 –
00 Hz; V-Amp
placed in acc
stem. Electrod
FC5, FC1, FC
p2).  

ocess on C3 and C
up 2 when he was p
ral waveforms and

d IMFs. 

181

anifested 
vities in 
r lifting 
activities 
s can be 
function 

mation of 
D-based 
ng task-
nter-trial 
provides 

he group 
four fe-

ween 60 
d healthy 
istory of 
28 years 
er lifting 
tasks. In 
rm self-
y 7 s for 
ked to be 

in order 
were ac-
100 Hz; 
p, Brain 
cordance 
des were 
C2, FC6) 

 

C4 chan-
perform-
d power 



182

lar
and
EE
3 s
epo
ME

the
lop
tio
age

ext
fin
dec
IM
den
stru

act
tra
ban
fbet

and
he 
and
pon
for
21
22
can
and
mo
cen
dis
(m
IM
and
stru
noi

gro
of 
mo
in 
mo
Le
 

2 
 

Impedance wa
r vertical elect
d above the lef

EG data were s
s, anchored to m
ochs (EOG <
EMD analysis 
For multivaria

e MEMD by 
pes and taking
ns in N-dimen
ed to obtain the
This study ma
tracting oscilla

nger lifting tas
composed from

MFs with mean 
noted as IMFb

uct the beta-rel
To achieve tri
tivities, the be

acted in each t
nds determined
ta_C4, were used
Fig. 1 shows 
d C4 channels 
was performi

d C4 channels 
nses during th
r IMF2s, IM
.57Hz, 18Hz,
.43Hz, 3.29Hz
n be observed 
d IMF4 at C4
ovement beta 
ntralized frequ
stribution in be

marked by red 
MFs. Other IMF

d should be ex
uction process
ise. 

Fig. 2 shows t
oup 1 (Leukoa

all trials whe
ovements, resp

S1 of group 
ovements was 
ukoaraiosis gr

 
 

as kept below 5
tro-oculograms
ft eye to detec

segmented into
movement ons

< 300μV) wer
without applyi

ate signals, Re
generating mu

g signal projec
nsional spaces. 
e local mean [2
anifests the fe
atory activities
k. The mean 
m each chann
frequencies w

beta, were chos
lated oscillator
ial-by-trial ana
eta-related osc
trial using ME
d from C3 and
d to extract pos
an example o
from one epoc
ing right index
are listed to o

he finger move
MF3s, IMF4s, 

 and 9.2857
z, and 9.29Hz a
that the time c
4 channel bot
activity (mark

uency (18Hz 
eta range. Ther
rectangle) wer
Fs were consid

xcluded in the f
s to avoid the i

III. RESU

the whole-head
araiosis group) 
en performing
pectively. The 

2 (healthy g
shown in Fig

roup has suppr

5 kΩ for all ele
s (EOG) was 

ct eye moveme
o epochs, range
sets [12, 19], a
re subject to 
ing any pre-filt
ehman and Ma

multiple N-dime
ctions along d
These projects

21]. 
easibility of us
s during right a
frequencies (f

nel were exam
within beta ban
sen and summ
ry activities.  
alysis of post-m
cillatory activ
EMD. The tria
d C4, denoted
st-movement b
f the MEMD 
ch in healthy su
x-finger move
observe the sen
ement. The me

and IMF5s 
Hz at C3 ch
at C4 channel, 
course of IMF4
th presented e
ked by dashed
and 21.57Hz

refore, the IMF
re designated 
dered as beta-u
following beta 
interference of

ULTS 

d beta-band ER
 obtained fro

g right and lef
whole-head b

group) in righ
. 3. It can obs
ressed post-mo

IFMBE P

ectrodes. Bipo
placed below

ents and blinks
ed from –4 s to
and artifact-free

the following
tering process.
andic proposed
ensional enve
different direc
s are then aver

sing MEMD in
and left index
fmean) of IMFs
mined, and the
nd (16 – 24Hz)
mated to recon

movement beta
ities were ex

al-specific beta
d as fbeta_C3 and
eta activities. 
process on C3
ubject S1 when
ement. The C3
nsorimotor res
ean frequencies

are 40.29Hz
hannel, 49Hz
respectively. I

4 at C3 channe
enhanced post
d ellipse) with
, respectively)
F3s and IMF4s
as beta-related

unrelated IMFs
activity recon

f task-unrelated

RS in S1 of the
om the average
ft index-finger
beta-band ERS
ht index-finger
served that the
ovement which

roceedings Vol. 

 

-
w 
s. 
o 
e 
g 

d 
-
-
-

n 
-
s 
e 
), 
-

a 
-
a 
d 
 

3 
n 
3 
-
s 

z, 
z, 
t 

el 
-
h 
) 
s 
d 
s 
-
d 

e 
e 
r 
S  
r 
e 
h 

 
Fig. 2. W

trials. (a
(b) T

 

Fig. 3. W
trials. 

 

47 

Whole-head ERS tim
a) The subject S1 o
The subject S3 of t

Whole-head ERS tim
The subject S1 of 

 
 

(a) 

(b) 

me courses obtain
of the group 1 lifte
the group 1 lifted t

 

me courses obtaine
f the gropu 2 lifted 

H.T. H

ned from the averag
ed the right index-f
the left index-fing

ed from the averag
the right index-fin

Hsu et al.

 

 

ge of all 
finger.  

ger. 

 

ge of all 
nger. 



Analysis of Post_Movement Event-Related Synchronization (ERS) in Leudoaraiosis Patients 183
 

 
IFMBE Proceedings Vol. 47 

 
  

 

might reflect the difficulty in conducting the finger-lifting 
movement. Compared with healthy group, clear post-
movement ERS (marked by dashed ellipse) was observed. The 
statistics over all subjects in our study showed that beta ERS 
of EEG Mu rhythm in Leukoaraiosis patients were significant-
ly lower than those in normal controls using conventional ERS 
(0.44±0.2 uv v.s. 0.84±0.42) (student’s t-test, p<0.01). 

IV. CONCLUSION 

This study presents a MEMD-based approach for extract-
ing neural oscillatory activities in multichannel EEG data. 
The feasibility of the proposed method has been demon-
strated to study the inter-trial dynamics of post-movement 
beta activities in index-finger lifting tasks. Moreover, this 
study presents the difference between the normal subject 
and the Leukoaraiosis patient. The Leukoaraiosis patients’ 
beta-band activity was lower than the healthy subject. The 
possible reason was that the Leukoaraiosis patients have 
poorer neural conductivity in initiating a specific movment. 
The proposed MEMD-based approach might be an effective 
tool to construct rehabilitative index in future studies.  
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Abstract— The Immunochromatography test strip (ICTS)   
is a one step and the commonest commercial point-of-care 
diagnostic format. Their advantages of convenient and fast 
testing enable the rapid decisions on diseases. However, the 
fundamental limitation of quantitative and sensitive analysis 
severely hampers their application in the field of early 
detection. Herein, we overcame these limitations by integrating 
of quantum dots with distinct optical and electronic properties, 
which were served as the signal reporters for ICTS. Human 
chorionic gonadotropin (HCG), which has been recognized as a 
clinic marker of pregnancy, was used as a model analyte to 
demonstrate the performance of the QDs-based ICTS platform. 
Under optimized conditions, the detection limit was about 0.24 
IU/L. Meanwhile, the concentrations of HCG could be 
determined within 20 min with high specificity, using only 40 
μL of sample. Our data suggests that the QDs-based ICTS 
platform is a rapid, low-cost, highly sensitive and specific test 
platform for quantitative point-of-care diagnostics, which holds 
promise to become part of routine medical testing for other 
protein markers detections.* 

Keywords— Quantum dots, one step detection, 
immunochromatography test strip, quantitative detection.  

I. INTRODUCTION 

During the past decade, a number of methods have been 
developed for protein markers detection. Although 
methodological advances have been achieved, detection 
methods are still severely restricted [1][2]. For example, 
conventional methods, such as enzyme-linked immunosorbent 
assays (ELISA) and chemiluminesc ence immunoassay 
(CLIA), suffer from the disadvantages of being 
time-consuming, having low sensitivity and a laborious 
process. Besides that, these detection methods also require 
expensive instruments, highly skilled personnel to perform 
the procedures. Recently, the Immunochromatography test 
strip (ICTS) has been becoming a powerful tool for detection 

                                                           
* Corresponding author.  

in a majority of fields for their convenient analysis [3]. 
However, the limitation of sensitive and quantitative analysis 
severely hampers their application as a reliable medical 
testing in early detection of disease. In order to overcome the 
limitations, more quantitative ICTS has been developed by 
using various signal reporters, such as colloidal gold [4], 
up-converting phosphors [5], colored latex particles [6], 
magnetic nanoparticles[7] and organic fluorophores 
[8].Quantum dots (QDs) as nano-scaled fluorescent labels, has 
wildly used in biomedical applications [9]. Their high  
level of brightness and extraordinary photostability allow 
ultrasensitive detection, which also provide new opportunities 
for ICTS.  

We herein report on the development of a QDs-based 
ICTS platform designed to provide fast and portable 
detection of protein biomarker, using HCG as a model 
analyte. HCG has been proved as a valuable protein marker 
for pregnancy. Then the effective reaction time, sensitivity, 
specificity and capability of quantitative detection of  
these QD s based ICTS were investigated to display its 
performance. As expected, our data show the QDs-based 
ICTS could provide a one step quantitative detection for 
HCG in a short time with high specificity and sensitivity. 
Thus the QDs-based ICTS may be widely used for protein 
markers detection in hospital, community, and even at home, 
as a first-response point-of-care device. 

II. MATERIALS AND CHEMICALS 

A. Materials and Chemicals 

Selenium powder (99.99%, Aldrich), cadmium oxide (CdO, 
99.5%, Aldrich), tri-n-octylphophine (TOP, 90%, Aldrich), 
tri-n-octylphosphine oxide (TOPO, 90%, Aldrich), 
octadecylamine(ODA, 90%, ACROS), 1-octadecene  
(ODE, 90%, ACROS), oleic acid (OA, 90%, Aldrich), sulphur 
(Aldrich), poly(tert-butyl acrylate-co-ethyl acrylate- 
co-methacrylic acid) (ABC triblock copolymer) (Aldrich). 
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1-ethyl-3-(3-dimethyl- laminopropyl)-carbodiimide hydro- 
chloride (EDC, GL Biochem(Shanghai) Ltd.). 
N-hydroxysuccinimide (NHS, GL Biochem (Shanghai) Ltd. ). 
Bovine serum albumin (BSA) and fetal bovine serum (FBS) 
were supplied by Beijing Dingguo Biotechnology Co., Ltd 
(China). Mouse monoclonal antibody, goat anti-mouse IgG, 
nitrocellulose membranes, glass fibers and absorbent pad were 
obtained from Bioscience (Tianjin) diagnostic technology  
Co., Ltd. All chemicals were used without further purification.  

B. Synthesis of CdSe/CdS/CdxZn1-xS/ZnS Nanocrystals 

The core/shell QDs CdSe/CdS/CdxZn1-xS/ZnS were 
synthesized based on successive ion layer adsorption and 
reaction (SILAR) method. First, CdSe nanocrystals were 
made by a typical synthetic procedure, 0.0386 g of CdO, 0.4 
mL of OA, and 4 mL of DOE were added to a three-necked 
flask and heated to 260°C under argon until complete 
dissolution of CdO. After cooling to room temperature, 2.5 g 
of ODA and 0.5 g of TOPO were added into the flask. The 
solution was heated to 300°C. The solution containing 0.14 g 
of selenium, 2 mL of TOP was injected into the solution 
quickly. Then the growth temperature was set to 250 °C for 
10 min. After that time, the heating mantle was removed and 
the products were isolated using at least three times 
hexane-methanol extractions. 

Next, for shell growth, a tipical procedure reported 
previously was slightly modified. The solution containing 
the CdSe were mixed with 1.5 g of ODA and 5.0 g of ODE in 
a new three-neck flask, and the system was kept at 100 °C 
under argon flow for 15 min to remove the undesired 
materials. Subsequently, the system was heated to 240 °C for 
shells growing. The amount of the injection solution for each 
monolayer was determined by calculating the number of the 
surface atoms of a given size of a nanocrystal, and the Cd 
precursor (0.4 M) solutions, Zn precursor (0.4 M) solutions, 
sulfur precursor (0.4 M) solution were previous prepared, 
The final product was diluted by hexane after a methanol 
extraction at least three times.  

C. Preparation of Biocompatible QDs and QD-Antibody 
Conjugats 

To prepare biocompatible QDs, the QDs and 2 mg of 
octadecylamine (ODA) grafted poly(tert-butyl 
acrylate-co-ethyl acrylate-co-methacrylic acid) (ABC- 
g-ODA) was mixed with 960 μL of dichlormethane to form 
the organic phase. Then 10mL of de-ionized (DI) water was 
slowly added into the organic phase under an ultrasonicator 
at 200 W for 5 min. Then the mixture was stirred 
magnetically until the organic phase was totally removal. 

Then the products were washed 3 times with DI water and 
centrifuged to collect.  

The QD-antibody conjugates were prepared as followed. 
The biocompatibie QDs, mouse monoclonal antibody and 
EDC were mixed in PBS buffer solution (0.01 M, pH=7.4) at 
a QDs/antibody/EDC molar ratio of 1:8:4000. After reacting 
for 2 h, the final products were purified by centrifugation and 
stored in PBS buffer solution (0.01 M, pH 7.4, 0.5% BSA) 
overnight at 4°C. 

D. Test Strip Preparation and Fluorescence Assay 
Procedure 

The test strip consists of sample pad, conjugate release 
pad, reaction membrane, absorbent pad, and backing card. 
QD-antibody conjugates were diluted 20 times with blocking 
buffer (pH 7.4), which containing 0.01 M PBS, 3% (w/v) 
BSA, 5% (w/v) sucrose, 2% (w/v) PEG4000, 0.1% (w/v) 
Tween-20 ). After that, the solutions were dispensed onto 
the conjugate pads. The pads were dried at 37°C for 2 h. The 
T zone and C zone of the strips were prepared by dispensing 
a certain volume of 2 mg/mL mouse monoclonal antibody 
solution and goat anti-mouse IgG respectively with the 
dispenser XYZ-3050 BioJet Quanti 3000 onto a reaction 
membrane. After 2 h of drying at 37 °C, the membrane was 
blocked with 1% BSA at room temperature for 1 h, dried 
under vacuum for 30 min, and then stored at 4 °C. Then the 
parts were assembled on a plastic adhesive backing card. 
Each part overlapped 2 mm to ensure the solution migrating 
through the strip during the assay. Then the whole assembled 
plate was cut into 4mm strips and stored at room 
temperature. 

40 μL of samples containing a desired concentration of 
HCG in Fetal bovine serum (FBS) was dropped onto the 
sample pad and flowed through the reaction membrane under 
capillary action. Control experiment was performed by FBS 
samples without any analyte. After the completion of 
immunoreactions, the strip in a cassette was inserted into 
laboratory-built test strip reader [10] to read fluorescence 
intensity of the test zone and the control zone to quantify the 
analytes. The results were got by reading the fluorescent 
response with the strip reader after appropriate time. 

III. RESULTS AND DISCUSSION 

A. Principle of the Method 

As schematically illustrated in Fig.1, a strip usually 
realized with five components, a sample pad, a conjugate 
pad, a reaction membrane, an absorbent pad and a backing 
card [11]. The principle of protein biomarkers detection was  
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based on the sandwich assays. Sample was added on the 
sample pad and migrated to the conjugate pad driven by the 
capillary action, then the analyte in the sample interacted 
with the QD-antibody conjugates and form the immune 
complex, after that, the immune complex migrated to the 
reaction membrane, where the immune complex was 
recognized by capture antibodies immobilized onto reaction 
membrane surfaces to form test zone and the control zone. 
Then, excess reagents moved past the capture lines and were 
entrapped in the absorbent pad. Results were interpreted on 
the reaction membrane as the presence or absence of test 
zone, read either by naked eye with excited by a handheld 
ultraviolet lamp or using a strip reader. Fluorescence 
intensity of the T zone and C zone were related to the amount 
of analyte in the sample and reflected validity of the strip.  

 

Fig. 1 Schematic illustration of ICTS detection of protein markers.   

Herein, quantitative analysis was carried out by recording 
fluorescence intensity in the T zone and the C zone 
respectively by the test strip reader. Fluorescence intensity 
ratio between the T zone and the C zone was recorded as 
fluorescence signal (T/C). The signal to noise ratio (S/N) was 
defined as fluorescence peak area ratio between the target 
and the blank control samples. Detection results of the strips 
were analyzed by test strip reader for three times and the 
average values were plotted as a function of analyte’s 
concentration. 

B. Effective Reaction Time of the QDs-Based ICTS 

Figure2A displays the signal response (T/C) of the ICTS 
under different reaction time ranging from 5min to 30min 
using 50 IU/L HCG, and the responses of FBS were set as  
 

the blank control group. Fig. 2B revealed the corresponding 
signal to noise ratio (S/N). As shown in the figure, the 
detectable signal emerged at the first 5 min after samples 
were applied, and either the T/C or S/N reached a constant 
at 20 min. The standard error was based on three duplicated 
measurements of analytes. These results indicated the short 
immunoreaction time of this biosensor. Thus, signals for 
quantitative analysis were measured at 20 min after the 
sample addition in all the succeeding studies.  

 

Fig. 2 Effect of immunoreactions time on the fluorescent responses of ICTS 

C. Specificity of the QDs-Based ICTS 

To recognize the ability of targets selectively, we 
prepared another 4 type of proteins marker including 
CA199, CEA, HCG and AFP, FBS was set as the blank 
control group to further test the strip specificity. When the 
non-specific binding existed, the non-target proteins marker 
would be captured by capture antibody on test zone. 
Consequently, strong signal response of the T zone would 
be detected with CA199, CEA, HCG, AFP and FBS. As a 
result, a clear distinction could be observed between the 
strips added HCG and the strip added FBS, CA199, CEA, 
AFP and PSA (Figure 3). Both the T/C and the S/N of the 
strips added HCG antigen were obvious higher than the 
strips added non-targeted antigens and FBS. We did not 
observe any crosstalk or interference with either CA199, 
CEA, AFP, PSA or FBS. From these measurements, we 
conclude that the test strips featured very high specificity.   

 

Fig. 3 Characterization of ICTS specificity. 
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D. Sensitivity and quantitative analysis of the QDs-based 
ICTS 

To explore the feasibility for clinical application, the 
ability of quantitative detection of the QDs-based ICTS was 
characterized by analyzing standard HCG samples at a 
concentration gradient of 0~1000 IU/ml diluted in FBS. Fig. 
2 revealed the fluorescence imaging of the ICTS excited by 
the ultraviolet lamp. As seen in the Fig. 2 the brightness of 
the fluorescence band could be easily observed by naked 
eyes. This result indicated that we can easily judge the 
existence or not of target proteins by observing the 
fluorescence band directly. For quantitative detection, there 
was a significant linear relationship between HCG 
concentration and fluorescence signal in the log-log plot with 
R2=0.994, (y=0.427x-1.051). The detection limit was 0.24 
IU/L (S/N=3), which was calculated as the concentration 
corresponding to 3 times the standard deviation of the blank 
control. Error bars are based on three duplicated 
measurements of HCG at different concentrations. 

 

Fig. 4 Fluorescence imaging of the QDs-based ICTS added different 
concentrations HCG (A) and calibration curve of the quantitative detection (B) 

IV. CONCLUSIONS 

A well-performing biosensor was designed by combining 
the ICTS with QDs for the quantitative detection of protein 
biomarkers. The integration enabled the ICTS to sensitively 
and specifically determine the concentration of HCG in 20 
min. Under the optimized conditions, the detection limit 
was about 0.24IU/L. There was a significant linear 
relationship between HCG concentration and fluorescence  
 

 
 
 
 
 

signal in the log-log plot with R2=0.994. These results 
demonstrated the QDs-based ICTS was a rapid, sensitive, 
specific and low cost point-of-care diagnostic format. In 
view of its advantages, the new biosensors may be a nascent 
sensing technology that opens up new opportunities for the 
early detection of diseases at the site of patient care. 
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Abstract— We investigated the effect of transforming 
growth factor-beta1 (TGF-β1) on cell micromotion and wound 
healing migration of breast adenocarcinoma cells, MDA-MB-
231. Central to this work was the use of electric cell-substrate 
impedance sensing (ECIS), a cell-based biosensor that moni-
tors motility and other morphology changes of cells adherent 
on small gold electrodes. To detect the alternation of cell mi-
cromotion in response to 10 ng/ml of TGF-β1 challenge, time-
series impedance fluctuations of cell-covered electrodes were 
monitored and the values of variance, power slope, and Hurst 
coefficient were calculated to verify the difference. These 
measures describe the motile and persistent behavior of these 
cells in culture. Furthermore, ECIS wounding assay was used 
to wound and monitor the healing process of TGF-β1 treated 
cell layers. Our data indicated that TGF-β1 treated MDA-MB-
231 cells, in comparison to control cells, demonstrated higher 
fluctuation amplitude and unreduced long-term correlation for 
about 20 hours long. In addition, the wound healing rate of 
MDA-MB-231 cells significantly increased after cells were 
treated with 10 ng/ml of TGF-β1 though the effect decreased 
along with time. The results suggest that treatment of MDA-
MB-231 cells with TGF-β1 facilitates their scattering behavior. 

Keywords— ECIS, TGF-β1, MDA-MB-231, impedance fluc-
tuations, wound healing. 

I. INTRODUCTION 

The motility of cancer cells has been widely studied and 
considered as an intrinsic component of the metastasis 
process. Metastatic tumor cells generally migrate at a faster 
rate than normal cells or non-metastatic tumor cells do 
[1,2]. Previous studies indicate that TGF-β can activate 
downstream signaling pathways of breast cancer cells and 
facilitate their invasion and metastasis in vivo [3].  The 
conventional methods to detect cell motion, however, are 
often qualitative and require human judgment or involve the 
acquisition of video images and subsequent processing of 
large amounts of data. We have been involved in develop-
ing an electrical method that readily detects changes in cell-
substratum interactions in tissue culture and hence cell  
motility. The electric cell-substrate impedance sensor 
(ECIS) is a device that monitors the impedance of a small 
gold electrode used as a substratum for cells in culture. As 
cells attach and spread on the sensing electrode, they restrict 
the current flow and hence cause the increase of electrical 
impedance. Furthermore, cell motion may reveal itself as a 
fluctuation in the measured impedance, which is always 

resulted from living cells and continues even when the cells 
grow into a confluent layer. The impedance fluctuations are 
mainly due to a change in the size of the cell-substrate space 
as cells persistently rearrange their cell-substrate adhesion 
sites. The magnitude of this sort of vertical motion detected 
by ECIS is of the order of nanometers and referred to as 
micromotion. Fluctuations in impedance measured with the 
ECIS have been experimentally related to cell motility  
[4-8]. Here we applied ECIS to monitor the effect of TGF-
β1 on cell micromotion of breast adenocarcinoma cells, 
MDA-MB-231. We also tested the feasibility of utilizing 
the ECIS wound healing assay to obtain data that is corre-
lated with the conventional measurements and can be used 
in quantitating metastatic abilities of cancer cells [9]. Be-
cause the measurement is relatively simple, quantitative in 
nature, and highly sensitive, it should have great potential 
for a general research tool. 

II. MATERIALS AND METHODS 

A. Cell Culture 
Human breast cancer cells, MDA-MB 231, were ob-

tained from the Bioresource Collection and Research Center 
(BCRC; Taiwan). These cells were cultured at 37°C humi-
dified incubator with 5% CO2 in Dulbecco’s Modified 
Eagle’s Medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS), 100 U/ml penicillin, 100 μg/ml strep-
tomycin and 250 ng/ml amphotericin B. Cells were subcul-
ture when they were 80% confluent, and the medium was 
changed every 72 hours thereafter. 

B. Experimental Approach 
Electrode arrays, relay bank, lock-in amplifier and soft-

ware for the ECIS measurement and data analysis were 
obtained from Applied BioPhysics (Troy, NY). Each 8W1E 
electrode array consisted of eight wells which was 1 cm in 
height and 0.8 cm2 in bottom area; each well contained a 
250 μm diameter gold electrode (area ~ 5×10-4 cm2) and a 
much larger gold counter electrode. The large electrode and 
one of the small electrodes were connected via the relay 
bank to a phase-sensitive lock-in amplifier. A 1 volt AC 
signal at 4 kHz was applied to the sample through a 1 MΩ 
resistor to maintain a constant current of 1 microampere 
through the sample (Fig. 1). For impedance measurement of 
the MDA-MB-231 cell layers upon addition of TGF-β1, 
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cells were allowed to attach and spread at 105 cells/cm2 
density for at least 24 hrs before impedance was measured. 
After 24 hours in culture, the confluency and viability of the 
cell monolayer was confirmed by light microscopy and 
electrically by the resistance values. 

 

Fig. 1 A schematic of the ECIS setup. 

Before stimulation with TGF-β1, MDA-MB-231 cells 
were gently rinsed twice with serum-free DMEM and then 
serum-starved with DMEM supplemented with 1% FBS. 
After starvation for 6 hours, cells in the ECIS electrode-
containing wells were treated with 10 ng/ml of TGF-β1 and 
measured immediately. For detection of cell micromotion, 
impedance data of each well were taken every 2 sec and up 
to four individual wells were followed successively for 20 
hrs. The time series data were normalized and numerically 
analyzed by calculating variance (the square of the standard 
deviation), power slope, and Hurst coefficient as we pre-
viously described [8]. For measuring wound healing time 
course, the wounding parameters were set as 20 sec of 
wound time, 2000 microamperes of wound current, and 40 
kHz of AC frequency. The impedance data was recorded for 
30 minutes as baseline prior to wounding the cells on the 
small sensing electrodes, and continuously monitored for 24 
hours after 20-sec electrical wounding [9]. 

III. RESULTS AND DISCUSSION 

Because of the selection of 4 kHz AC signal for the mi-
cromotion measurement, the fluctuations in the resistance 
were much larger than those in the capacitive reactance. 
Thus, we focused on the resistance time course for data 
analysis. Fig. 2 shows typical 20-hr resistance time series 
data measured from MDA-MB-231 cell-covered electrodes 
in response to the exposure of TGF-β1 or DMEM only (n = 
16). Although fluctuations were observed on each curve, an 
initial rise in resistance (~30%) was observed almost imme-
diately following TGF-β1 addition. This was followed by a 
slow decline and stabilized at the similar level of the initial 
resistance value. As for the control group, a gradual de-
crease in resistance without any evident rise was generally 
observed (n = 16). 

 

Fig. 2 Resistance time series data of MDA-MB-231 cell-covered  
electrodes upon addition of TGF-β1 or DMEM only as controls. 

In order to quantitate the fluctuations in resistance series, 
the normalized variance method [4] was used to distinguish 
the difference between the TGF-β1 treated cells and con-
trols. Since we measured the impedance data of each well 
every 2 sec for 20 hrs, 4500 points had been obtained every 
2.5 hrs, and we analyzed the first 4096 points of them. We 
then split every 4096 point data set into 256 subsets of 16 
points each. The variance was calculated and averaged for 
all sets. The calculated value was then divided by the square 
of the average resistance of the 4096 point data set to get the 
normalized variance. Fig. 3 shows the profile of micromo-
tion changes over 20 hrs for TGF-β1 treated cells and  
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Abstract— In this paper, we have demonstrated the perfor-
mance improvement of the air-borne Capacitive Microma-
chined Ultrasonic Transducers (CMUT) in transmit mode 
using the Helmholtz resonance principles. The natural fre-
quency of the resonance cavity，and the Helmholtz resonance 
frequency of the aperture which is formed in the center of 
membrane, were matched for resonance during the design. In 
order to verify the theoretical concept, Finite Element Analysis 
(FEA) simulation was performed using COMSOL software. 
Through the simulation comparison with the traditional 
CMUT, the proposed CMUT demonstrates the feasibility to 
improve the output acoustic pressure and SPL of the air-borne 
CMUT in transmit mode by combining the mechanical reson-
ance theory with Helmholtz resonance principle. 

Keywords— Capacitive Micromachined Ultrasonic Trans-
ducers (CMUT), Helmholtz resonance, FEA simulation.  

I. INTRODUCTION 

Ultrasound plays an important role in many industry and 
medical fields, such as Non-Destructive Evaluation (NDE), 
SONAR identification, ultrasound imaging[1]. Piezoelectric 
ultrasound transducers are widely used for a long time, 
especially in medical imaging [2]. However, limited by the 
properties of Piezoelectric crystal, it is hard to achieve a 
better performance (sensitivity, resolution, etc). The tech-
nology of CMUT has recently emerged as an alternative 
substitute for traditional transducers.  

In comparison with the traditional PZT, CMUT is not on-
ly a simple replacement of the piezoelectric transducer in 
potential low cost if volume production, but also owns 
many advantages, especially in the integration with the 
electronics using the MEMS technology[3]. But the output 
pressure of the traditional CMUT is lower than the PZT [4]. 
For getting a high-quality image, a higher output acoustic 
pressure is usually desired. 

The aim of this paper is to increase the acoustic output 
pressure of the air-borne CMUT in transmit mode by using 
the Helmholtz resonance principles. An aperture was made 
in the center of the top plate. So the air in the cavity can be 
coupled with the outside ambient medium through the aper-
ture. When the CMUT works, it will combine the mechani-
cal vibrating mode with the Helmholtz resonance mode 
together at a condition with a constant ambient pressure. So 
the radiation acoustic waves from both plate and the air in 

the aperture can be superimposed[5]. This will enhance the 
acoustic output pressure. Finite Element Analysis (FEA) 
was used to verify this theoretical concept and to show the 
possibility of the higher acoustic output pressure. 

II. PRINCIPLE OF CMUT WITH HELMHOLTZ 
RESONANCE APERTURE 

A. Mechanical Vibrating Resonance Mode 
The membrane of basic CMUT, shown in Figure 1 a), is 

actuated by a driven voltage and generates the ultrasound 
waves in the air. It is worthy of note that mechanical vibra-
tion caused by the stimulation mostly occurs at the 1st reso-
nance frequency of the CMUT. The top plate of CMUT in 
this work was designed to be in the clamped boundary con-
dition at the edge[6]. The natural frequency of the plate is 
defined as the following equation[7]: 0.47              (1) 

where  is membrane thickness,  is membrane radius,  is the density of membrane,  and γ are the Young’s 
modulus and Poisson’s Ratio of membrane material,  
respectively. 

From the equation we know that the resonance frequency 
of CMUT depends on both the material properties and the 
geometry of membrane.  

 
Fig. 1 Schematic structure of a CMUT cell a) basic CMUT b) CMUT with 

an aperture 
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B. Helmholtz Resonance Mode 
Helmholtz resonance is a phenomenon that air in the 

neck (the aperture), as shown in Figure 1 b), oscillates as a 
mass- spring system at a resonance frequency. Because of 
the compressing or expanding air in the cavity, the air in the 
open aperture will oscillate at one certain frequency which 
is defined as the Helmholtz resonance frequency, . The 
formula of this frequency  is given as follows: 

                   (2) 

where c is velocity of sound; S is surface area of aperture; V 
is the volume of cavity;  is the length of aperture;  is the 
end-correction factor which depends on the dimension of 
the aperture [8]: 0.96√                      (3) 

The Helmholtz resonance frequency depends on the di-
mension of the system, so the size of aperture should be 
designed carefully. 

Assuming the working frequency of the system is the 
natural resonance frequency,  , the radiation acoustic 
wave generated by the membrane is in phase with that from 
the acoustic aperture when the Helmholtz resonance fre-
quency  is approximate equal to the  . In this situation, 
the two radiation ultrasound wave will be enhanced. So the 
value of  should be equal to the natural frequency  in 
order to couple the two resonance modes as the Figure 2 
shown: 

 

Fig. 2 Interception of Helmholtz frequency for the cavity as a function of 
radius of aperture and membrane 

The radius and thickness of membrane were set to be 
150um and 2um, respectively; the radius of acoustic aper-
ture was selected from Figure 2 when the cavity radius was 
150um. Above all, the physical dimensions of the CMUT 
cell with aperture are given as follows in Table 1:  

 
 
 

Table 1 Dimensions of CMUT cell 

Parameter Value  
Membrane radius (R)    [um] 150 

Electrode radius (L)    [um] 75 

Cavity radius H     [um] 150 

Aperture radius r     [um] 4 

Cavity height  (h)    [um] 2 

Thickness of membrane  (t)    
[um] 

2 

Natural frequency   [MHz] 0.34 

III. FEA SIMULATION METHODOLOGY  

FEA is a fast way to simulate the characteristics of the 
CMUT, Comsol Multiphysics (Comsol Inc., Burlington, 
MA, USA) is chosen in our simulation and analysis because 
it contains the coupling of multiple physics. With circular 
structured membrane, cavity and aperture in the center, and 
spherical air domain, a 2D-axisymmetrical model was built 
(shown in Figure 3). 

CMUT cell was assigned using Electromechanical (emi) 
physics and its edges were set with the Fixed Constraint 
nodes. For purpose of calculating the acoustic pressure in the 
surrounding medium, the air domain of a sphere shape was 
built around the cell using the Pressure Acoustic, Frequency 
Domain (acpr) physics. Spherical Wave Radiation [9] was 
chosen around outside of the surrounding medium to elimi-
nate the acoustic wave reflections. The air mass was modeled 
by using acpr physics in the aperture, the same with air, to 
simulate the radiation from the aperture. In the Mesh step, the 
minimum element size of the Mesh size should be smaller 
than 10% of the wavelength. The material of the CMUT was 
chosen the single-crystal silicon and the material parameters 
in COMSOL setting were listed in Table 2： 

Table 2 Material properties used in COMSOL 

Parameter Value  
Young’s modulus   [GPa] 150 

Poisson Ratio 0.17 

Density  [kg/ ] 2330 

Dielectric constant 11 

 
Due to the viscosity of the fluid (air), squeeze-film gas 

damping should be considered in many MEMS transducers, 
especially the devices with a narrow gap and an aperture. So 
after mesh, Thin-Film Damping was added on the bottom of 
the membrane.  
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To couple the two physics solvers, the normal accelera-
tion was applied on the upper edge of the membrane. Then 
the acceleration makes the membrane generate acoustic 
pressure. And a boundary load needs to be set on the mem-
brane due to the acoustic wave generating [10]. 

a)  

b)  

Fig. 3 a) 2D axisymmetric model of CMUT cell and medium. b) Details of 
the CMUT cell with an aperture 

IV. RESULT 

A. Plate Displacement 
In the simulation, the CMUT cell was biased at 54.3V 

DC voltage and driven by 1V amplitude harmonic perturba-
tion. Figure 4 shows the displacement comparison between 
traditional CMUT cell and the one with an aperture at the 
center of plate in simulation. The peak value of displace-
ment occurs at the working frequency, 0.32MHz, which has 
a frequency shift from the theory value (0.34MHz) due to 
the spring- softening effect[11]： 

             (4) 

where  is the spring constant,  is electric permittivity, 
 is area of membrane,  is gap height. 

Thus, a frequency drop has been seen as V  is in-
creased. From the result it is observed that the Helmholtz 
resonance frequency couples well with the natural fre-
quency of plate in one working frequency, the displacement 
combined the two frequencies is 9.2% higher than the  

traditional surface one. The difference between two struc-
tures is due to the effect of air-cushion in the CMUT cavity. 
With the aperture, the air-cushion effect will weaken, and 
the membrane can get a larger displacement. 

 

Fig. 4 The displacement of two kinds of CMUT cell as a function of 
frequency in response to a 54.3V (70% collapse voltage) and 1V amplitude 

harmonic perturbation voltage. 

B. Acoustic Output Pressure 
A circular CMUT cell can be treated roughly as a circular 

piston source in the infinite baffle in ultrasound radiation 
analysis. Due to the uniform acoustic pressure, radiation 
superposition should be observed in the far-field region 
which beyond the last local maximum energy at  , 

where =  for the engineering purposes[12],  is the 

radius of source,  is the wavelength at resonance frequen-
cy. In this region, the pressure amplitude drops monoto-
nously at a rate inversely proportional to the distance from 
the sound source. 

 

Fig. 5 Far-field acoustic pressure of basic CMUT and the CMUT with 
aperture as a function of frequency 

The acoustic output pressure comparison of the CMUT 
with aperture and the traditional CMUT is shown in Figure 5. 
With the calculation of the size of the aperture and the cell 
cavity, the radiation waves from both the aperture and  
the plate are superimposed and enhanced when the CMUT 
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combines with the Helmholtz resonator. The acoustic output 
pressure is calculated at the point  from center of mem-
brane under this condition. The increased acoustic pressure is 
about 2.45 kPa/V, 10.1% higher than that of the traditional one. 

C. Sound Pressure Level (SPL) 
Figure 6 shows the Sound Pressure Level (SPL) of the 

proposed CMUT cell with aperture and the traditional one. 
The SPL values of both cells were evaluated at  from 
center of each membrane in order to reduce the near-field 
effects. The CMUT cell with aperture has a peak SPL value 
of 117.4 dB, 0.8dB higher than the traditional one. 

 

Fig. 6 SPL of two kinds of CMUT cell as a function of frequency 

V. CONCLUSIONS 

An improved proposal of CMUT-cell based on Helmholtz 
resonance has been presented in this work. FEA simulation 
using COMSOL has been performed to check the perfor-
mance of CMUTs. Based on this design, the superposition of 
the radiation from the Helmholtz resonance aperture and the 
radiation from the membrane enhance the acoustic pressure in 
the far-field region. Through the comparison between the 
CMUT cell with an aperture and the traditional one, it can be 
found that the acoustic output pressure, displacement of mem-
brane and the sound pressure level of transducer are all im-
proved by using the technique of Helmholtz resonance by 
9.2%, 10.1%, and 0.8dB, respectively. The results indicate 
that it is feasible to improve the performance of the air-borne 
CMUT in transmit mode using this method. 
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Abstract— Normally, bedridden patients need nurses to help 

moving their body or changing lying positions. However, to 
patients, changing lying positions by others may cause two 
problems: One is the timing and frequency of movement may 
not be adequate and the other is the cozy position of the 
movement may not be perfect for patients.  Therefore, in this 
study, we tried to build up a handy system which can help 
bedridden patients to control hospital beds in several lying 
positions that match their preferences closely by only moving 
their eyes. In the results, we have already built up an eye-
controlled equipment which allowed user to control hospital 
beds by themselves. This equipment had advantages of light 
and handy. Besides, we also constructed a model of our home-
made hospital bed with six specific bed boards. This new type 
may help users to change their lying positions in left right tilt. 
Although there still have some tests to be conducted, the sys-
tem of using eye control on our new type of hospital bed is 
possible. In the future, we expect that this handy system can 
help bedridden patients to appropriately control hospital beds 
in several lying positions that match their preferences closely 
by only moving their eyes. 

Keywords— Eye control, Hospital bed, Left right tilt, Simu-
link, Visible light image of pupil. 

I. INTRODUCTION  

As the International NPUAP-EPUAP Pressure Ulcer De-
finition: A pressure ulcer is localized injury to the skin or 
underlying tissue usually over a bony prominence, as a 
result of pressure, or pressure in combination with shear [1]. 
Normally, bedridden patients need nurses to help moving 
their body or changing lying positions which could be a big 
work load and occupational injury on nurses [2]. To solve 
that problem, some advanced hospital beds have been de-
signed to help nurses taking care of patients, who have 
pressure ulcers, with automatic control to move their bodies 
[3-5]. However, to patients, changing lying positions by 
others may cause two problems. One is the timing and fre-
quency of movement may not be adequate and the other is 
the cozy position of the movement may not be perfect for 
patients. In that case, a better way to take care the bedridden 
patients which can help them to change their positions as 
what they want and whenever they want as possible should 
be important for clinical applications.  

Now day, most of the modern hospital beds are control 
by electric button switches or crank handles. However, 

some needed users of those hospital beds may be the pa-
tients who are paralytic (and hence cannot feel potentially 
harmful seating pressure-points) or are unable to move 
within the hospital by themselves. It means that those be-
dridden patients cannot move their hand to control switches 
or handles for adjustment of beds. Fortunately, although 
they are unable to move their body appropriately, many of 
them can still move their eye. Hence, eye control is an al-
ternative and complementary method to using own hands 
for those kind of patients. By using a head-mounted eye 
tracking equipment, patients only need to wear on a camera 
non-invasively to capture images of eyes and then sent the 
command to the computer to control the back-end device. 

Therefore, in this study, we tried to build up a handy sys-
tem which can help bedridden patients to control hospital 
beds in several lying positions that match their preferences 
closely by only moving their eyes. This system included 
two parts: One was a new type of hospital bed with six 
specific bed boards which had functions to change users’ 
lying positions in left right tilt. The other one was an eye-
controlled equipment which allowed user to control our 
hospital bed by themselves. 

Generally, there are three basic types of eye trackers. 
First is eye-attached tracking which uses a special contact 
lens attached to an eye and measures the movement. Second 
is optical tracking which uses a video camera to get the light 
reflected from an eye and analyzes the information. The last 
one is electric potential measurement which places elec-
trodes around an eye and measures the electric potentials 
[6]. In nowadays, optical methods (particularly those based 
on camera recording) are widely used for eye tracking stu-
dies of being non-invasive and inexpensive which is 
adopted in our study. Notably, in the visible light photogra-
phy, the color of the pupil and that of the iris are really 
similar so it is difficult to distinguish between pupil and iris. 
But in the infrared photography, the color of pupil is dark 
black and the color of iris is light gray, which can be distin-
guished very easily. Because of these characteristics, using 
infrared images to find the pupil center should be easier and 
also more accurate for determining eye movements [7].  

II. MATERIAL AND METHODS 

Figure 1 shows the control procedures for our homemade 
bed by using eye movements. To move or to stop depended 
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Abstract— Stochastic resonance (SR) has been regarded as 
improving functions of sensory and motor in human via noise 
input, and increasing feedback of somatosensory may improve 
ability of posture control in upright standing. To date, regard-
less of previous literature has reported its efficacy of improv-
ing postural control, whether optimal noise can be used  
remains largely unknown. Present studies examined whether 
there was effect on postural control in upright standing using 
two types of interference waves: white noise (WN) with sinuso-
id signal and Gaussian noise (GN) with sinusoid signal. The 
finding suggests a promising setup for its application to in-
crease postural control in upright standing. This study is 
aimed to examine the different effect on postural control in 
upright standing using two types of interference waves. 

Keywords— White noise, Gaussian noise, Vibration, Postur-
al control, Stochastic resonance.  

I. INTRODUCTION 

Improving posture control with vibration under the plan-
tar sole is a popular issue for the recent research. Previous 
literature has used various types of vibration, included dif-
ferent frequency, amplitude and wave shape, to enhance the 
capability of postural control [1-5]. The mechanism by 
which signal detection is improved by noise is called sto-
chastic resonance (SR). Stochastic resonance is described as 
sinusoid signal in combination with noise, and the wave 
shape was described by Hijmans [3]. Stochastic resonance 
is usually regarded as stimulation for sensory nerve, the 
mechanism of firing up nerve was described by Moss [5]. 

Input noise can enhance sensory and motor function, via 
a mechanism known as stochastic resonance [1-3].  In this 
present study, we employed 3V, 100-300Hz sinusoid signal 
in combination with 3V, 100Hz noise (white noise or Gaus-
sian noise) as a wave form of stochastic resonance to ex-
amine its effects on posture control. White noise (WN) and 
Gaussian noise (GN) are two common noises for stochastic 
resonance, which has been used in previous research. 

In this present study, we aimed to examine the effect of 
sinusoid signal in combination with white noise and sinuso-
id signal in combination with Gaussian noise in different 
frequencies to identify which type of stochastic resonance 
has the better effect for the capability of posture control in 
upright standing. 

II. MATERIALS AND METHODS 

A. Subjects 
We have recruited subjects without a history of neurolog-

ical disease, diabetes, flat foot, open wound on foot, 
infectious dermatosis or lower limb had been injuried within 
three months. Each subject performed his or her standing 
balance with eyes closed over one minute prior to the partic-
ipation in the experiment. A total of seven healthy collegiate 
students (7 males, aged 21.5±0.5 years, height 171.5±8.5 
cm, and weight 60.5±6.5 kg) was participated this study. 
These subjects were divided into two different type of sto-
chastic resonance groups: sinusoid signal in combination 
with white noise (white noise group, WN) and sinusoid 
signal in combination with Gaussian noise (Gaussian noise 
group, GN). Four subjects were randomly selected in the 
white noise group and three subjects in Gaussian noise 
group. 

B. Materials 
We have developed one customized miniature vibration 

actuator as shown in Figures 1 and 2. Three vibration actua-
tors were inserted into a plastic plate, to provide the stimu-
lation under the plantar sole. 

 

 

Fig. 1 Superior view of vibration 
actuator 

Fig. 2 Lateral view of vibration 
actuator 

Three specific areas of foot plantar sole were selected, 
including the head of 1st metatarsal bone, the head of 5th 
metatarsal bone and calcaneus of the dominant foot. 

A multiprocessor (DDS-3X25 USB, Hentek, China) was 
used to generate white noise or Gaussian noise with ampli-
tude of 3V and frequency at 100Hz. A signal generator 
(PASCO, USA) was used to generate sinusoid signal  
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amplitude of 3V and frequencies at 100, 200 and 300Hz. 
The multiprocessor and the signal generator were connected 
with an oscilloscope (HITACHI, Japan) to monitor the 
wave form of mixed signal (Stochastic Resonance, SR vi-
brotactile wave) before transferring to vibration actuators. 

An electromagnetic motion capture system with Mo-
tionMonitorTM Software (Innovative Sports Training, Inc., 
USA) and one forceplate (Bertec, USA) to used to record 
the kinematics and ground reactions during upright standing 
tasks. 

C. Methods 

Each subject was instructed to stand on one plastic plate 
with three vibration actuators with his dominant foot at a 
preferred standing posture with eyes-closed and eyes-open 
conditions. Two different wave forms (White noise and 
Gaussian noise) of vibrotactile stimulation in 0Hz, 100 Hz, 
200 Hz and 300Hz were employed in white noise (WN) 
group and Gaussian noise (GN) group, respectively. Eight 
conditions were recorded for each in a randomized order 
with an interval of one-minute rest. 

The raw data, the excursion of center of mass (COM), 
were calculated by MotionMonitor software. The variables 
of the excursion of COM were selected to examine the 
change in postural control of upright standing: root-mean-
square (RMS) of displacement of COM in anterior-posterior 
(RMSCMap) and medial-lateral (RMSCMml) directions. 
RMS values of COM displacement in anterior-posterior (ap) 
and medial-lateral (ml) directions at all conditions were 
calculated by a custom-made program (MATLAB R2007b, 
Mathwork, Inc. USA). RMS describes dimensions of COM 
displacement from the mean position during a time interval. 

III. RESULTS 

There were eight tables showed RMS of COM displace-
ment of anterior-posterior and medial-lateral directions in 
WN group and GN group with eyes-closed and eye-open 
conditions. A forceplate recorded the location of COM at 
every record point, data collection frequency of the forcep-
late was 100Hz, for one minute. RMS was the root of the 
mean of the sum of the square for COM displacement of all 
record points. COM was relation to the ability of posture 
control in upright standing, and the greater value of RMS of 
COM displacement indicated poorer ability of posture  
control in upright standing. 

The Tables 1-4 exhibited RMS of COM displacement in 
anterior-posterior direction. 

Table 1 RMSCMap at 0Hz, 100Hz, 200Hz and 300Hz (WN group, EC) 

Subject 0Hz 100Hz 200Hz 300Hz 

Subject 1 23.23 8.27 6.03 13.24 

Subject 2 77.92 84.08 79.47 81.59 

Subject 3 74.13 70.36 69.74 69.30 

Subject 4 91.68 93.86 92.39 88.64 

Mean 66.74 64.14 61.91 63.19 

Table 2 RMSCMapat 0Hz, 100Hz, 200Hz and 300Hz (WN group, EO) 

Subject 0Hz 100Hz 200Hz 300Hz 

Subject 1 36.80 22.02 12.79 15.26 

Subject 2 77.38 84.83 84.23 83.87 

Subject 3 73.33 69.98 73.07 70.65 

Subject 4 92.67 94.57 92.37 90.18 

Mean 70.04 67.85 65.61 64.99 

Table 3 RMSCMap at 0Hz, 100Hz, 200Hz and 300Hz (GN group, EC) 

Subject 0Hz 100Hz 200Hz 300Hz 

Subject 5 82.58 83.44 82.75 81.10 

Subject 6 70.66 68.89 69.96 71.65 

Subject 7 50.66 51.46 50.97 49.51 

Mean 67.97 67.93 67.89 67.42 

Table 4 RMSCMap at 0Hz, 100Hz, 200Hz and 300Hz (GN group, EO) 

Subject 0Hz 100Hz 200Hz 300Hz 

Subject 5 86.35 83.47 81.98 82.50 

Subject 6 70.18 73.63 70.73 72.22 

Subject 7 51.12 52.02 50.33 52.67 

Mean 69.22 69.71 67.68 69.13 

 

The Tables 5-8 demonstrated RMS of COM displace-
ment in medial-lateral direction as shown in the following, 

Table 5 RMSCMml at 0Hz, 100Hz, 200Hz and 300Hz (WN group, EC) 

Subject 0Hz 100Hz 200Hz 300Hz 

Subject 1 99.31 96.08 95.14 97.95 

Subject 2 174.55 176.04 172.44 167.61 

Subject 3 158.42 163.07 161.10 159.67 

Subject 4 134.63 134.50 131.87 128.07 

Mean 141.72 142.42 140.14 138.33 

Table 6 RMSCMml at 0Hz, 100Hz, 200Hz and 300Hz (WN group, EO) 

Subject 0Hz 100Hz 200Hz 300Hz 

Subject 1 101.48 94.08 96.17 97.98 

Subject 2 170.39 175.69 170.19 170.33 

Subject 3 158.67 161.75 161.88 165.82 

Subject 4 133.87 134.79 129.43 128.67 

Mean 141.10 141.58 139.42 140.70 
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Table 7 RMSCMml at 0Hz, 100Hz, 200Hz and 300Hz (GN group, EC) 

Subject 0Hz 100Hz 200Hz 300Hz 

Subject 5 189.45 187.06 182.66 185.10 

Subject 6 107.57 109.18 108.76 110.51 

Subject 7 79.54 75.31 75.40 76.40 

Mean 125.52 123.85 122.27 124.00 

Table 8 RMSCMml at 0Hz, 100Hz, 200Hz and 300Hz (GN group, EO) 

Subject 0Hz 100Hz 200Hz 300Hz 

Subject 5 190.70 186.17 188.26 186.06 

Subject 6 111.40 116.78 111.89 110.60 

Subject 7 79.99 78.24 78.10 78.58 

Mean 127.36 127.06 126.08 125.08 

IV. DISCUSSION 

Small changes in postural control between white noise 
group and Gaussian noise group with various frequencies 
were found in this preliminary investigation. We cannot 
conclude which noise may be optimal used for improving 
postural control in upright standing.  

Interestingly, the results have shown that the lower mean 
values in each variables appear in a wave form with sam-
pling frequency at 200Hz. This trend may imply an optimal 
frequency of signal wave form is 200Hz. 

In addition, white noise group demonstrate better postur-
al control in anterior-posterior direction of COM displace-
ment. This finding may provide a good reference to setup an 
optimal vibrotactile stimulation from a defined stochastic 
resonance signal. The limitation of this study is a small 
sample size and a large sample population is warranted in 
future research. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

V. CONCLUSIONS 

This preliminary result may not confirm the effect of 
noise-enhanced vibrotactlie stimulation for improving post-
ural control in upright standing due to small sample of sub-
jects. However, noise-enhanced stochastic resonance signal 
(200Hz, white noise) may be an optimal protocol for  
increasing postural control in upright standing. 
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Fig. 2 The compressed thickness of fix compression paddle for different 
compression forces 

Figure 3 shows the compressed thickness of flexible 
compression paddle for different compression forces. The 
displayed thicknesses ranged from 5.2 to 4.3 cm for the 
PMMA phantom and ranged from 5.4 to 3.4 cm for the 
Bolus phantom. 

 

 

Fig. 3 The compressed thickness of flexible compression paddle for differ-
ent compression forces  

Figure 4 shows the difference of compressed thickness 
between PMMA and Bolus phantom. For the same com-
pression force, the displayed thickness of the PMMA phan-
tom was greater than the displayed thickness of the Bolus 
phantom. The difference of displayed thickness was  
increased with increasing compression force and the maxi-
mum value was 0.4 cm. 

IV. DISCUSSION 

For the compression forces used in clinical mammo-
graphic procedure (about 100 N), the thickness of Bolus 
phantom is thinner than that of PMMA phantom for both fix 
and flexible compression paddles. Since it is difficult to 

analysis the variation of compression thicknesses of breast 
in patients, the results obtained in this study is important. 

 

 

Fig. 4 The difference of compressed thickness between Bolus and PMMA 
phantom (Bolus-PMMA) 

Many studies [2,3] have developed CBT correction tech-
niques in mammography. The most convenient approach is 
the use of a rigid phantom with fixed thickness. By using 
different forces to compress the phantom, the differences 
between displayed thicknesses and phantom thickness can 
be applied to correct the recorded CBT of each exposure 
according to the compression force applied in the imaging 
procedure. 

In our previous study [4], the CBT correction was meas-
ured using a 6-cm BR-12 phantom (rigid) and a fix com-
pression paddle. An additional 0.4, 0.5, 0.6, and 0.7 cm 
were added for the applied forces of 100–119, 120–139, 
140–159, and 160–179 N, respectively. These compressed 
breast thickness correction factors were used to adjust the 
compressed breast thickness from the patient records. Re-
sults from this study show that the correction factors ob-
tained in our previous study [4] and other similar studies 
[1,5] may be insufficient due to the fact that the difference 
of compressed thickness between PMMA and Bolus phan-
tom is significant.  

For the 4.5-cm standard breast phantom, an error of 0.1 
cm in the CBT correction resulted in a 7% difference in the 
percentage glandular content [6]. The CBT correction error 
obtained from this study was up to 0.4 cm for the compres-

sion force > 100 N. Therefore, the CBT correction uncer-
tainty may be important for extremely thin breasts. 

V. CONCLUSIONS  

Results from this study demonstrated that the Bolus 
phantom is suitable for the measurements of compressed 
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thickness of the fix and flexible compression paddles during 
mammographic compression procedure.  
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Abstract— In the hospital the inpatients’ meal is not only for 
patient’s hungry, is also for the treatment assistant. The meal 
is designed and ordered by the nutritionists, which are basing 
on the physician’s advice. But in a hospital a nutritionist usual-
ly cares dozens patients, results in the heavy loading. In the 
meal order process, this involves departmental data transfer-
ring and manpower, and then needs lots of time. As a result, 
the first meal of the inpatient or the first modified meal would 
miss. For the purpose of providing the inpatients a in time 
nutritional care, so we proposed the inpatient meal booking 
system. Our system developed the electronic forms of meal 
booking based on the interactive Web technology. The physi-
cian’s advises are ordered via the web page, which are then 
directly transferred to the nutritionist. As a result, the nutri-
tionist could get the inpatient’s data in time, and then assesses 
the nutritional requirements, issues the meal order.* 

Keywords— Electronic forms, Interactive web, Booking  
system. 

I. INTRODUCTION 

An important factor to keep the human healthy is proper 
nutrition. Particular, the prevalence of domestic chronic 
diseases rises in every year. In disease treatment or surgery, 
the nutritional therapy (including nutritional supplements 
and diet control) has been considered as a part of the treat-
ment of disease. Therefore in medical profession, the con-
cepts about “Nutrition Medical” have been increasing  
emphasis. [1, 2] Providing good patient meal service and 
thus enhance the quality of care, which has been become the 
concerning topics. [3] If the hospital meal service can match 
with the nutritional requirements of a variety of clinical 
disease, then the patients can correctly intake nutrient, and 
to improve the malnutrition problems, which will have a 
positive impact. Generally the hospital diet service is based 
on physician’s recipes, and then nutritionists design the 
meal detail then issue the meal order. The ward nurse also 
assesses the patient's conditions, and then suggests the pa-
tient’s diet. In the hospital every nurse has to care about 
eight patients, and nutrition should care about the dozens 
patients, it is too overloaded. The data transfer and the input 
process of the entire meal booking operation needs to con-
sume a long time, which cannot immediately provide diet 
for inpatient. As a result, the first meal of the inpatient or 
the first modified meal would miss. 

                                                           
* Corresponding author. 

Hospital provides inpatient the meal service that is a part 
of the treatment, which accords the patient's individual 
physical condition as a basis to set the intake of nutrients. 
Generally, the inpatient’s meal booking process is as fol-
lowing. The first step is the doctor’s determinant of pa-
tient’s hospitalization, and then the patient books the meals 
according with the doctor's orders. After confirmation of the 
nutritionist, this accomplishes the meal order. The whole 
process is shown in Fig. 1. 

 

Fig. 1 Current meal booking process 

This process was cumbersome. The inpatient’s first meal 
usually must be waited for a long time even the next day. It 
takes too much human resources and time. Additionally, the 
data key-in and transmission easily lead to errors happen. 

In order to shorten the time spend in booking and human 
resources, let the inpatient can eat meals in the right time. 
This study designed a meal booking system to provide easy 
meal booking and errors preventable. 

II. METHODS 

A. Workflow 
This study aimed to develop an electronic form system. 

Design a new operating procedure to meet the needs of 
nutritionist. After the patient’s hospitalization, doctors can 
use the system to book patient’s meals. And through the 
proposed system, the nutritionist could immediately achieve 
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the information of patient’s meals. Ward nurse would also 
immediately receive patient’s meal information. As then the 
inpatients would have their meal in time. The full process is 
a collaborative model, composed by physician, nurse and 
nutritionist, which is shown in Fig. 2. [4, 5] 

 

Fig. 2 Proposed meal booking process 

B. Form System Architecture 
We refer the hospital diet category to establish the elec-

tronic form. There are the following features: (1) input  
patient information from the HIS (Hospital Information 
System), LIS (Laboratory Information System), and other 
information systems. (2) Provides the prescription diet op-
tions. (3) Share information to the nutritionist, ward nurse, 
and kitchen worker system. (4) Output data to a database for 
long term storage. The system structure is shown in Fig. 3. 
[6, 7] 

 

Fig. 3 Proposed meal booking process 

C. Form Content 
The completed meal booking forms include the Diet Cat-

egory, Regular Diet, Treatment Diet, Tube Feeding, and 
Other note items, as shown in Fig. 4. When doctors in inter-
rogation, who could achieve the patient’s complete informa-
tion from HIS, or LIS, and then issue the meal booking  
 

 
 
 
 
 

basing on the patient's conditions. The form design is fully 
according with physician’s recipe. [8] 

 

Fig. 4 Working flowchart of the system 

D. Use of Tools - RIA (Rich Internet Application) 
This study used Visual Studio 2010 C# in an ASP.NET 

system to implement the interactive web pages of the elec-
tronic meal booking forms. ASP.NET is the NET Frame-
work part. In writing an ASP.NET application, the .NET 
Framework classes can be accessed. Any of the CLR 
(Common Language Runtime) compliant language is also 
can be deployed for writing applications, including Micro-
soft Visual Studio 2010 C#. 

The implemented database is developed via the Micro-
soft Access. It has the basic database functions range from 
input, query, modifies, reported. Its characteristics are easy 
to implement and use. We integrated the MS Access and 
ASP.NET to develop the proposed system. 

The booking forms have the following features: facili-
tates doctor’s meal booking, providing the patient’s meal 
archive, quick check to the nutritionist, and the ward nurses 
can fulfill the patient’s needs in time. 

III. RESULTS 

This system is divided into four pages. First page is the 
home page, shown in Fig. 5, which provide the system lo-
gin. Second page is the dietary page, shown in Fig. 6. This 
is the most important user interface, the user only need to 
use mouse click, and then complete the patient data entry, 
and stored in a database. Third page is a query interface, 
shown in Fig. 7, which is for checking the patients’ diet 
information, user can specify a range of data and query 
certain period of time for the all patients.  
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Fig. 5 System home page 

 

Fig. 6 Meal booking system interface 

 

Fig. 7 Query page 

IV. CONCLUSION 

Generally the hospital's meal ordering process needs a lot 
of processes. In the lengthy procedure, the patients usually 
have to omit the first meal when they are just hospitalization 
or meal modified. Additionally, during the convenient meal 
booking process, it is easy in data errors or booking the 
wrong meals our proposed system provides doctors directly 
entering the meal data in the interrogation. The patient meal 
information would directly enter the database, the booking 
meals abnormal rate would decreased significantly. And 
reduce personnel (nutritionist, nurse, secretary) operating 
hours, enhance the quality of patient care. 
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Abstract— This paper presents a wireless electrocardiogram 
(ECG) acquisition and monitoring system for healthcare 
application. This system consists of three parts, namely, an 
analog front end, a Reed–Solomon (RS) encoder, and a 
frequency-shift-keying (FSK) transmitter. The analog 
front-end circuit acquires and digitizes the ECG signal. The RS 
encoder encrypts the digitized data before being sent to the 
FSK transmitter. The encrypted data are then up-converted to 
radio frequency for wireless communication. The integrated 
system is implemented in TSMC 0.18 µm standard CMOS 
process and demonstrated on a printed circuit board to verify 
its capability to acquire the ECG signal from the human body. 

Keywords— electrocardiogram, frequency shift keying, 
Reed–Solomon, radio frequency transmitter, acquisition 
system.  

I. INTRODUCTION 

The tenseness of daily life has increased in recent years as 
a result of rapid economic growth and industrial 
development. Negative emotions, such as anxiety, 
nervousness, and melancholy, are aggravated by increased 
tenseness [1]. Such emotions and fast-paced lifestyle could 
cause mental stress, which could lead to ischemic heart 
disease, the top cause of death worldwide [2]. 

With the development of very large-scale integration 
(VLSI) and modern wireless communication technologies, 
an integrated multi-functionality system with mixed-mode, 
digital, and radio-frequency circuits can be easily achieved. 
Moreover, a system-on-a-chip (SoC) that integrates an entire 
system into a single piece of silicon, thereby facilitating 
device minimization, has become popular in recent years. 
Features of the proposed SoC include low power 
consumption, low cost, and small size, which are 
advantageous characteristics for wearable or implantable 
applications.  

Body sensor networks (BSNs) are an important healthcare 
technology. To achieve safety, a high-privacy and 
convenient BSN with a well-integrated SoC device has been 
recently developed [3]. With the SoC device, bio information 
can be easily collected, processed, and monitored. Moreover, 
modern wireless communication technology can be adopted 
in the device to achieve real-time application anytime and 
anywhere. 

A wireless bio-signal acquisition SoC for BSN is 
proposed in this paper. The rest of this paper is organized as 
follows. Section II describes the architecture of the proposed 
system. The circuit diagrams and design consideration of the 
proposed system are presented in Section III. Section IV 
provides the measurement results. Finally, Section V 
presents the conclusion. 

  

Fig. 1 Intelligent healthcare and monitoring system [6] 
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Fig. 2 Circuit diagrams of the proposed wireless bio-signal acquisition SoC 
device 
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II. SYSTEM ARCHITECTURE OF HEALTHCARE 
MONITORING 

Recent economic troubles may have emotional impacts on 
everyone, causing heightened levels of stress. Stress can 
cause a long-term burden on the human body, particularly on 
the heart. Patients with risks of heart disease should not be 
allowed to self-diagnose or self-medicate. Therefore, a 
warning and monitoring device with a home telecare system 
(HTS) function can be adopted. This device can transmit 
bio-signals from the patient to the medical center or hospital 
through the Internet or wireless communication systems [4] 
[5]. However, the HTS was not designed for patient use 
anytime and anywhere. To solve this problem, an Interactive 
Intelligent Healthcare and Monitoring System (IIHMS) 
should be built [5]. Fig. 1 shows an IIHMS with 
heterogeneous networks. The system consists of two major 
parts: a BSN and a local sensor network (LSN) [6]. The BSN 
is the network between the wearable device, which acquires 
the bio-signal, and the portable device, which performs data 
analysis, processing, and display. The LSN is the network 
between the portable device and the medical center for 
healthcare and treatment issues. 

III. CIRCUIT DIAGRAMS AND DESIGN 
CONSIDERATION 

Fig. 2 shows the circuit diagrams of the proposed SoC 
with a frequency-shift-keying (FSK) transmitter. This system 
has three major parts: an ECG acquisition front-end, which 
includes a programmable pre-amplifier, a low-pass filter 
(LPF), a compensation amplifier, and an analog-to-digital 
converter (ADC). To reduce the bit error rate caused by the 
interference of radio frequency (RF) communication, a 
Reed–Solomon encoder is implemented behind the ECG 
acquisition front-end. The output data is carried with 2.4 
GHz by the RF circuits and transmitted by wireless 
communication. The detailed circuits are described in the 
following subsection. 

A. ECG Acquisition Front-End 

The programmable pre-amplifier is implemented by a 
differential difference amplifier (DDA) and a programmable 
gain stage (PGA) [7]. The DDA can simultaneously realize 
both negative feedback and differential input to implement 
the function of instrumentation amplifiers, which are widely 
used in biomedical systems. The output gain of PGA is 
designed by using a capacitor array. The total gain can be 
programmed between 30 and 40 dB. 

To obtain the magnitude of R wave and T wave for the 
detection of cardiac disease, the LPF is adopted to filter the 
out-of-band noise. The filter with a double-terminated 
RLC-ladder prototype can be replaced by operational 
transconductance amplifiers and capacitor [8] in the 
integrated circuits. 

The post-amplifier is designed to compensate the gain 
attenuation of LPF and to fit with the amplitude requirement 
of ADC. In addition, the post-amplifier can act as buffer 
between LPF and ADC. A low-power 8-bit successive 
approximation with sampling frequency of 1 kHz is adopted 
to digitize the ECG signal, because the bandwidth of the 
bio-signal is below 250 Hz. 

B. Baseband Circuit 

To attain privacy and error correction, a RS encoder is 
designed as baseband circuit in this system. A RS code can 
be described as (n, k), where n is the block length in symbols 
and k is the number of information symbols in the message. 
According to RS code (n, k), the required generator 
polynomial g(x) and the message m(x) can be illustrated as 
Equations (1) and (2), respectively.    1         2  

Equations (1) and (2) can be used to calculate the RS 
code word C(x) in Equation (3) and the remainder in 
Equation (4), respectively. 

· · mod     3  

·                     4  

For wireless communication protocol, an 8-bit header is 
added to the 8-bit binary output of ADC to serve as input to 
the RS encoder. The 16-bit data is further encoded by the RS 
encoder as a 31-bit code word for error correction.  

C. RF Transmitter 

The FSK RF transmitter is adopted to convert the 
baseband data to RF signal for wireless communication. A 
complementary cross-coupled differential structure is 
adopted to implement the required voltage control oscillator 
(VCO) for FSK modulation [7]. Compared with in-phase and 
quadrature-phase (I/Q) modulation, the FSK is simpler and 
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has lower power consumption, which are suitable 
characteristics for wearable applications. 

IV. MEASUREMENT RESULTS 

The proposed FSK SoC with an ECG acquisition 
front-end, a RS encoder, and an FSK transmitter is fabricated 
in TSMC 0.18-μm standard CMOS process with chip area of 
3 mm2. Figs. 3(a) and 3(b) show the chip photo and the test 
board, respectively. 

  
(a)                           (b) 

Fig. 3 (a) The chip photo of proposed FSK SoC and (b) test board of the 
system 

 
(a)                      (b) 

Fig. 4 (a) Measurement result of RS encoder (b) Output spectrum of FSK 
transmitter 

Fig. 4(a) shows the measurement result of the RS encoder. 
The message m(x) is [1001101001111000], and the 
measured code word C(x) based on Equations (3) and (4) is 
[1001101001111000010111111100111]. The code word is 
consistent with the format of the RS encoder. Fig. 4(b) shows 
the measured output spectrum of the FSK transmitter. The 
mark frequency represented 1 is 2.725 GHz, whereas the 
space frequency represented 0 is 2.251 GHz. 

V. CONCLUSION 

An IIHMS system consisting of a BSN and a LSN is 
proposed for healthcare application. The proposed system, 
which includes an ECG acquisition front end, a RS encoder,  
 

and an FSK transmitter, is implemented on a single chip to 
verify the circuits. Measured results of the proposed SoC 
revealed the function work, and the system platform will be 
developed in future works. 
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Abstract— An indentation technique is one of effective me-
thods to determine the elastic modulus of materials using in-
formation about contact geometry, indenter shape and applied 
load. This paper presents a device and a method that allow us 
to estimate elastic modulus of soft materials through indenta-
tion by video tactile pneumatic sensor. The device is a sealed 
metal cylinder ending with a soft silicone shell of a semispheri-
cal shape with 5 mm radius. During penetration by the silicone 
tip into investigated material the measured parameters are 
contact radius and displacement of the central point of the 
shell. 

The contact interaction between hollow elastic semisphere 
and a sample is modeled using finite element method. The 
axisymmetric contact problem was solved in geometrically 
nonlinear formulation, as the large strains were observed in 
the tests. The linear elastic model was used to describe me-
chanical properties of the sensor head and the sample. The 
Young’s modulus of the soft tissue was estimated based on the 
experimental results and numerical calculations. 

Keywords— minimally invasive surgery, soft tissue, Young’s 
modulus, indentation, tactile sensor. 

I. INTRODUCTION  

The mechanical properties identification of soft biologi-
cal tissues is one of the important objectives of the contact 
mechanics in the area of bioresearch. An indentation tech-
nique is widely used method for definition of elastic charac-
teristics which is based on information about contact  
geometry, indenter shape and applied load. From the other 
hand, palpation of human organs through skin was a proto-
type for development of an innovation device that will be 
discussed further. During palpation the characteristics that 
can be analyzed by tactile and muscular sense of surgeon 
are stress and deformation under his fingertips. But some-
times it is not possible to palpate tissues directly by hands. 
In such situation like laparoscopic surgery operation there 
are different devices that are made for estimating the elastic 
properties of internal tissues. One of them is a tactile sensor 
for detection lumps in liver tissue using pressure distribu-
tion map in the area of contact [1]. The other is aspiration 

device that can determine Young’s modulus of tissue at the 
contact point [2]. Making “elasticity map” of internal organ 
at different stages of the disease progression allows doing 
earlier and more precise diagnostics (e.g. liver fibrosis). 
Moreover, knowing Young’s modulus in a certain area of 
points permits us to improve detection of tumors and to 
define its size and location. This paper describes another 
method of estimating the elastic properties of internal or-
gans, which is based on indentation technique. 

The procedure of elastic modulus evaluation relies firstly 
at the experimental measurements of contact characteristics 
and secondly at a theoretical model calculating stress-strain 
state of interacting bodies. A miniature pneumatic video 
tactile sensor with semi sphere pneumatic shell (as a sensor 
head) was designed for contact tests with soft biological 
tissue. 

This paper presents experimental results for series of in-
dentation tests for different contact pairs: silicone sensor 
head, interacting with rigid body, silicone sample or soft 
tissue, which is simulated by gelatin. A comparison of expe-
rimental and calculation results are shown as well. 

II. THE EXPERIMENTAL TECHNIQUE 

To determine the characteristics of the contact interac-
tion, a miniature video tactile pneumatic sensor was de-
signed. Photo of the device is shown in Fig. 1. 

Video tactile pneumatic sensor mounted in the tribometer 
UMT-3M consists of a sealed metal cylinder (3) fixed by 
one of its endings to the load cell (1). Another side of cy-
linder ends with a soft silicone shell (5), which has semis-
pherical shape of 5 mm radius. Video camera, an optical 
proximity sensor and a LED are located under this shell. 
The proximity sensor allows to measure displacement of the 
central point of the shell and the LED permits regulating the 
illumination in the chamber to provide better visualization 
of contact area by the video camera. It is necessary to use a 
"reflector" for correct work of the proximity sensor, so there 
is a miniature mirror of 1.5 mm diameter in the center of the 
silicone shell (5). 
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Fig. 1. Photo of video tactile pneumatic sensor mounted in the tribometer 
UMT-3M: (1) – load cell, (2) – wires of built-in camcorder, LED and 
optical proximity sensor, (3) – cylindrical tube of the sensor, (4) – the 

sample, (5) – silicone shell of the sensor head, (6) – compressed air supply 

It was observed in experiments and confirmed in calcula-
tions that central part of the silicone head bends inwardly 
during indentation. So the contact area becomes a ring  
instead of a circle. To avoid this bending and to ensure a  
convex contact area an additional air pressure inside the 
cylinder can be applied in the range from 6 to 15 kPa. The 
pressure in the system is measured by a sensitive air-gauge 
and can be adjusted by a pressure regulator. Furthermore, it 
allows to vary stiffness of the sensor and to investigate 
various materials with significantly different elastic mod-
ulus. 

During penetration of the transparent shell into the inves-
tigated material video camera captures the images of the 
contact area, and after that the contact radius can be meas-
ured. The boundary of the contact area is well determined 
on the image by the reflected light on the bended shell sur-
face. The dependences of the contact area radius vs. the 
displacement of the central point of the shell were obtained 
by applying the developed experimental method to different 
contact pairs, contact surface conditions and values of the 
internal pressure. 

Diagram of the contact interaction is shown in Fig. 2. To 
calibrate the optical proximity sensor indentation tests of 
rigid sample were produced thus data received from the 
optical proximity sensor – uS – had to be equal to the dis-
placement h of the moving cylinder in stationary reference 
system. Calibration procedures for different values of air 
pressure inside the sensor head were carried out. 

 

Fig. 2.Contact interaction of silicone shell of the sensor with surface of the 
sample, where R is a radius of the semispherical shell; h – vertical dis-

placement of the cylinder; uS – normal displacement of the central point of 
the shell, uO – displacement of the sample surface, a – radius of the contact 

area. Dotted lines indicate the undeformed state at the initial moment of 
contact. 

The sensitivity of the developed method is illustrated in 
Fig.3 which shows dependences of the applied normal load 
P vs. displacement of the central point of the silicone shell 
uS. The graph indicates that changing of the air pressure 
inside the sensor (that is changing its stiffness) adjusts the 
sensitivity of the device. 

For measurement the contact area radius a camcorder, 
built-in the sensor, is used. The camera captures image of 
the visible area during the process of loading the sample 
surface by the transparent shell. The area of contact between 
the shell and the sample is fixed by the well distinguishable 
glare on the bending of the silicone shell surface.  

To calibrate a built-in camcorder an external reference 
camera was used, working synchronously with the first one. 
For better identification of the contact area the fluid was 
added into the contact. The boundary of the liquid meniscus 
is visible through both of cameras. 

 

 

Fig. 3. Dependence of applied normal load vs. displacement for testing 
samples with different stiffness (1, 3 – for rigid sample, 2, 4 – for soft 

silicone) and different values of the pressure under the shell (black markers 
for 15 kPa, grey ones for 6 kPa). 

Shell #1: 
radius ≈ 4,6 mm 
thickness = 291μm 
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A mechanical model of contact interaction between the 
sensor head and the sample is proposed [3]. The sensor head 
is modeled by a linear elastic hollow semisphere with speci-
fied mechanical characteristics. The counterbody is modeled 
by cylinder with linear elastic mechanical properties. To 
solve the contact problem the finite element method was 
applied. Geometrical and mechanical characteristics of 
proposed tactile sensor were taken into account during cal-
culations. 

An axisymmetric contact problem for linear elastic bo-
dies was considered. The problem was solved with geometr-
ically nonlinear formulation, as the large strains were ex-
pected. Specified mesh consisted of higher order 2-D 
elements 8-node or 6-node. Representative mesh size for the 
sensor head was about 0,06 mm. The amount of elements 
did not exceed fifteen thousand for all the models. Contact 
interaction was modeled using asymmetric augmented La-
grange method with sample as a target surface and sensor 
head as a contact surface. 

The boundary conditions reproduced the experimental 
conditions as close as it’s possible. The base of the investi-
gated sample was fixed in normal direction, symmetric 
boundary conditions were set on the axis of symmetry. Load 
conditions are defined as normal displacements on edge of 
semisphere. Contact friction coefficient and sample's ma-
terial properties were varied from one contact pair to anoth-
er (silicone shell either with rigid body, or with silicone, or 
with gelatin). 

A method of Young’s modulus determination of soft bio-
logical tissues is based on test results and on the solution of 
the reverse contact mechanical problem for indentation of 
the sample by the silicone shell. 

 

 

Fig. 4. Dependence of the contact area radius a vs. uS. Comparison of the 
theoretical calculation and experimental data obtained during indentation 

of rigid sample with pressure inside the sensor of 6 kPa. 

By applying the developed experimental method of the 
contact characteristics determination the dependences of a 
vs. uS were obtained during tests of samples with different 
stiffness values. Comparison of the theoretical calculation 
and experimental data for tests with rigid body is shown on 
Fig. 4. As it can be seen from the graph, the developed 
model is in good agreement with experiments. 

Fig. 5 shows the comparison of test results for rigid 
body, silicone and gelatin samples. 

 

 

Fig. 5. Dependence of the applied normal force P vs. displacement uS for 
tests of gelatin sample (1), silicone sample (2) and rigid body (3). Pressure 

inside the sensor is 6 kPa. 

III. CONCLUSIONS 

As a result a new method and a device are proposed to 
define the contact characteristics during indentation of soft 
biological materials by video tactile pneumatic sensor, 
which can be applicable in laparoscopy. Measured parame-
ters are contact area and deformation of the silicone sensor 
head. Presented results, obtained during series of tests with 
rigid body and silicone samples, were used for calibration 
the sensor. An elastic modulus of testing material can be 
obtained from the experimental data by using the mathemat-
ical modeling. A comparison of experiments and theory 
model is made and it shows a good agreement of test results 
for rigid sample. Studying the elastic properties of soft tis-
sues (for example, porcine liver) and making the “Young’s 
modulus map” is the subject of the further research. 
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Abstract— A risk management report is an important part 
of the technical documentation of any medical device since it 
contains the risks and hazards linked to use and how the man-
ufacturer handled them for the purposes of performance and 
safety. For devices sold in Europe, EN ISO 14971 provides 
methods and tools for manufacturers to analyze and manage 
the risks associated with their devices. This study analyzes a 
new dynamic spinal stabilization system based on ISO 14971 to 
optimize the performances and safety of the new design.* 

Keywords— Dynamic Spinal Stabilization System, Risk 
Analysis, Risk Management, ISO14971.  

I. INTRODUCTION 

The inherently risky nature of medical devices, especially 
those that come into contact with critical systems, means 
that manufacturers must thoroughly analyze their device 
risks against many factors. Risk management will help 
manufacturers identify hazards, prevent misuse, and  
estimate the risks for each hazard to better control and  
minimize these hazards [1].  

A spinal stabilization system is usually used in the clini-
cal treatment of degenerative spinal diseases and deformi-
ties, such as disc herniation, spinal fractures, and spondylo-
listhesis [2]. A growing number of clinical studies have 
indicated that the traditional spinal fusion surgery spinal 
fixation system unduly restricts vertebrae activity, resulting 
in concentration of stress on adjacent vertebrae, thus accele-
rating the degradation of adjacent vertebrae [3-4]. To reme-
dy this situation, a dynamic stabilization system [5-7] with a 
non-fusion vertebral fixation device was developed. This 
provides better stability, and allows the affected vertebrae to 
have slight mobility to avoid stress concentration and con-
sequent adjacent vertebrae degradation. This study aims to 
show the result of risk management in our new developed 
dynamic spinal stabilization system.  

II. MATERIALS AND METHODS  

On the following section including text and diagram is 
directly referenced from ISO 14971 [8]. The manufacturer 
shall establish, document and maintain throughout the life-
cycle an ongoing process for identifying hazards associated 

                                                           
* Corresponding author. 

with a medical device, estimating and evaluating the asso-
ciated risks, controlling these risks, and monitoring the 
effectiveness of the controls. This process shall include the 
four main elements: risk analysis; risk evaluation; risk con-
trol; production and post-production information. A sche-
matic representation of the risk management process is 
shown in Figure 1. Depending on the specific life-cycle 
phase, indi-vidual elements of risk management can have 
varying em-phasis. Also, risk management activities can be 
performed iteratively or in multiple steps as appropriate to 
the medical device.  

Risk analysis

Intended use and identification of 

characteristics related to the safety of the 

medical device

Identification of hazards

Estimation of the risk(s) for each hazardous 

situation

Risk evaluation

Risk control

Risk control option analysis

Implementation of risk control measure(s)

Risk/benefit analysis

Risks arising form risk control measures

Completeness of risk control

Evaluation of overall residual risk 

acceptability

Risk management report

Production and post-production 

information

R
isk

 M
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t

R
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Fig. 1 A schematic representation of the risk management process  

A. Risk Analysis  
Risk analysis shall be performed for the particular medi-

cal device as described in step (a) to step (c). The imple-
mentation of the planned risk analysis activities and the 
results of the risk analysis shall be recorded in the risk  
management file.  
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a) Intended Use and Identification of Characteristics  
Related to the Safety of the Medical  

Identify and document those qualitative and quantitative 
characteristics that could affect the safety of the medical 
device and, where appropriate, their defined limits.  

b) Identification of Hazards  

Compile documentation on known and foreseeable ha-
zards associated with the medical device in both normal and 
fault conditions.  

c) Estimation of the Risk(s) for Each Hazardous Situation  

Reasonably foreseeable sequences or combinations of 
events that can result in a hazardous situation shall be con-
sidered and the resulting hazardous situations shall be  
recorded.  

B. Risk Evaluation  
For each identified hazardous situation, the manufacturer 

shall decide, using the criteria defined in the risk manage-
ment plan, if risk reduction is required. If risk reduction is 
not required, the requirements given in step (a) to step (e) 
do not apply for this hazardous situation (i.e., proceed to 
step (f)).  

a) Risk Control Option Analysis  

The manufacturer shall use one or more of the following 
risk control options in the priority order listed: (1) inherent 
safety by design; (2) protective measures in the medical 
device itself or in the manufacturing process; (3) informa-
tion for safety.  

b) Implementation of Risk Control Measures  

The manufacturer shall implement the risk control meas-
ures selected in step (a). Implementation of each risk control 
measure shall be verified. The effectiveness of the risk con-
trol measures shall be verified.  

c) Residual Risk Evaluation  

After the risk control measures are applied, any residual 
risk shall be evaluated using the criteria defined in the risk 
management plan. If the residual risk is not judged accepta-
ble using these criteria, further risk control measures shall 
be applied (see step (a)).  

For residual risks that are judged acceptable, the manu-
facturer shall decide which residual risks to disclose and 
what information is necessary to include in the accompany-
ing documents in order to disclose those residual risks.  

d) Risk/Benefit Analysis  

If the residual risk is not judged acceptable using the cri-
teria established in the risk management plan and further 
risk control is not practicable, the manufacturer may gather 
 

and review data and literature to determine if the medical 
benefits of the intended use outweigh the residual risk. If 
this evidence does not support the conclusion that the medi-
cal benefits outweigh the residual risk, then the risk remains 
unacceptable. If the medical benefits outweigh the residual 
risk, then proceed to step (e).  

For risks that are demonstrated to be outweighed by the 
benefits, the manufacturer shall decide which information 
for safety is necessary to disclose the residual risk.  

e) Risks Arising from Risk Control Measures  

The effects of the risk control measures shall be reviewed 
with regard to: (1) the introduction of new hazards or ha-
zardous situations; (2) whether the estimated risks for pre-
viously identified hazardous situations are affected by the 
introduction of the risk control measures.  

f) Completeness of Risk Control  

Ensure that the risks from all identified hazardous situa-
tions have been considered. Compliance is checked by  
inspection of the risk management file.  

C. Production and Post-production Information  
Establish, document and maintain a system to collect and 

review information about the medical device or similar 
devices in the production and the post-production phases.  

This study follows ISO 17971:2007 for risk assessment 
of the new dynamic spinal stabilization system. The process 
begins from identifying safety features, deciding impacts on 
safety and scoring the probability (Table 1) and qualitative 
severity levels (Table 2).  

III. RESULTS AND DISCUSSION  

A. Results 

Table 1 Example of semi-quantitative probability levels 

Common terms  Example of probability range  Scope  

Frequent  >10
-3 

 5  

Probable  10
-3

~10
-4 

 4  

Occasional  10
-4

~10
-5 

 3  

Remote  10
-5

~10
-6 

 2  

Improbable  <10
-3 

 1  

Table 2 Example of five qualitative severity levels 

Common 
terms  

Possible description  Scope 

Catastrophic  Results in patient death  5  

Critical  Results in permanent impairment or life-threatening injury  4  

Serious  Results in injury or impairment requiring professional medical 
intervention  

3  

Minor  Results in temporary injury or impairment not requiring profes-
sional medical intervention  

2  

Negligible  Inconvenience or temporary discomfort  1  
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a) Questionnaire Used to Identify the New Design  
Characteristics that could Impact on Safety:  

Following ISO 14971:2007, the detailed safety assess-
ment of the new design is listed in Table 3.  

 
Table 3 The assessment of the new design characteristics 

Num.  Question  Answer  

1  What is the intended use and how 
is the medical device to be used?  

(1) Recovery spinal stability, support, 
rotation and bending.  

2  Is the medical device intended to 
be implant-ed?  

Yes, implanted onto patients spine.  

3  Is the medical device intended to 
be in contact with the patient or 
other persons?  

(1) Implantation: Permanent contact with the 
spine implants (more than 30 days)  
(2) Tool: Invasive surgical equipment, short 
exposure (less than 24 hours)  

4  What materials or components are 
utilized in the medical device or 
are used with, or are in contact 
with, the medical device?  

Ultra-high-molecular-weight polyeth-ylene 
(UHMWPE) and Ti alloy  

5  Is energy delivered to or extracted 
from the patient?  

Not applicable  

6  Are substances delivered to or 
extracted from the patient?  

Not applicable  

7  Are biological materials processed 
by the medical device for subse-
quent re-use, transfu-sion or 
transplantation?  

Not applicable  

8  Is the medical device supplied 
sterile or intended to be sterilized 
by the user, or are other microbio-
logical controls applicable?  

(1) Sterile implants following EN556-1 and 
EN552 standards  
(2) Non-sterile tools: manual should show 
the steps of removing contami-nants, 
cleaning and steam sterilization.  
(3) Implants: labeled instructions "Single 
use."  
(4) Tools: After cleaning and disinfec-tion, 
sterilization before use, manual should 
provide steam sterilization methods.  

9  Is the medical device intended to 
be routinely cleaned and disin-
fected by the user?  

Tools should be cleaned and disinfected 
before and after use every time, manual 
contains the explanatory of cleaned and 
disinfected; cleaning and disinfection 
methods have been confirmed.  

10  Is the medical device intended to 
modify the patient environment?  

Not applicable  

11  Are measurements taken?  Not applicable  

12  Is the medical device interpreta-
tive?  

Not applicable  

13  Is the medical device intended for 
use in conjunction with other 
medical devices, medicines or 
other medical technologies?  

Only interaction between tools and implants, 
tools and implants supply together  

14  Are there unwanted outputs of 
energy or substances?  

Not applicable  

15  Is the medical device susceptible to 
environ-mental influences?  

Use the implant in an aseptic environ-ment. 
The implant is not affected by the environ-
mental like temperature, light and vibration. 

16  Does the medical device influence 
the environment?  

Not applicable  

17  Are there essential consumables or 
accessories associated with the 
medical device?  

Only implants and tools  

18  Is maintenance or calibration 
necessary?  

Tools should be checked before use, and 
properly disassembled, cleaned and assem-
bled  

19  Does the medical device contain 
software?  

No  

20  Does the medical device have a 
restricted shelf-life?  

Sterile Implants: Four years shelf life after 
the sterilization; the expiration date is 
marked on the packaging  

21  Are there any delayed or long-term 
use effects?  

The implant is planned for long-term use and 
not removed  

 
 

22 To what mechanical forces will the 
medical device be subjected?  

Consider the positive pressure force, 
positive tension force, torsion force in 
accordance with ASTM 1717,  

23 What determines the lifetime of the 
medical device?  

(1)Implant: long-term use and not 
removed  
(2) Tool: Multi frequency of use will 
gradually wear and loss of function; Multi 
frequency of sterilization will gradually 
corrode  

24 Is the medical device intended for single 
use?  

(1) Implant: Yes  
(2) Tool: It can be reused after removing 
the pollution and sterilizing. It takes 
steam way for sterilization.  

25 Is safe decommissioning or disposal of 
the medical device necessary?  

No  

26 Does installation or use of the medical 
device require special training or special 
skills?  

Use by a professional surgeons, including 
carefully selects the suitable sizes  

27 How will information for safe use be 
provid-ed?  

From the manual  

28 Will new manufacturing processes need 
to be established or introduced?  

Not applicable  

29 Is successful application of the medical 
device critically dependent on human 
factors such as the user interface?  

Not applicable  

30 Does the medical device use an alarm 
system?  

Not applicable  

31 In what way(s) might the medical device 
be deliberately misused?  

Not applicable  

32 Does the medical device hold data critical 
to patient care?  

Not applicable  

33 Is the medical device intended to be 
mobile or portable?  

Not mobile or portable  

34 Does the use of the medical device 
depend on essential performance?  

Not applicable  

 

b) New Design Assessment Procedure  

The assessment procedure entails: Defining the function-
al requirements of the implant spine; simulating the failure 
mode in accordance with the functions; assessing its proba-
bility of occurrence and severity; and performing risk  
control. The risk level is a function of the probability and 
severity. User should maintain all risk levels to fall under 
level C (Scope: 15~11).  

c) Identify Failure Modes and Risk Control Functions of the 
New Design  

The new design uses a metal balls arc linkage to provide 
universal rotation function. The patient’s spine can do rota-
tion, flexion, and lateral movements after surgery. Addi-
tionally, it can be fitted in patients with different lordosis 
angle to provide multi-selection of spinal implants. The new 
design uses outer cladding metal sleeve and uses ultra-high-
molecular-weight polyethylene (UHMWPE) for elasticity. 
This can accelerate bone cell growth, increase the fixative 
effects and prevent the phenomenon of accelerated degrada-
tion. The outer cladding metal sleeve prevents exposure of 
internal parts, reducing risk to the patient. Tables 4 and 5 
are the evaluation results of the functions in accordance 
with the requirements specification for risk analysis of the 
new dynamic spinal stabilization system.  
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Table 4 Function failure of the spinal system  

Failure 
mode  

Fixed 
Function  

Buffering 
function  

Spin function  Buckling 
function  

Cover function 

Severity  5  3  3  2  5  

Probability  3  2  2  2  4  

Risk Level  15  6  6  4  20  

Risk 
Assess-
ment  

Loose 
screws  

Elastic fatigue 
of UHMWPE  

The coefficient 
of friction of 
metal balls is too 
high  

Too rigid of the 
link rod  

Metal sleeve 
embrittlement  

Risk 
Control  

Design anti-
loose torque 
mechanism  

The stiffness of 
materials are 
consistent with 
the standard  

The coefficient 
of friction of 
materials are 
consistent with 
the standard  

The Rigid of 
materials are 
consistent with 
the standard  

Material 
properties are 
consistent with 
the standard  

Phase  Design  Manufacturing  Manufacturing  Manufacturing  Manufacturing 

Acceptable 
level of 
residual risk 

5  3  3  2  5  

 

Table 5 Equipment characteristics of the hazard sources 

Failure mode  (Implantation)  
(Side effects)  
(Complications)  

Physiological suited of 
patients  
Loss of clinical effective and 
safety  

Incompatibility of 
the biological 
material  

Severity  5  5  5  

Probability  4  3  3  

Risk Level  20  15  15  

Risk Assess-
ment  

Surgery performed by a 
doctor; Each step should 
have a safety alert to help 
the doctor to evaluate  

After implantation, probably 
loss the clinical effective due 
to personal exercise habits  

The Sources of 
material and 
components should 
confirm  

Risk Control  Doctors assess the risk of 
the patient in by the 
instructions  

There are a variety of implant 
sizes, according to patient 
characteristics, carefully 
evaluate the types of specifi-
cations  

Material properties 
are consistent with 
the standard  

Phase  Surgical stage  Usage phase  Manufacturing phase 

Acceptable 
level of 
residual risk  

5  10  5  

 

B. Discussion  
All potential hazards have been identified and analyzed 

for risk analysis. The risk levels of each hazard with unac-
ceptable range have been remediated and to reduce risk to 
an acceptable range. The benefits of a new dynamic spinal 
stabilization system would be greater than the risks that may 
arise.  

IV. CONCLUSIONS  

The new dynamic spinal stabilization system should en-
sure that the design and manufacture under expected condi-
tions of use will not harm patients. The manufacturer is 
required to follow these principles: (1) identify known  
hazards, estimate the risks arising from expected use or 
misuse; (2) minimize the risk by safety design and manufac-
turing; (3) take appropriate steps to reduce the residual risk 
as much as possible; (4) inform users of the residual risk.  
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Abstract— There are three common types of single tooth 
dental implant surgery. Bone level implant was first developed 
in 1965, and evolved to a simpler tissue level implant, which in 
turn, evolved into a one piece implant type. The structure of 
the one piece implant type combines the abutment and the 
fixture of an artificial tooth together. This study describes the 
current characteristics, surgical procedure, and issues of the 
one piece implant system, and explains how to resolve issues in 
the future. 

Keywords— Artificial teeth, one piece implant, dental im-
plant. 

I. INTRODUCTION * 

For single tooth implant surgery, bone level implant is 
the safest. Because after first surgery, the implant is com-
pletely buried under the gingival margin suture and the 
implant is completely isolated from external forces. Three 
to six months later when the implant and jawbone has fused 
together, the second surgery cuts the gums and affixes the 
abutment section by screw. Though this is the safest ap-
proach; patients have to do endure two surgeries, which is a 
burden on patients [1]. 

The tissue level implant type was developed after several 
years for better performance of the fixture part of an artifi-
cial tooth. The fixture part can be exposed a little above the 
gums. The exposed part can directly be used to connect the 
abutment without a second surgery. Even though this is 
simpler than bone level, it still uses a screw mechanism to 
lock the abutment to the fixture. Unfortunately, the screw 
mechanism is one of the biggest single point of failure for 
implants. The interaction between the two parts causes the 
screw mechanism to loosen from day life activities [1]. 

The greatest advantage of the one piece implant type is 
the integration the fixture and abutment. It does not require 
a screw mechanism so it is free from the loosening effect. 
This type of implant only needs one surgery. However, due 
to the base being directly exposed to the oral cavity, it is 
susceptible to external forces. It is difficult to guarantee the 
internal implant retainer completely rests in conjunction 
with bone tissue after a certain time. Infection occurs easily 
because of the direct contact with periodontal bone tissue. 
and is not conducive to the healing of the implant to the 
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bone tissue and gum tissue interface. The success rate is not 
as good as Tissue level implant type [2]. Figure 1 shows the 
three types of single artificial tooth implant. 

 

Fig. 1 Three types of single artificial teeth implant 

II. MATERIALS AND METHODS  

A. The Characteristics of the One Piece Dental Implant  
The basic characteristics of one piece implants encom-

pass the solid groove part, the solid segment part, the root 
part of the neck, fine thread fixed part, implant segment 
part, implant thread part, point end part of the implant 
thread and the chip occlusal grooves part. Tables 1 to 9 
show the comparative characteristics of three systems from 
Biodenta, ComMed and OCO, B.M. [3-5]. 

 
Table 1 The side view drawing of the three products [3-5] 

Biodenta ComMed  OCO B.M. 
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Table 2 The solid groove part of the three products [3-5] 

Biodenta ComMed  OCO B.M. 

   

￭Spaced every 120 
degrees  
￭Length: at least 1.5 mm 
￭Groove depth: 0.5 mm 

￭Spaced every120 de-
grees  

￭Spaced at 90 and 135 
degrees 

 

 
Table 3 The solid segment part of the three products [3-5] 

Biodenta ComMed  OCO B.M. 

  

￭Outer diameter is 
reduce toward the back 
￭A slot on the solid 
segment part 
￭A solid impression 
groove between the 
solid segment and the 
end part 

￭A abutment between the 
top and the neck of the 
solid segment part 

￭Some slots on the solid 
segment part 

 
 

Table 4 The root part of the neck of the three products [3-5] 

Biodenta ComMed  OCO B.M. 

   

￭Spread shape  
￭High polished surface 
￭5 to 10 degrees incli-
nation 

￭Non- spread shape ￭Continuously axial 
extension between the 
base and the main part 

 
Table 5 The fine thread fixed part of the three products [3-5] 

Biodenta ComMed  OCO B.M. 

 

￭Fine Thread ￭Pitch ranged is from 
0.22 to 0.27 mm; height is 
about 1.0 mm  
 

￭Under the bulk collar 
￭ 0.1 mm for the 
height; 0.2 mm for the 
pitch  
￭Surface micro rough-
ness process 

Table 6 The implant segment part of the three products [3-5] 

Biodenta ComMed  OCO B.M. 

 
 

￭The sum length of the 
implant segment and 
the root neck of the 
implant segment is 22 
mm  
￭ 1 to 1.5 degrees 
roughly tilt tapered 

￭Standard V shape thread 
￭Rod diameter is 3.5 mm 
or 4.5 mm; length is 22 
mm 
￭Rod diameter is 5.6 mm; 
length is 18 mm 

￭Diameter decreases by 
the distance 
￭Obtuse is non-cutting 
end 

 

Table 7 The implant thread part of the three products [3-5] 

Biodenta ComMed  OCO B.M. 

  

￭Trapezoidal thread  
￭The angle between the 
front section and longi-
tudinal axis is 50 de-
grees  
￭The angle between the 
end section and longi-
tudinal axis is 70  
degrees 

￭Standard V-thread  
￭Rod diameter is 3.5 mm 
or 4.5 mm; length is 
prefer 22 mm  
￭Rod diameter is 5.6 mm; 
length is prefer 18 mm  
￭Extending away from 
the base body 

￭Helical thread  
￭The diameter range of 
outer thread is from 1.8 
to 6 mm  
￭Preferred length range 
of the threaded body is 
from 6 to 20 mm 
￭Rough surface process

 

Table 8 The point end part of the implant thread of the three products [3-5] 

Biodenta ComMed  OCO B.M. 

￭ Round slow end face 
￭Occlusal grooves of 
complex chip 

￭Blunt shape  
￭Occlusal grooves of 
single chip 

￭Obtuse is non-cutting 
end  
￭Occlusal grooves of 
complex chip 

 

Table 9 The chip occlusal grooves part of the three products [3-5] 

Biodenta ComMed  OCO B.M. 

 

￭90 degrees of the side 
section  
￭Two grooves 

￭Side angle of the axially 
adjacent plane  is 
between 59.5 and 60.5 
degree 
￭One groove 

￭Two grooves  
￭Two opposite 
longitudinal grooves  
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B. Surgical Procedure 
The implant surgical procedure follows these five stages: 

a) Make an incision for the dental implant 
Incise along the top of the alveolar ridge under local 

anesthesia. Peel and fixate periosteal flap flips to fully ex-
pose bone surface and protect nerves. 

b) Prepare the implant hole 
Follow the pre-designed template; select a suitable length 

for the dental implant and the corresponding series of drills 
according to the amount of alveolar. Use fast speed drilling 
and flush with plenty of physiological saline. For position-
ing and drilling, use Round Burr. Gradually expand the 
implant hole by split diamond and navigation drilling, then 
expand the size of upper hole and wash the wound. 

c)  Introduce implant into the implant hole 
Switch to slow drilling, flush with plenty of physiologi-

cal saline to reduce temperature of the surrounding tissues. 
Use tap equipment to plant the screw on the bone wall of 
the implant hole. 

d) Planting dental implant 
Use the provided special tool to slowly and carefully 

tighten the dental implant into the prepared implant hole; . 
Make sure the top edge of the dental implant is flat with the 
bone surface. 

e) Suture wounds 
Use mattress suture for the mucoperiosteal flap. Make 

sure the periosteal layer is inside when performing the su-
ture. Completely cover the top of dental implant without 
tension. Patients can wear temporary dentures after the 
stitches. After 4-6 weeks until implant stability, take the 
module and complete the final restoration. 

III. RESULTS AND DISCUSSION 

The structure of the one piece implant type combines the 
abutment and the fixture of an artificial tooth together without 
using screws so it does not require a second surgery. Howev-
er, the implant faces forces in the oral cavity during the heal-
ing time for jawbone interface. This may reduce the success 
rate. Another drawback is the one piece dental implant cannot 
provide custom implant angles or special abutments. 

IV. CONCLUSIONS  

Although the three types of surgical implants has their 
own advantages and disadvantages, the trend of implant  
 

technology is going towards simplicity. The next trend for a 
one piece implant system will be to focus on designing a 
variety of abutment angles for use in canines and incisors. 
Another idea is to develop an easy method for positioning 
and placing the dental implant at correct height and rota-
tional angle. 
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Abstract—A surgical tool with multiple degrees of freedom 
is designed, working as a laser ablation end-effector for mini-
mally invasive surgery. The end-effector mainly consists of 
four springs which provide multiple degrees of freedom and 
four flexible shafts which contracts or extends four springs. 
The mechanical configuration of the designed end-effector is 
detailed presented and the mathematical model is formulated. 
The prototype of the end-effector is built and its motion per-
formance is tested. 

Keywords—Minimally Invasive Surgery, End-effector, La-
ser Ablation 

I. INTRODUCTION  

Laser ablation is one of the promising methods removing 
tumor or cancer, such as colorectal cancer [1], brain cancer 
[2], for the reason that lesion can be coagulated by laser’s 
high power energy in a restricted area. Some researchers 
devoted their effort to develop some laser ablations modules 
or systems for open or minimally invasively surgical appli-
cations. Su et al designed a micro laser ablation system 
integrated with image sensor for minimally invasive surgery 
[3]. Ben-Yakar designed a micro laser module which inte-
grated several optical lens into a module with the overall 
diameter of 4 mm [4]. Theisen-Kunde et al designed a new 
laser scalpel for laparoscopic surgery [5]. Yamashita et al 
developed a miniature bending manipulator for fetoscopic 
intrauterine laser therapy to treat twin-to-twin transfusion 
syndrome [6]. However, the optical and mechanical config-
uration of the abovementioned modules and systems are 
fixed, i.e., the optical axis is motionless with respect to the 
module or system. It is not convenient for the modules and 
systems to perform laser ablation in irregular inner organ 
channel. 

To overcome this disadvantage, several researchers tar-
geted to develop modules and systems which are with mul-
tiple degree of freedom. Liao et al designed an automatic 
focusing and robotic scanning mechanism for precision 
laser ablation in neurosurgery [2]. However, the laser abla-
tion system is not appropriate for minimally invasively 
surgeries due to its larger size, although the system is with 
multiple degree of freedom. Thus, it is necessary to reduce 
the size of the laser ablation module and keep multiple de-

gree of freedom. In other words, for the sake of flexible 
operation in confined space, including inner organ or tissue, 
it is necessary to design a laser ablation end-effector with 
small size and multiple degree of freedom.  

On the other hand, operation failure and malfunction of 
surgical tools, especially failures of the end-effector of 
surgical apparatuses, may severely hurt organ or tissue, if 
all the joints of the surgical tools and apparatus are rigid. It 
is convenient and preferable for surgical tools and apparatus 
to have both flexibility and elasticity which can protect 
organ and tissue. Spring can flexibly transfer force and 
torque, also it can change directions of force and torque. 
Furthermore, when it contact object, it can deform and re-
duced the shock on the object. The advantages of spring is 
its passive deformation under external force. The character-
istics of spring are beneficial to protect soft organ and tissue 
when spring is used to interact with them. Simultaneously, 
omni-direction bending motion of spring is beneficial for 
providing multiple degrees of freedom. Researchers take the 
advantage of spring in surgical device designs [7], [8], [9], 
[10]. 

In this paper, we design a new laser ablation module 
whose system configuration is different to that in [3] to 
overcome the lack of degree of freedom of the existing laser 
ablation modules. We mainly use four springs to realize the 
multiple degree of freedom of the system and four flexible 
shafts to change positions of the springs. 

The rest of the paper is organized as follows. The me-
chanical configuration of the designed end-effector is pre-
sented in detailed in the section II. The mathematical model 
of the proposed system is derived under some assumptions 
in section III. The prototype of the end-effector is built and 
its basic motion performance is tested in section IV. Con-
cluding remarks and future work are given in the last sec-
tion. 

II. SYSTEM CONFIGURATION 

The end-effector consists of four springs and the auxilia-
ry mechanical components. There are seven typical compo-
nents in the proposed end-effector shown in figure 1, i.e., 
the outer-cover, the front table, the four springs, the four 
drawing bars, the bottom table, the fixture bolt, and the four 
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flexible shafts. There exists one-to-one correspondence 
between every pair of drawing bar and spring, and that 
between every pair of drawing bar and flexible shaft. The 
optical fiber which transfer laser beam is not shown in fig-
ure 1. 

 
Fig. 1 System configuration. 

The general motion procedure of the laser ablation mod-
ule is stated as follows: 

1) The flexible shafts are moved according to a pre-
scribed gait, 

2) the drawing bars extend or retract with the lengths de-
termined by the prescribed gait in the first step, 

3) each spring will move under the force of its corre-
sponding drawing bar and front table, and 

4) the front table will be in a preferred posture, i.e., posi-
tion and orientation, due to the force transferred by the 
springs. 

The Hooke's coefficient of springs is chosen based on the 
tool-tissue interaction of the organ where the proposed end-
effector are operated. 

III. MATHEMATICAL MODEL 

Assume that the motion of the springs is slow, thus the 
dynamic effect of the springs are neglected. We analyze the 
model of the module in this section. The origin O of the 
coordinate O-XY Z  is at the intersection point between the 
axis of fiber and the plane ¡. 

The bottom ends of the four springs are B1, B2, B3 and 
B4, and the front ends of the four springs are U1, U2, U3 and 
U4, respectively. The x-axis and y-axis of coordinate frame 

O-XY Z  are parallel to vector 
¡¡¡!
B2B1 and 

¡¡¡!
B1B3, respective-

ly. The translational distances of the springs are ±1, ±2, ±3 
and ±4, respectively. The schematic diagram of the module 
is shown in figure 2. 

 

Fig. 2 Schematic for mathematical modeling. 

To determine the orientation of the front table, we allo-
cate a local coordinate O -XY Z  to it. The origin of O -
XY Z  is at center of the front table, and the axes are paral-
lel and with same positive directions to that of the coordi-
nate O-XY Z  i.e., when the springs are at initial states and 
the translational distances of the drawing bars are all zero. 
The position of the center of the front table is fx; y; zg and 
the yaw and pitch angles of the plane of the front table with 
respect to the horizontal plane ¡ are fÁ; μ; Ãg, respectively. 

 

Fig. 3 Analysis of force and torque of spring deformation. 

To drive the front table to a pair of desired position and 
orientation, the control inputs U = fu1; u2; u3; u4g are the 
position of B1, B2, B3 and B4. The coordinates of the bot-
tom ends of the springs are B1 = fd;¡d; u1g , 
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B2 = f¡d;¡d; u2g, B3 = f¡d; d; u3g and B4 = fd; d; u4g, 
where d is a constant distance which is determined by me-
chanical design. At the initial state, the coordinates of the 
upper ends of the springs are U1 = fd;¡d;Hg , 
U2 = f¡d;¡d;Hg, U3 = f¡d; d;Hg and U4 = fd; d;Hg, 
where H  is the natural length of the springs. Assume there 
only exists axial deformation of springs as shown in figure 3. 

By using the position fx; y; zg  and the orientation 
fÁ; μ; Ãg of the front table, we can obtain the positions of 
the upper ends of the springs as follows, i.e., 
U1; U2; U3; U4 

U1=

0BBBB@
μ

d sinÁ cosÃ ¡ d cos μ sinÁ sinÃ

+d cosÁ(cosÃ + cos μ sinÃ) + hx

¶
μ

¡d cos μ cosÃ(cosÁ¡ sinÁ)

+d cosÁ sinÃ + d sinÁ sinÃ + hy

¶
¡d cosÁ sin μ + d sin μ sinÁ+ hz

1CCCCA     (1) 

U2=

0BBBB@
μ

d sinÁ cosÃ + d cos μ sinÁ sinÃ

+hx + d cosÁ(cos μ sinÃ ¡ cosÃ)

¶
μ

¡d cos μ cosÃ(cosÁ+ sinÁ)

¡d cosÁ sinÃ + d sinÁ sinÃ + hy

¶
¡d cosÁ sin μ ¡ d sin μ sinÁ+ hz

1CCCCA     (2) 

U3=

0BBBB@
μ

¡d cosÃ sinÁ+ d cos μ sinÁ sinÃ

¡d cosÁ(cosÃ + cos μ sinÃ) + hx

¶
μ

d cos μ cosÃ(cosÁ¡ sinÁ)

¡d cosÁ sinÃ ¡ d sinÁ sinÃ + hy

¶
d(sin μ)(cosÁ)¡ d(sin μ)(sinÁ) + hz

1CCCCA    (3) 

U4=

0BBBB@
μ

¡d cosÃ sinÁ¡ d cos μ sinÁ sinÃ

+d cosÁ(cosÃ ¡ cos μ sinÃ) + hx

¶
μ

d cos μ cosÃ(cosÁ+ sinÁ)

+d cosÁ sinÃ ¡ d sinÁ sinÃ + hy

¶
d sin μ cosÁ+ d sin μ sinÁ+ hz

1CCCCA    (4) 

where, U1, U2, U3 and U4 are the coordinates of the upper 
ends of the springs, and H = fhx; hy; hzg. Thus, the dis-
tances between the upper ends and the bottom ends of the 
four springs are 

±i = kBiUik ; i = 1; 2; 3; 4                        (5) 
The detailed formulae in equation (5) are omitted here for 
space consideration. 

Next, we analyze the force and torque condition of the 
module. The force and torque relationships should also be 
guaranteed for a static system. We neglect the elastic coeffi-
cient of the optical fiber and the lateral deformation due to 
springs bending. The Hooke's coefficient of the springs is ki, 
i = 1; 2; 3; 4. We derive the equation of the module model 
in the following. According to Hooke's law, the forces of 
springs are ¡ki±i, i = 1; 2; 3; 4. The directions of the forces 

of the springs are 
¡¡!
BiUi , i = 1; 2; 3; 4 . According to the 

formulae of distance between two skew lines 

 l =
¡¡!
MN ¢

u£ v

ju£ vj
                              (6) 

where M  and N  are arbitrary points on the skew lines re-
spectively, and u and v are arbitrary vectors along the skew 
lines respectively. Thus, the equilibrium equations for tor-
ques with respect to axes OX, OY  and OZ  are respectively 

4X
i=1

ki±ilxi
= 0, 

4X
i=1

ki±ilyi = 0 and 
4X

i=1

ki±ilzi = 0   (7) 

where lxi
, lyi

 and lzi, i = 1; 2; 3; 4 are torque arms of spring 
force with respect to axes OX , OY  and OZ , respectively. 
The equilibrium conditions for spring forces are 8>>>>>>>><>>>>>>>>:

nX
i=1

ki±i(
¡¡!
UiBi ¢

¡!
i ) = 0

nX
i=1

ki±i(
¡¡!
UiBi ¢

¡!
j ) = 0

nX
i=1

ki±i(
¡¡!
UiBi ¢

¡!
k ) = 0

                        (8) 

where 
¡!
i , 

¡!
j  and 

¡!
k  are unit vectors along axes OX , OY  

and OZ , respectively. Thus, given a group of control inputs 
U, we will obtain fx; y; zg and fÁ; μ; Ãg of the front table 
by solving equation (7) and (8). The detailed formulae of 
fx; y; zg and fÁ; μ; Ãg are omitted here for space considera-
tion. 

IV. PROTOTYPIC VERIFICATION 

A simplified experimental prototype of the laser ablation 
module is built to check its basic motion performance and 
verify its feasibility of multiple degrees of freedom. The 
prototype of the laser ablation module is shown in figure 4, 
where ® represents the bending angle of the module. 

 

Fig. 4 Simplified prototype of the proposed end-effector. 
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The overall diameter of the prototypic end-effector is 10 
millimeters, and the outer diameter of the springs are 6 
millimeters. It should be mentioned that the sizes of the 
experimental module could be further minimized by using 
smaller springs. The spring is with length is 10 millimeters 
and the diameter of the spring is 2.93 millimeters. The max-
imum of the inclined angle ® is 55± shown in table 1. From 
the results in table I, the pitch and yaw angles of the pro-
posed module are both 55±. Thus, the module is with multi-
ple rotational degrees of freedom, and the overall angle of 
the module is 110± which can cover 61% (=110±/180±) of 
the front space of the laser ablation module. The workspace 
of the module is the inner of the cone with the apex angle 
110±. 

Table 1 Experimental Results 

Workspace Size 

Diameter 6 millimeters 

Length 12 millimeters 

Pitch Angle 55± 

Yaw Angle 55± 

V. CONCLUSIONS 

The snake robot surgical end-effector designed is with 
multiple degree of freedom for minimally invasive surgery. 
It is demonstrated the effectiveness of the multiple degrees 
of freedom laser ablation module proposed. The bending 
angle could be enlarged by using longer springs. The proto-
type of the module is with the maximal bending angle 55±. 

In future, we will analyze the tool-tissue interaction force 
exerted to the organ and tissue. Moreover, we will check the 
feasibility of the proposed design which employs three, five 
or more springs and implement performance analysis which 
is similar to that developed in this paper. We implement 
more detailed experiments which are neglected in this paper 
due to space limitation. 
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Abstract— I Speech therapy is usually treated in the hospit-
al by language therapist, but the home practice is also very 
important. The cooperation of parents and therapists would 
help children have a better effect. In this study, a home-
practice platform is developed, which provides a collection of 
the correct pronunciations, practice methods and pronounce 
evaluations. As a result, the platform could enhance the 
progress of treatment and provide home exercises more re-
sources for parents and children. 

Keywords— Articulation disorder, Speech therapy, Home 
rehabilitation. 

I. INTRODUCTION * 

The Articulation disorder for the children is about 50% to 
70%. According to the normal development process, the 
children of 3.5 to 4 years old can pronounce the most of the 
words, but the individual differences still exist. If the child-
ren of 3.5 years old are found that speak with lisp problem, 
which should be concerned. If kids are more than four years 
old still inarticulate phenomenon that should accept the 
language assessment and treatment. If parent find child has 
a lisp situation can go to ENT (Ear, Nose, and Throat) or 
plastic surgery to check for organ defects. The organ prob-
lems should be treated by surgery, and then speech rehabili-
tation is necessary. The most appropriate age for language 
therapy is in the age of 4‒6. In order to avoid the inarticu-
late problems cause child suffering from inferiority complex 
and classmates ridiculed, that will affect children's mental 
health, relationships, and may even affect learning [1]. 

Speech Therapy is a highly personalized and time-
consuming treatment process. Speech therapists should 
arrange the treatment course according to the individual 
situation. To effectively treat speech disorder, the first con-
dition is a large number of language therapists. Next is the 
rich of the treat materials, and accompanied by a high effi-
ciency personalized treatment planning, and followed effec-
tively tracking and evaluating. However, the insufficient of 
the language therapists is a common situation [2]. Enderby 
and Pickstone was assessed at least 26.2 speech therapists is 
needed for every 100,000 population [3]. But in Taiwan, 
which is much lower than that. There is only about  
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1.6 language therapists per 100,000 population, and the 
distribution of these therapists are very uneven. Most of the 
therapists are concentrated in the medical center and lan-
guage rehabilitation institutes. Speech therapy is severely 
limited in time and place. Therefore, the treatment, follow-
up monitoring, and evaluation are quite limited. In addition, 
although the speech therapist can teach patients to help their 
child, but the effectiveness is deeply depending on whether 
the patient could consistently carry out home practice. Ac-
cording to the present way of speech therapy, whether regu-
larly home practice or the practice way is correct? There are 
still unknown before the next hospital visiting. As a result, 
the effectiveness of treatment has its blind spots. Therefore, 
speech therapy after the treatment course, the patient must 
help their children for long-term home practice in order to 
continuously improve the pronouncement. 

In summary, the problems of the treatment for children 
with articulation disorder is shown in Fig.1, and the purpose 
of this study is to propose solutions for overcoming these 
problems; shown the yellow arrows. 

 

Fig. 1 Children dysarthria problems and proposed solutions. 

For speech therapy, in addition to the hospital treatment 
weekly, the home practice is also necessary. Therefore, we 
focused on improving the home practice, to develop a 
platform for home assistant to effectively in home practice. 
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This platform contains the correct pronunciations and 
practice methods, which is implemented in a tablet 
accessible computer. 

II. METHODS 

First we would describe the design of the speech rehabili-
tation processes, next is the proposed architecture and user 
interface; including the verbal rehabilitation platform, ac-
cessible computer and application software (APP), and 
finally addresses the treatment materials, treatment assess-
ment, and the clinical trials. 

Generally the dysarthria child needs speech therapy. 
Speech language therapist (SLT) would teach the patient 
children to practice and arrange home practice materials. 
Regularly the patient’s revisit of hospital weekly. So that 
the SLT could understand the effectiveness of practice and 
would adjust the home practice course. Basically the pa-
tient's home practice is the key to improve the dysarthria. 
As a result, the developed speech rehabilitation platform is 
designed to help in home practice, which would provide the 
practice course and record the progress of home practice, 
then the SLT would realize the status of home practice. 
Fig.2 shows the whole processes. 

 

Fig. 2 Patients with dysarthria speech rehabilitation processes. 

To help patients in effectively home practice, the basic 
requirements of the speech rehabilitation platform are as 
follows: 

 
• The convenience of use: The eBook form of the 

treatment materials would easy update content and 
modify the user interface. 

• With learning feedback: integrating the perceptual 
evaluation of speech quality (PESQ) method to 
evaluate the intelligibility and the APP interactive 
voice technology that would interest the patient 
children. In the past, the patient who practice by 
himself in home. Because of unknown the 
effectiveness of practice, that would decrease the 
motivation of practice. Learning feedback allows  
the patient to immediately understand practice 

effectiveness, which would be very progressive and 
strengthened. It can motivate patients to proactively 
practice [4]. 

• Record practice progresses and storage functions: As 
home practice is the key of speech rehabilitation, 
thus recording practice progress can understood the 
home practice situations: such as the number of 
practice, each practice time, practice effects. When 
patient is in practice, the entire progress will be 
recorded and stored in the tablet computer. And then 
the SLT would realize the practice circumstances 
when the patient backs to the hospital. The SLT 
could modify the home practice course according 
with to records. 

 
On-line treatment materials updateable: In fact, each pa-

tient's home practice situation would not the same. Some 
people practice well, but others do not. If the treatment 
materials don’t suit to the patient, the materials can be up-
dated on-line to avoid the practice dela 

A. Home Rehabilitation Processes 

The process of the home speech rehabilitation is shown 
in Fig.3. After the program’s initialization, firstly the home 
environment background noise is determined. (Currently 
speech therapist suggested 50dB of threshold). If the back-
ground noise is too large, it will advise the patient to choose 
another room for practice. If the background noise is in the 
acceptable range, you will enter the "MENU" screen; the 
practice options include oral motion exercises [5], tone 
exercises, words practice, idioms practice, sentences prac-
tice, practice review and ending the program. The default 
option is the Tones exercises, which includes volume prac-
tice and intelligibility practice. 

 

Fig. 3 Home Exercises speech rehabilitation of processes. 
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B. Speech Rehabilitation Information Platform 

The whole system is in a typical architecture of the An-
droid environment, the application is developed by Android 
APP tools. There is a database in the platform, where stores 
the patient demographic data, process records, treatment 
corpus, and statistical reports. Patient demographic data are 
entered by the SLT or directly linked the hospital informa-
tion system. Primarily the SLT would determine the abnor-
mal pronounces of the patient children, and then prepares 
the treatment corpus that would download to the platform 
database. 

C. Accessible Hardware Interface 

At the beginning, the personal computer (PC) was oper-
ated by the keyboard, which are with high learning barriers. 
As a result, the graphical user interface and mouse were 
introduced. Even the mouse that is still difficult to the 
people who firstly used it.  Microsoft Windows operating 
system associated with the games of "Solitaire" and "Step 
to the Radar" are for training the mouse skills of click, 
double click, drag, etc. But for the younger children, the 
mouse is still an obstacle. The traditional PC is not suitable 
to the dysarthria children.  This research proposed the 
tablet PC to develop the home rehabilitation platform, 
which is easy use and without training. The tablet computer 
does not need the keyboard or mouse, and have not com-
plex signal lines, power lines. The tablet computer is an 
interactive gesture-based screen interface. Using the tablet 
computer only need the finger or fingers, which are very 
friendly to the children. This study used the Android tablet 
computer to develop the rehabilitation platform for the 
younger dysarthria children. 

III. RESULT 

The screen of the system main menu is shown in Fig. 4. 
“Oral motion exercises” is for presenting the SLT pre-
recorded videos, which would show the mouth and tongue 
positions according with pronunciation. The patient can 
continue self-review at home by these videos. “Tone  
Exercise” is for the practices of some special pronounces, 
which provides the pronounce tips and the associated voice 
files and the system would evaluate the patient’s pronun-
ciation providing the feedback to the patient. “Word Exer-
cises (Fig.5)” is for mono tone exercise, which as well 
provides patients with the right pronunciation and feed-
back. “Idiom Exercises (Fig.6)” and “Sentence Exercises,”  
 

“Tone Exercises” and “Word Exercises” are the advance 
course for practice. “Exercise Review” is to realize the 
statuses of the past practice. In the next hospital visit, the 
records of the patient’s home exercises can be inspected by 
the SLT, and the treatment course would be adjusted. 

 
 

 
 

Fig. 4 Exercise Menu 

 

 

 
 

Fig. 5 Words exercise. 
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Fig. 6 Idioms practice. 

IV. CONCLUSIONS  

There are already other pronunciation exercises platforms 
[6, 7, 8], but they are all lack of feedback and progress 
records or convenience usage. Therefore, this study focused 
on that, which. Would encourage patient to continuously 
practice and record the full home practice progress. The 
developed platform provides more resources for patient 
children and the parents, and the effectiveness of the home 
exercises. 

Articulation disorder is very negative factor on the child's 
development, which also affect the patient's mental and 
physical state. This developed platform for home speech 
rehabilitation acts as an auxiliary tool. This would improve 
and strengthen the home practice. The SLT is thus can keep 
track of the patient's home practice quality and quantity. For 
the end of the hospital treatment course, the developed plat-
form can provide persistent practice to maintain the effec-
tiveness. Therefore, improving the quality of life for the 
patient will be meaningful. 
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Abstract— The narrow 3h therapeutic time window for  

recombinant tissue-type plasminogen activator (rt-PA) throm-
bolysis is a challenging limitation in acute ischemic stroke 
treatment. Intense research focus is being laid on developing 
novel therapeutic interventions for extending the thrombolysis 
time window using animal stroke models. However, these 
animal models are anatomically and physiologically different. 
Here, we assess the effective time window of rt-PA thromboly-
sis in the photothrombotic ischemic (PTI) stroke model using 
the electrocorticography (ECoG) system and histology study. 
Our results indicate that rt-PA provides effective thrombolysis 
when administered in the initial 1 to 3 hours post-ischemia, 
beyond which it does not facilitate recovery. This complements 
the FDA-approved rt-PA time window in humans. However, it 
is interesting to note that the trend of neural activity did not 
strictly correspond to infarct volume changes, indicating the 
importance of multimodal imaging for holistic assessment of 
therapeutic efficacy. Therefore, in the future, this ECoG setup 
will be integrated with the functional photoacoustic microsco-
py (fPAM) system to jointly evaluate neural activity and cere-
bral hemodynamics to probe neurovascular function changes 
effective with thrombolysis. 

Keywords— Acute ischemic stroke, recombinant tissue-type 
plasminogen activator (rt-PA), Electrocorticography (ECoG), 
Photothrombotic ischemia (PTI), Thrombolysis time window. 

I. INTRODUCTION * 

Recanalization by means of recombinant tissue-type 
plasminogen activator (rt-PA) is currently the only ap-
proved treatment for acute ischemic stroke, a leading cause 
of death and disability worldwide [1]. Hemorrhagic trans-
formation, incomplete reperfusion, neurotoxicity, and the 
short treatment time window comprise major challenges for 
thrombolytic therapy [2]. Improving rt-PA therapy has be-
come one of highest priorities in the stroke field [3, 4]. 
Intense research has been directed towards developing nov-
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el therapeutic interventions targeting extension of the li-
mited therapeutic time window for rt-PA thrombolysis [5, 
6]. In this direction, several animal stroke models have been 
utilized to study and validate the effects of therapeutic in-
terventions [7, 8]. Of the numerous existing animal models, 
photothrombotic ischemic (PTI) model offers a highly reli-
able and focal ischemic stroke in the desired cortical region 
[9]. Thus, we used this model for determining the effective 
therapeutic time window of the rt-PA. With the advantage 
of using electrocorticography (ECoG) (i.e., to evaluate the 
neuronal integrity as a marker of recanalization) combined 
with histology (i.e., to evaluate the infarct volume), we 
proposed a model to study the effective thrombolysis time 
window specific to the PTI rat model in this study. 

II. MATERIALS AND METHODS 

A. Animal Preparation 
All experimental protocols presented herein were eva-

luated and approved by the Institutional Animal Care and 
Use Committee (IACUC) of the National University of 
Singapore. Twelve male Wistar rats weighing 250 – 300 g 
(InVivos Pte Ltd, Singapore) were used in this study and 
divided into six groups (a control group and 5 experimental 
groups), including two animals in each of the groups. The 
animals were maintained anesthetized with pentobarbital 
(50 mg/kg bolus and 15 mg/kg/h maintenance i.p.) through-
out the experiment. The anesthetized rats were mounted on 
a stereotaxic frame to reduce motion artifacts during the 
experiment, and the skin was excised to expose the bregma 
landmark. The body temperature was measured using a 
rectal probe and was maintained at 37 ± 0.5°C using a self-
regulating thermal plate (TCAT-2 Temperature Controller, 
Physitemp Instruments, Inc., Clifton, NJ, USA).  

Six stainless steel epidural electrodes were secured to  
the skull bilaterally over the primary motor cortex regions 
(M1: anterior–posterior (AP) = +4.2 mm, medial–lateral 
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(ML) = ±3 mm; Ch1 and Ch2) and the forelimb primary 
somatosensory cortex regions (S1FL: Ch3/Ch4 and 
Ch5/Ch6, AP = +1.7 mm and -0.8 mm, respectively; ML = 
±4.5 mm) for resting-state ECoG and somatosensory 
evoked potential (SSEP) recordings (Figure 1). One refer-
ence electrode was positioned at 3 mm to the right of the 
lambda landmark. The electrodes, connected with silver 
wires, were interfaced with the data acquisition system 
through a ZIF-Clip headstage (Tucker-Davis Technologies, 
Inc., Alachua, FL, USA). Next, a cranial window of approx-
imately 3 mm (AP) × 4 mm (ML) (indicated by black box in 
Figure 1) for photothrombotic stroke induction, centered at 
the bregma, was produced with a high-speed drill, with care 
taken to maintain the dura intact. 

 

 

B. Photothrombosis Technique for Focal Ischemic Stroke 
Induction 

The photothrombosis method was employed to devise a 
highly reliable, focal ischemic model, targeting a selected 
cerebral arteriole, which is a distal branch of the middle 
cerebral artery (MCA) located in the right hemisphere S1FL 
cortical region [9]. The photosensitizer Rose Bengal (Na+ 
salt, R3877; Sigma-Aldrich, Singapore), diluted to 10 
mg/ml in HEPES-buffered saline, was injected into the tail 
vein at 0.2 ml/100 g rat body weight by infusion over 2 min. 
The cortical blood vessel selected for occlusion was subse-
quently illuminated with a 10-mW, 532-nm continuous 
wave (CW) laser light (MGM-20; Beta Electronics, Colum-
bus, Ohio, USA) [10]. The CW laser light, as illustrated in 
Figure 1, was focused on the selected cerebral vessel lo-
cated in the right S1FL region for 15 min until a stable clot 
was formed. 

C. Forepaw Electrical Stimulation Protocol 

Forepaw electrical stimulation was applied to evoke 
neural activity response (SSEP). A monophasic constant 
current of 2 mA with a 0.2 ms pulse width at a frequency of 

3 Hz and 5 sec stimulation duration was applied with a 
stimulator (DS3, Digitimer, UK) via stainless steel bipolar 
subdermal needle electrodes inserted into the rat’s left pal-
mar forepaws (contralateral to the targeted occlusion) [11, 
12]. The experimental protocol constituted resting-state 
ECoG and SSEP recordings. The resting-state ECoG was 
recorded for 1 min followed by 5 sec of stimulation to 
evoke neural activity for SSEP recording. 

 

   

D. rt-PA Induced Thrombolysis 
To determine the effective therapeutic window of throm-

bolysis, rt-PA (10 mg/kg, Actilyse®, Boehringer Ingelheim) 
was administered intravenously (tail vein, 10% bolus, 90% 
infusion over 30 minutes), initiated at different times (i.e., 
30 min, 1, 2, 3 and 4 hours post-PTI, as shown in  Figure 
2). The control group received the same dose of saline un-
der identical conditions. 

E. Data Analysis of Functional SSEP, Inter-hemispheric 
Coherence, and Alpha-Delta Ratio  

The SSEPs evoked by sensory stimulation were sampled 
at 1 kHz, pre-amplified, band-pass filtered and recorded 
pre- and post-PTI. A SSEP extraction window was created 
within 100 ms of each stimulation onset and SSEPs were 
averaged to acquire proper evoked potential signals for 
analysis. Afterward, P1 and N1 components of the averaged 
SSEPs were extracted. The peak-amplitude changes of P1 
and N1 were used to evaluate the neural activity changes 
after PTI. 

We used a multivariate autoregressive (MVAR) model 
for spectral analysis and inter-hemispheric coherence (i.e., a 
measure of the linear relationship between two signals at a 
specific frequency) analysis. Once the raw data had been 

  
Fig. 2 Experimental groups for determining the effective 

thrombolysis time window. 
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Fig. 1 Illustration of experimental setup with ECoG system, phototh-
rombotic focal ischemia induction and histology setup for qualitative 

and quantitative analysis. 
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Abstract— Block of the external urethral sphincter contrac-
tions by using high frequency electrical stimulation of the 
pudendal nerves is a potential method for inhibiting detrusor 
sphincter dyssynergia. Most researchers use high frequency 
electrical stimulation at frequencies  between 2kHz to 20kHz, 
but the parameters and mechanism of this block are not well 
understood. This paper demonstrated the use of radio fre-
quency electrical stimulation (500kHz) as a method to block 
the external urethral sphincter contractions and improved 
voiding efficiency by electrical stimulation of unilateral pu-
dendal nerve efferent axons. The most efficient waveform for 
conduction was 500kHz (with 0.2 to 1mA) constant-current 
biphasic sinusoidal, voiding efficiency increased from 53  to  
71-92%. These results raise the possibility that using radio 
frequency electrical stimulation to block external urethral 
sphincter contraction may provide a new approach for im-
proving voiding in spinal cord injured patients. 

Keywords— Radio frequency, Electrical stimulation, Nerve 
block, Pudendal nerve, Voiding efficiency. 

I. INTRODUCTION  

During normal micturition, the functions of bladder con-
trols are mainly for storage and intermittent elimination of 
urine called voiding. Voiding relies  on the coordinated 
behaviors of the external urethral sphincter (EUS) and blad-
der controlled by lumbosacral spinal cord. During voiding, 
the EUS relaxes and the bladder contracts and while during 
storage the bladder is relaxed and the EUS contracts [1]. 
The pudendal nerve (PN) is the primary conduit for somatic 
afferent and efferent nerve axons between the sacral spinal 
cord and urethra. PN plays an important role to modulate 
contraction of EUS [2]. However, after spinal cord injury 
and some neurological disorders, bladder and EUS contrac-
tions become uncoordinated and result in bladder and EUS 
contract simultaneously during voiding, which is termed 
detrusor sphincter dyssynergia (DSD) and could cause se-
rious medical complications, such as high bladder pressures, 
urinary tract infections, renal failure, autonomic dysreflexia, 
and hydronephrosis [3]. Residual urine in the bladder can 
also lead to lower urinary tract infection. The conventional 
treatment of DSD is clean intermittent self-catheterization 

(CISC) by using balloon dilation of the EUS or intraurethral 
stent placement combined with anti-muscarinic drugs. One 
alternative approach to replace CISC is Sphincterotomy, 
which providesan effective surgical method to lower blad-
der pressure and increase voiding efficiency. However, the 
surgical process may have risks of complications, such as 
permanent incontinence, loss of reflex defecation, and loss 
of sexual function, for long term DSD patients [4]. High 
frequency alternating current (HFAC) stimulation has been 
used for blocking nerve conductions or briefly denervation 
of targeted muscles. HFAC is a reversible and immediate 
method to improve voiding efficiency [5]. Normally, HFAC 
stimulation waveform is in the kHz range for exhaustive 
blockage of nerve conduction [6]. Changfeng’s research 
demonstrated that use 2 waveforms stimulation frequencies 
between 6 and 10 kHz were most effective in blocking EUS 
activation [7]. A review of the investigation indicates that 
bilateral HFAC block of the PN can generate effective void-
ing [8]. In our group, pulsed radio-frequency (PRF) stimula-
tion has been successfully used to inhibit C-fiber excitatory 
responses and block the signal of pain conduction [9]. To 
the best of our knowledge, there is no report on using PRF 
electrical stimulation to block external urethral sphincter 
contraction yet.  

The purpose of this study is to establish an in vitro expe-
rimental setup for the measurement of the effectiveness of 
PRF electrical stimulation of pudendal nerve to block the 
efferent pathway to the EUS offeasible current range from 
0.2 to 1mA. The target of this investigation would be to 
relax EUS during voiding and the block can be reversible to 
maintain the function of EUS and continence during voiding 
periods. 

II. MATERIALS AND METHODS 

All protocols involving the use of animals in this study 
were approved by the animal care and use committee at 
Taipei Medical University and Hospital. Four female Spra-
gue-Dawley rats weighing 275~320 g were used in this 
study. Figure 1 shows the experimental setup. Four normal 



236 E. Jen et al.
 

 
IFMBE Proceedings Vol. 47 

 
  

 

rats were used in an experiment to record intravesical pres-
sure (IVP) and EUS electromyograms (EMGs). IVP is the 
major biosignal that reflects the state of bladder condition 
and EUS EMG can quantify the power of EUS during con-
traction. Rats were anesthetized with urethane (1.2 g/kg, s.c, 
supplemented as needed). The temperature of the rat was 
maintained at 36~39℃ with a recirculating water blanket, 
and the tail vein was catheterized for fluid and drug admin-
istration. A PE-50 tube was inserted into the bladder lumen 
for IVP measurements. Two insulated silver wire electrodes 
(0.05 mm in diameter) were inserted into the lateral aspects 
of the mid-urethra to measure the EMG from EUS. To 
record the IVP, the PE tube was connected via a three-way 
stopcock to an infusion pump and a pressure transducer 
(P23XL-1, Becton Dickinson, Franklin Lakes, NJ, USA). 
The bladder was infused continuously with physiological 
saline at the rate of 0.2ml per minute via the superpublic 
catheter until voiding occurred. The IVP and EUS  
EMG were simultaneously recorded for computational  
characterization.  

In this experiment, the data of IVP and EUS EMG sam-
pled via an analog-to-digital coverter at 5kHz (Biopac 
MP36, Biopac Systems) during continuous-infusion cysto-
metry and saved to the computer system, the IVP signal was 
filtered by a 1kHz low-pass filter, and the EUS EKG signal 
was filtered by a 10-3k Hz band-pass filter. The tripolar 
electrode with a cuff was placed on unilateral pudendal 
nerve efferent axons, usually on the left side, and tripolar 
electrode was connected to the pulse electrical stimulator 
(A-M systems 2100). The high frequency biphasic rectangu-
lar waveform (500kHz) was generated by stimulator and 
was tested with current of 0.1 to 1mA to search for the ef-
fective current range at 500kHz to block EUS contractions 
during voiding. The data analysis, the following cystometric 
variables were measured to quantify the effects of pudendal 
nerve efferent axons stimulation during voiding: micturition 
volume threshold (VT) defined as the infused volume of 
saline sufficient to induce the first voiding contraction; 
bladder contraction duration (CD) during voiding; contrac-
tion amplitude (CA) defined as the maximum pressure dur-
ing voiding; voiding efficient (VE), the ratio between the 
voided volume (VV) and the VT. The VV was obtained 
from the value of VT minus the residual volume (RV) of 
saline withdrawn through the intravesical catheter after the 
final voiding contraction. We use time-domain analysis to 
quantify the power of EUS EMG contraction, The Root 
Mean Square (RMS) value has been used to quantify the 
electric signal because it reflects the physiological activity 
in the motor unit during contraction. EUS EMG analysis 
was calculated with MATLAB. 

 

Fig. 1 The measurement system setup used to modulate pudendal nerve 
and record IVP and EUS EMG activities in rats 

III. RESULTS AND DISCUSSION 

A. EUS EMG RMS Value Comparison 
The typical pattern of IVP and EUS EMG measurements 

in normal rats are shown in Fig.2. A single micturition con-
traction of the bladder can be separated into several phases 
of IVP and EUS EMG clearly showed a long bursting  
period (BP). 

 
Fig. 2 Compariation of (a) intravesical pressure, (b) EUS EMG on the 

different phases during contraction 
 

Pudendal nerve efferent axons were directly controlled 
EUS contractions. The objective of this experiment was that 
when effective block was happened, EUS can be relax and 
reflected on EUS EMG. To analysis EMG, we used RMS 
value to quantify the data, the RMS value is defined in (1), 

 RMS  ∑               (1) 

 
Firstly, we recorded the normal rats (n=4) EUS EMG 

during voiding without stimulation. Secondly, gave radio 
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frequency stimulation on  pudendal nerve efferent axons 
during voiding; this process was repeated until each trial 
included at least five voiding contractions. Figure 3 shows a 
clear and strong relationship that on normal voinding con-
tractions, RMS values were between 4.67 to 6.2 , but start to 
stimulation (500kHz, 0.8mA), RMS values were decresed to 
2.88 to 3.1.This results show a striking effect of radio fre-
quency stimulation on pudendal nerve efferent axons during 
voiding contraction. 

 

 

Fig. 3 Compariation of RMS values during voiding contractions 

B. Bursting Period Comparison 
EUS bursting activity happened on voiding period, we 

were compared the BP on different stimulation parameters 
(500 kHz with stimulation intensities at 0.2mA, 0.4mA, 
0.6mA, 0.8mA, and 1mA). Interestingly,we found that the 
average bursting periods of stimulation on pudendal nerve 
efferent axons were longer than none stimulation, as shown 
in Figure 4. 

C. Urodynamic Measurement of Rats 
The results of urodynamic measurement are summarized 

in Table 1. All of the  stimulation groups were better than 
none-stimulation groups. The VE were strongly positively 
correlated with blocking electrical stimulation on pudendal 
nerve efferent axons. 

 

 

Fig. 4 Bursting periods on different stimulation parameters (500kHz), 
(a) none stimulation, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8 (f) 1mA 

IV. CONCLUSIONS  

In this paper, we present the  primary results of  using 
radio frequency constant-current biphasic rectangular pulses 
to block the pudendal nerve efferent axons. The primary  
results demonstrated that the VE of normal rats were pro-
moted by blocking electrical stimulation and the RMS of 
EUS EMG demonstrated stimulation can lead to EUS relax. 
However, the entire system should be used to spinal cord 
injured rats in the future and would also be expected to be 
successful. Thus, radio frequency electrical stimulation of 
the  pudendal nerve efferent axons displays great potential 
for treating DSD and restoring normal function of the lower 
urinary tract after SCI.   

 
 

Table 1 Effects of conditional blocking electrical stimulation on cystometric parameters 

Stimulation parameters VT (c.c) CA (cm- ) CD (s) RV (c.c.) VV(c.c) VE 

None-stimulaion 0.32±0.05 20.44±3.82 22±3.34 0.15±0.02 0.17±0.01 53% 

500kHz, 0.2mA 0.26±0.03 24.87±5.23 19.2±1.96 0.02±0.01 0.24±0.01 92% 
500kHz, 0.4mA 0.49±0.12 26.07±3.35 31.67±1.83 0.05±0.01 0.44±0.02 90% 

500kHz, 0.6mA 0.17±0.01 26.47±2.76 43±4.82 0.05±0.02 0.12±0.01 71% 

500kHz, 0.8mA 0.17±0.02 22.56±2.39 30.67±3.75 0.04±0.01 0.13±0.01 76% 

500kHz, 1mA 0.4±0.02 21.09±3.32 23.17±1.83 0.038±0.01 0.36±0.02 90% 
          Values are mean ± SD, n=4 
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Abstract— In this study, a training system for an involunta-
ry eccentric contraction of biceps brachii muscles was designed 
using a continuous passive movement and a commercial neu-
romuscular electrical stimulation devices. To investigate the 
effects of the involuntary eccentric contraction training by 
neuromuscular electrical stimulation on the enhancement of 
muscle strength, 7 healthy males participated, who were 
trained two times per week for 12 weeks. Each exercise session 
was performed for 30 minutes with no rest intervals. Isometric 
elbow flexion torque and biceps brachii muscle thickness were 
chosen as evaluation indices, and were measured at pre-/post-
training. After the 12-week training, the isometric elbow flex-
ion torques significantly increased by approximately 23% 
compared to the initial performance (p < 0.01). In addition, the 
biceps brachii muscle thicknesses significantly increased by 
around 8% at rest and 16% at MVC (p < 0.01). The developed 
system and the technique show promising results, suggesting 
that it has the potential to be used to increase the muscle 
strength in patients with neuromuscular disease and to be 
implemented in design rehabilitative protocols. 

Keywords— Muscle strengthening, rehabilitation protocol. 

I. INTRODUCTION 

Neuromuscular electrical stimulation (NMES) is widely 
used to improve impaired muscle functions in neuromuscu-
lar patients, but NMES-related studies have mostly focused 
on conditions that target muscles act as concentric contrac-
tion [1]. The eccentric training is well-known to be more 
beneficial to increase muscle strength than the concentric 
exercise [2]. From this point of view, Yanagi et al. [3] de-
veloped a hybrid strengthening technique that an agonist 
performs a volitional concentric contraction against an elec-
trically stimulated antagonist. After 12-week training pe-
riods, there were significant increases in elbow extension 
torques and cross-sectional areas of each muscle. However, 
the hybrid exercise might not be adequate for patients se-
verely affected with neuromuscular disease because they 
could not generate agonist muscle forces to overcome the 
resistance provided by electrically stimulated antagonist 
forces. In this study, we developed an involuntary eccentric 
contraction training system to enhance biceps brachii mus-
cle strength, and evaluated our developed system and train-
ing for 7 health subjects. 

II. METHODS 

Our involuntary eccentric contraction system consists of 
a continuous passive movement (CPM) device for an elbow 
joint and a commercial NMES device. CPM device includes 
a DC motor (RE 40 with GP 42 C planetary gear head, 
Maxon Motor, Switzerland) to generate passive elbow joint 
movements with a constant angular velocity of 30°/s and 
exoskeleton to fix the arms. The exoskeleton allows the 
range of motion of the elbow joint from 0° (fully extended) 
to 90° (flexed). The commercial NMES device (Stim Plus 
DP-100, Cybermedic Co., Ltd., Korea) plays a role of sti-
mulation to biceps brachii muscle only when the elbow joint 
was extending. In order to evaluate the developed system, 7 
healthy male subjects with no neuromusuloskeletal injuries 
were recruited. Participants trained 2 times a week for 12 
weeks. Each exercise session consists of passive elbow 
flexion and extension contractions during 30-minute with 
no rest interval. Using a commercial dynamometer (Biodex 
System 3 Pro, Biodex Medical Systems, USA), maximal 
isometric elbow flexion torques were measured at before the 
training (Pre) and after 12-week training (Post) each 3 
times. The torque data were normalized by body weights of 
each subject. Moreover, muscle thicknesses of the biceps 
brachii muscle at Pre- and Post-training were obtained using 
ultrasonography (SonoAce pico, Samsung Medison Co., 
Ltd., Korea). Wilcoxon’s signed-ranks was performed to 
evaluate paired differences. The significance level (p) was 
set to 0.05. 

III. RESULTS AND DISCUSSION 

Figure 1A shows the significantly increased mean maxi-
mum elbow joint torques from 0.63 ± 0.13 N-m/kg at Pre to 
0.76 ± 0.14 N-m/kg at Post (p < 0.01). After the 12-week 
training, the maximum isometric flexion torque increased 
by approximately 23%. These results reveal that our invo-
luntary eccentric contraction training system might be mea-
ningful to enhance the muscle strength. 

During the 12-week training, the biceps brachii muscle 
thickness was changed from 15.97 ± 4.86 mm to 16.23 ± 
5.56 mm at rest, and from 21.37 ± 9.67 mm to 24.85 ± 
11.32 mm at MVC (Figure 1B). The thickness significantly 
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Abstract— Repetitive transcranial magnetic stimulation 
(rTMS), which is produced by strong non-static magnetic 
fields, is an non-invasive means to stimulate the cerebral cor-
tex. The recent studies show that rTMS affects treatment par-
kinson’s dieses and improves motor symptoms in patients. 
However, the relationship between the clinical efficacy of 
rTMS and mechanism is still obscure. In this study we have 
investigated the effects of different stimulation frequencies and 
number of treatments on dopamine secretion and neural func-
tions in SH-SY5Y cell cultures. A repetitive session of magnetic 
stimulation with no matter high or low frequency, intracellular 
ROS were decreased. In the same time, neurons after magnetic 
stimulation will release neurotransmitters. These results sug-
gest a possible use of this particular physical stimulation to 
improve the functional capability of the cells to face oxidative 
stress. Based on our study we can more understand that the 
effect of repetitive transcranial magnetic stimulations (rTMS) 
on Parkinson’s disease.  

Keywords— repetitive transcranial magnetic stimulations, 
human neuroblastoma SH-SY5Y cells, magnetic stimulation, 
dopamine (DA), reactive oxygen species (ROS). 

I. INTRODUCTION  

Parkinson’s disease (PD) is an age-related progressive 
neurodegenerative disorder with a  prevalence of 1%–2%  
in  people  over  the  age  of  50[1]. The main symp-
toms associated with Parkinson’s disease, namely hypoki-
nesia, bradykinesia, rigidity and rest tremor. Pathologically, 
PD is characterized by the loss of  mesencephalic dopami-
nergic neurons lead to nigrostriatal pathway dysfunction. 
Recent reports indicate that mitochondrial dysfunction、
reactive oxidative stress increase、abnormal protein aggre-
gation and dysfunction of the ubiquitin-proteasome pathway 
are pivotal to PD pathogenesis[2.3] . Because of the  preva-
lence and lack of effective treatment, repetitive transcranial 
magnetic stimulations (rTMS) is one of the way to treat the 
disease[4.5]. In this study, we use SH-SY5Y cell line as an 
in vitro cell model of dopaminergic neurons for Parkinson's 
disease. Because it can perform many characteristics of 
DAergic neurons after differentiation. The aim of this study 
is to investigate the effects of the SH-SY5Y cells under the 
exposed of magnetic fields with different frequency and 
intensity. 

II. MATERIALS AND METHODS  

A. Parkinson’s Disease Cell Model 

(a)Cell line SH-SY5Y  
Human neuroblastoma SH-SY5Y cells, were grown in  

Dulbecco’s  Modified Eagle’s Medium/ F12  
(DMEM/F12) supplemented  with  10%  fetal  calf  
serum, 100 IU/ml penicillin at 37oC in a 5% CO2 humidified 
incubator.  
 
(b)RA induce SH-SY5Y differentiation 

After sub-cultured Human neuroblastoma (SH-SY5Y) 
seeding at 6cm round dish cells were treated with retinoic 
acid (RA) in 1 μM concentration in 2% FBS for three days 
and replenishing with fresh medium containing 1μM RA in 
0.5% FBS for another three days, after 7 days accompany 
with gradually decrease fetal bovine serum (FBS), the cell 
will differentiated into a functionally mature DAergic  
neuronal. 
 
(c) MPP+  neurotoxic mimic Parkinson’s disease  

After differentiated, cell line SH-SY5Y was treated by 
MPP+ 24h with different concentrations of 0~1.5 mM and 
apply MTT assay for cell viability test. 

B. Repetitive Magnetic Stimulation Construction    

We apply a cheap TI555 as processor to construction the 
repetitive magnetic stimulation, to generate a 10Hz、1Hz 
frequency pulse current through the coil we build to made 
repetitive magnetic stimulation  environment (Fig. 1). 

The electromagnetic bioreactor was placed into the cell-
culture incubator and exposed cells were continuousl stimu-
lated for 6, 12 and 24h ( the maximum culture period with-
out the need of medium change). intensity of the magnetic 
field equal to 56 ± 2 Gs, amplitude of the induced electric 
tension equal to 5 ± 1 mV, signal frequency of 10 Hz and 
1Hz, and pulse duration of about 1sec.  

C. Observations 

(a)magnetic  field 
FW Bell 5180 Gaussmeter to measurement magnetic 

field where the cell exposed (Fig. 3). 
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(b) 2',7'-dichlorofluorescin  diacetate (DCF-DA) 
Intracellular ROS production was measured by flow cy-

tometry using 2',7'-dichlorofluorescin diacetate as a probe 
(Fig. 5).  

   

(c) Tetramethyl rhodamine methyl ester (TMRM) 
Mitochondrial membranes potential was measured by 

flow cytometry using Tetramethyl rhodamine methyl ester 
as a probe (Fig. 6). 

 

(d)neurotransmitter  analysis  
Concentrations of dopamine (DA), dihydroxyphenylacet-

ic acid (DOPAC) and homovanillic acid (HVA), were 
determined by HPLC with a column of 5 mm spherical  
C-18. The mobile phase consisted of A solvent 50 mM  
KH2PO4  B solvent  50mM KH2PO4 /AeCN (90/10)  
(pH 3.1). 

 

(e) morphology  image were show by  Fig. 1 

III. RESULTS 

A. RA-Induced Neurite Outgrowth in SH-SY5Y Cells 

Seven  days  after  RA  treatment,  further  
changes in  morphology  including  the  shrinkage  of  
cell  body  and extensive elongation of neurites with 
secondary or tertiary branches  can be observed (Fig. 1). 

B. Cell Viability 

After treated MPP+ 24h in different concentrations re-
spectively 0mM, 0.3mM, 0.5mM, 0.7mM, 1mM, 1.5mM, 
and cell viability was quantitated by MTT assay (Fig. 2).  

C. Electromagnetic Bioreactor 

The repetitive magnetic stimulation machine applied to 
the cells with the following characteristics: intensity of the 
magnetic field equal to 56 ± 2 Gs, amplitude of the induced 
electric tension equal to 5 ± 1 mV, signal frequency of 10 
Hz and 1Hz, and pulse duration of about 1s (Fig. 3). 

D. Neurotransmitters Analysis 

Measurement the medium which after magnetic stimula-
tion, Comparison to catecholamine standards, dopamine、
DOPAC and homovanillic acid. And use capsaicin as posi-
tive control. Find that after 24h magnetic stimulation have a 
HVA substance (Fig. 4) 

E. Intracellular Reactive Oxygen Species 

Respectively investigate high frequency and low fre-
quency, there is no significant different；In different stimu-
lation duration can observe the ROS progressively  
decreased when stimulation time increase. On the other 
hand, whether high frequency or low frequency in different 
intensity of the magnetic field, 56Gs、42Gs、27Gs, there is 
no significant change in ROS level. 

F. Mitochondria Membrane Potential  

Fluorescence images of TMRM loaded SH-SY5Y cells 
in 10 μM for 30mins. After repetitive magnetic stimulation 
24hr, mitochondrial membranes potential was decreased 
(Fig. 6). 
 

 

Fig. 1 Effect of RA on morphology of SHSY5Y cells. 
After 7 days treatment the induce process cells morphology show different 

between RA group and control group. (a、c) Untreated cells (Leica 
DM6000B Phase contrast -X10、X20); (b、d) RA-treated cells (Leica 

DM6000B Phase contrast -X10、X20). 
 
 

 
 

 
 
 
 
 
 
 

Fig. 2 Effects of MPP+ on SH-SY5Y cell viability measured by MTT 
assay. 

The cells were incubated 24hr with 0.3mM, 0.5mM, 0.7mM, 1mM, 1.5mM 
MPP+. The viability of SH-SY5Y cell is significantly affected by the 

existence of MPP+ and is also concentration dependent. 
 
 
 
 
 
 
 
 
 

Fig. 3 Repetitive magnetic stimulation construction 
Solenoid coil Machine in this experimental setup the magnetic field and the 

induced electric field were perpendicular and parallel to the seeded cells, 
respectively. (a) Cheap of the repetitive magnetic stimulation machine 

design, (b) The final completion set up in incubator 
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Fig. 4 Neurotransmitters released  measurement by HPLC. 
(a) Yellow light was analysis from cell medium, collected supernatant 
medium after Magnetic stimulation 24h, pink was homovanillic acid 

(HVA) standard. (b) A positive control, added capsaicin in SH-SY5Y cells 
in 10 μM for 3.5mins. The yellow light was cell medium, pink was homo-
vanillic acid (HVA) standard. HVA is metabolites from dopamine. In fig. 
a、b result, we can confirm that, neuron after magnetic stimulation will 

release neurotransmitters. 
 

 
Fig. 5 Oxidative stress in SH-SY5Y cells after magnetic stimulation. 

Formation of reactive oxygen species was detected by dichlorofluorescein 
(DCF) fluorescence (n = 3). (a)With the different magnetic stimulation 
times, respectively 6hr、12hr、 24hr, the DCF signal progressively 

decreased, whereas the frequency had no significant effect. (b) In the same 
time, whether high frequency or low frequency in different intensity of the 
magnetic field, 56Gs、42Gs、27Gs, there is no significant change in ROS 

level. 
 

 

 
Fig. 6 Mitochondrial membranes potential using TMRM as the indicator 

dye in SH-SY5Y cells. 
(a) Phase contrast images RA-treated cells. (b) fluorescence images of 
TMRM loaded SH-SY5Y cells in 10 μM for 30mins. (c) Phase contrast 

images after repetitive magnetic stimulation 24h. (d) fluorescence images 
of TMRM loaded SH-SY5Y cells after repeats magnetic stimulation 24h in 

10 μM for 30mins. After repetitive magnetic stimulation, mitochondrial 
membranes potential was decreased. 

 
 
 

IV. CONCLUSIONS  

This study provides a chance to understand the effect of 
repeat magnetic stimulation on neural cells in different 
frequency、intensity and stimulation time. Fig. 7 clearly 
indicates that after magnetic stimulate, intracellular ROS 
were decreased. In the same time, neurons after magnetic 
stimulation will release neurotransmitters. These results 
suggest a possible use of this particular physical stimulation 
to improve the functional capability of the cells to face 
oxidative stress. Based on our study we can more under-
stand that the effect of repetitive transcranial magnetic sti-
mulations (rTMS) on Parkinson’s disease. 
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Abstract— The benefit of physical activity and exercise is 

protecting against the deterioration of brain tissue with age. 
Previous studies have suggested that exercises have positive 
effects on cognition, but gender difference is still unclear. 
Therefore, we focus on the gender difference in cognitive abili-
ty, which is an important component for daily living and quali-
ty of life, before and after exercise. However, executive  
function is a higher-order cognitive function for daily life, 
including planning, scheduling, inhibiting, and working mem-
ory. We measure the executive function by tasks of psychology, 
including Wisconsin Card Sorting Test (WCST), Tower of 
Hanoi and N-back test. Fifty-six participants were recruited 
with the mean age of twenty-three years. Participants were 
asked to complete the WCST, Tower of Hanoi and N-back test 
before and after the exercise which be executed at least thirty 
minutes. Finally, we calculated the scores of tasks before and 
after exercise. The results indicated that there was a significant 
positive exercise effect on the WCST, Tower of Hanoi and N-
back test in executive function and also found the light gender 
differences in the three tasks of psychology. 

Keywords— Cognitive function, Executive function, Wis-
consin Card Sorting Test, Tower of Hanoi, N-back test. 

I. INTRODUCTION * 

Cognitive ability is an important component for daily liv-
ing, quality of life and even the ability to live independently 
[1]. Executive function is a higher-order cognitive function, 
including planning, scheduling, inhibition, and working 
memory [2]. However, brain volume shrinks with advanc-
ing age, often preceding or leading to cognitive impairment. 
Previous studies proposed several interventions that may 
retard or reverse age-related cognitive declines, and exercise 
is one of the interventions [3]. There is an inverted-U rela-
tionship between exercise intensity and cognitive perfor-
mance by result of several studies [3-5]. Based on the  
inverted-U relationship, we design the exercise protocol in 
this study, including warm up five minutes, exercise twenty 
minutes and cold down five minutes. 

This study evaluates the executive function by tasks of 
psychology, including Wisconsin card sorting test (WCST), 
Tower of Hanoi and N-back test. When participant finished 
WCST completely, software of WCST may extract seven-

                                                           
* Corresponding author. 

teen parameters. This study adopts two parameters of those 
seventeen parameters, perseverative responses (PR) and 
non-perseverative errors (NPE), according to which is asso-
ciated with executive function or not. PR represents plan-
ning of executive function, and NPR represents inhibition of 
executive function. Others, Tower of Hanoi represents 
scheduling and N-back test represents working memory. 

Finally, previous studies have suggested that exercises 
have positive effects on cognition [5, 6], but gender differ-
ence is still unclear. Therefore, we focus on the gender 
difference in cognitive ability. 

II. METHODS 

A. Experimental  
Fifty-six people (twenty-five females, age = 23.29 ± 

1.52 years) were recruited.  Table 1 presents participant 
demographic. First, we use the Physical Activity Readiness 
Questionnaire (PAR-Q) to ensure that doing exercise is 
safety for participant in this program. Then, we will calcu-
late the metabolic equivalent (MET) of physical activity in 
the last seven days by International Physical Activity Ques-
tionnaire (IPAQ). Finally, participants were asked to com-
plete the WCST, Tower of Hanoi and N-back test before 
and after the exercise which had to exercise least thirty 
minutes, including exercise twenty minutes and five mi-
nutes of warm up and cold down. Fig. 1 presents the flow 
chart of experiment. This protocol of experiment was ap-
proved by National Yang Ming University Institutional 
Review Board. 

Table 1 Participant demographics 

Measure All Males Females 

N 56 31 25 

Age (year) 23.29(1.52) 23.39(1.58) 23.16(1.46) 

Height (cm) 166.71(8.46) 172.44(9.24) 159.60(5.31) 

Weight (kg) 59.89(9.86) 65.73(9.24) 52.66(4.20) 

BMI (kg/m2) 21.41(2.12) 22.04(2.33) 20.63(1.53) 

IPAQ (MET) 1907.43(1453.22) 1939.87(1243.20) 1867(1704.30)

Education 
(year) 

17.93(0.83) 18(0.86) 17.84(0.80) 
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Fig. 1 Flow chart of experiment 

B. Tools  

a) Physical Activity Readiness Questionnaire (PAR-Q): 
The PAR-Q is a screening tool and suitable for aged be-

tween fifteen and sixty-nine to ensure that doing exercise is 
safety for participant in this program. 

b) International Physical Activity Questionnaire (IPAQ): 
The purpose of the questionnaire is to provide common 

instruments that can be used to obtain internationally com-
parable data on health–related physical activity [7]. By this 
questionnaire, we find out the types of physical activities 
that people do during the last seven days. Therefore, the 
average MET score was derived for each of activity by 
compendium. Finally, we calculate the total METs of exer-
cise last seven days. 

c) Wisconsin card sorting test (WCST): 
This test has four stimulus cards which combine three 

stimulus parameters (color, form, and number) and one 
hundred twenty-eight response cards. Participants need to 
sort the response cards according to different rules and to 
modify their approach during test [8]. 

d) Tower of Hanoi: 
Tower of Hanoi is often used in psychological research 

that consists of three rods and many disks of different sizes 
following the level. The principles of test are [9]: 

 All disks are slid from the leftest to the rightest rod. 
 Only one disk can be moved at one time. 
 Disk cann’t placed on the top of a smaller disk. 

e) N-back test: 
Flash-based variant of the N-back test using visual and 

auditory paradigm. We take 2-back test in this study, which 
presents a series of stimuli at a constant rate. Test has to 

find the match between the current position and voice to the 
shown two steps earlier. However, if there is position or 
voice match press the corresponding match key. 

III. RESULTS 

A. Tower of Hanoi 

Result from ANOVA revealed that there were main ef-
fect between pre-test and post-test (male in 5-layers: F(1,61) 
= 63.673 and 6-layers: F(1,62) = 35.183 ; female in 5-
layers: F(1,50) = 29.223 and 6-layers: F(1,50) = 14.745). 
And, results also got p < .01 by paired T test, no matter in 
male or female. Table 2, Fig.2 and Fig.3 show the differ-
ence between pre-test and post-test. 

Table 2 Results of Tower of Hanoi 

Measure Per-test Post-test p-value 

Male_5 layers (time/steps) 2.08±0.76 1.10±0.37* 0.000* 

Male_6 layers (time/steps) 1.66±0.46 1.18±0.35* 0.000* 

Female_5 layers (time/steps) 1.78±0.48 0.96±0.28* 0.000* 

Female_6 layers (time/steps) 1.59±0.36 1.09±0.28* 0.000* 

*p value<0.01 

 

Fig. 2 Task performance of 5 layers Tower of Hanoi between male and 
female 

 

Fig. 3 Task performance of 6 layers Tower of Hanoi between male and 
female. 

B. 2-Back Test 
Based on the result of ANOVA between pre-test and 

post-test, male was F(1,62)=40.299, and female was 
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Abstract— Dopamine (DA) is a neurotransmitter involved in 

controlling of fine movement, which is deficient in Parkinson’s 
disease (PD). Measurement of DA is an urgent need concern-
ing the development of PD therapy. We’ve developed a fast-
scan cyclic voltammetry (FSCV) for real time measurement of 
dopamine releasing in dopaminergic SH-SY5Y cells under 
tissue-specific optogenetic stimulation. With the novel cellular 
optical-induced DA-releasing model, the performance of FSCV 
will be validated under various stimulating parameters.  

Keywords— Dopamine, optogenetics, fast-scan cyclic vol-
tammetry (FSCV), Parkinson’s disease. 

I. INTRODUCTION  

Dopamine is a neurotransmitter in the dopaminergic pro-
jections such as striatum, substantia nigra and ventral teg-
mental area (VTA). It is critically involved in voluntary 
motor control, attention, learning, perception and processing 
of rewarding and aversive stimuli [1]. Parkinson’s disease is 
caused by the death of dopaminergic neuron. The deficient 
in dopamine releasing cause the abnormal motor symptom 
include muscular rigidity, tremor, bradykinesia and gait 
disturbance. In pharmacological treatment of Parkinson’s 
disease, the levodopa is most used in clinical patients. For 
many years the role of dopamine transmission in different 
physiological and pathological processes was studied using 
electrical or chemical stimulation. And a novel technology, 
optogenetics has provided the field of neuroscience a new 
way to stimulate specific neuron precisely [2] (Figure 1).  

 

Fig. 1 Principle of optogenetics in neuroscience. 

For real-time measurement of dopamine, several research 
groups began to combine optogenetics with fast-scan cyclic 
voltammetry (FSCV) to examine optically induced dopa-
mine dynamics [3]. For ensure the best stimulus parameter 
for dopamine releasing, we used a dopaminergic neuron 

SH-SY5Y expressed channelrhodopsin-2 (ChR2) by lentivi-
rus transduction. Simultaneously measurement of dopamine 
releasing using FSCV system, and recording of multi-unit 
activity from multi-electrode array system had been con-
ducted under optical stimulation. Laser light power, pulse 
width and frequency will be determined for the references 
of future in vivo test.   

II. MATERIAL AND METHODS 

A. Viral Production 
Second generation packaging system is used for virus 

transfection, psPAX2 is packaging plasmid and pMD2.G is 
envelope plasmid. The insert gene used are pLenti-EF1a-
GFP, pLenti-CaMKIIa-ChR2(H134R) and pLenti-EF1a-
ChR2(H134R). The plasmids were acquired from a  
nonprofit organization: addgene (www.addgene.com). For 
producing lentiviral particles, the 293FT cells were used for 
transfection using calcium chloride (CaCl2) method. 10μl 
DNA contain 5 μg insert gene, 1.75μg pMD2.G and 3.25μg 
psPAX2 mix with 215 μl ddH2O. And mixd with 250 μl 
calcium chloride. And the mixed solution was added in 
500μl HeBS buffer (pH7.05) with vortex. Stand for 30 
mins, the 500 μl mix solution will add to 6 cm dish contain 
293FT cell. The medium was collected after 16 to 24 hours, 
and concentrate the viral solution by ultracentrifuge. 

 
B. Viral Titration Test 

For assessing the efficiency of transduction, the titration 
test was carried out by using SH-SY5Y. Before titration 
test, polybrene was added in the viral solution to enhance 
the efficiency. After the virus added in the medium, the 
expression of insert gene is observed everyday by fluores-
cence microscope for long-term monitoring of expression 
for 18 days. 

C. Virus Transduction 
In titration test, we find the best concentration of virus 

and polybrene for virus transduction. We directly add virus 
and polybrene in the 10 cm dish contain SH-SY5Y. 15 μl 
virus were added and the final concentration of polybrene 
was 1.0μl/ml. Avoid the cytotoxicity of polybrene, the me-
dium were changed after one day transduction. 
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D. Measure Dopamine Releasing 

To estimate the effect of different simulation schemes in-
cluding light power, stimulation frequency and pulse width 
on the dopamine releasing from ChR2-expressing SH-
SY5Y cells. Two different promoter were used, EF1a is a 
general promoter. CaMKIIa is a promoter specific ex-
pressed in the glutamatergic neuron. The calcium is neces-
sary for dopamine releasing [4]. And the EF1a-GFP was 
used for control group. For comparison, continuous illumi-
nation (CI) and pulse of blue light with frequencies of 10, 
20 and 30 Hz, Durations of 10, 20 and 30 ms were applied 
for 10 seconds. The LED is controlled by LabVIEW pro-
gram. And the measurement of dopamine-releasing using 
FSCV by applying a triangular waveform (-0.3 to 1.4V 
versus Ag/AgCl electrode, 340 V/s). Data were sampled at 
80 kHz via the ADC (DAQ pad-6221, National Instru-
ments). The electrophysiology signals recording via  
microelectrode array (MEA) and recorded by LABView.  
(Figure. 3) 

 
 

 

Fig. 2 Block diagrams of the in vitro measurement of dopamine and elec-
trophysiology signals by optical stimulation 

III. RESULT AND DISCUSSION  

For in-vitro transduction in the SH-SY5Y cell, the expres-
sion of the pLenti-EF1a-GFP is strong and pLenti-CaMKIIa-
ChR2(H134R)-EYFP-WPRE is relatively weaker. We  
observed the expression every day in 4 different concentra-
tions of polybrene at 5 μg/ml, 1 μg/ml, 0.2 μg/ml and no 
polybrene control (Figure.3). The expression of 1 μg/ml has 
showns the best results. It might reflects that high 
concentration of polybrene has cytocoxity and could  
affects the growth of cell. 

 

Fig. 3 ChR2-EYFP expression in the SH-SY5Y at 17 days. The concentra-
tions of polybrene are (a) 5 μg/ml (b) 1 μg/ml (c) 0.2μg/ml (d)no control  

IV. CONCLUSIONS  

From in vitro virus transduction study, our results show 
that the promoter of EF1a and CaMKIIa can be expressed in 
the SH-SY5Y. Participation of appropriate polybrene can 
enhance the efficiency for transduction. For comparing the 
dopamine releasing after different stimulation protocols 
including different frequency and theta burst stimulation. 
The measurement of electrophysiology will carry out for 
verifying those stimulation elicit neural plasticity or not. To 
evaluate the neural plasticity will affect the dopamine re-
leasing or not, we will use those cell for long term treatment 
via different stimulation schemes. And detect the level ex-
change of dopamine releasing after treatment.  
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Abstract— With the advancement of Brain-Computer 
Interface (BCI), human mind control devices is getting 
common in the medical field. In this paper, an attention level 
indicator was proposed in aid to monitor one's attention level 
especially for Attention Deficient Disorder (ADD) patient. It 
was designed to activate the number of lightening LED lights 
by monitoring of the human attention level. NeuroSky 
Mindwave mobile headset was used to acquire the brain wave 
attention signals. A MATLAB programme was developed to 
perform signal processing, included data extraction, error 
detection and command setting. The extracted attention level 
parameters from NeuroSky ThinkGear software were set as an 
input command for activating the LED lights. These programs 
and commands were delivered to a microcontroller board, the 
Arduino UNO, to regulate the input and output systems. The 
LEDs attention level indicator can be used to monitor attention 
level from time to time. Finally, an experiment was carried out 
to investigate which type of activities would generate the 
highest undergraduate engineering students’ attention level. 
The results found out that female students obtained better 
focus on paying attention compared to male students. Also, 
female students shows result that able to focus better during 
visual based activity whereas male students were good at 
hands on based activity. However, in general, our group of 
samples of undergraduates students tend to pay higher 
attention on visual based activity than audio or hands on 
activities. 

 
Keywords— Elecencephalogram (EEG), Brain-Controlled 

Interface(BCI), Attention, Indicator, NeuroSky. 

I. INTRODUCTION  

BCI is an interfacing system that uses electrical signals 
from the brain (EEG) as an input to control other devices 
(Astiyani, Asadi & Birgani, 2008). It is a communication 
system that recognizes user’s command only from his or her 
brain waves and reacts according to them (Teplan, 2002). 
Originally, BCI is developed for medical purposes, it allows 
the patients with severe motor disorder to control 
wheelchairs, prosthetics and even spell words on the 
computer screen by only using their thoughts (Long et al., 
2012; Lopes, Pires, & Nunes, 2011; Murguialday et al., 
2007). The main objective of this paper is to develop an 
attention level indicator from the EEG brain wave signal. 
This is a fundamental concept of BCI which involved the 
signal conversion from brain wave to an external device. 

With this indicator, the attention level of people can be 
monitored easily. It also can be acted as a diagnostic device 
to diagnose attention deficit disorder (ADD). According to 
statistic, ADD is affecting 3% to 10% of children and 
approximate 4% of the adult population in United State 
(Sohn et al., 2010). Thus, with this prototype, the attention 
level of patients can be monitored in a more convenient 
way. Besides that, an attention level indicator can be a 
device for parental monitoring on the attention level of 
children. 

EEG system is a non-invasive method and technique 
which is easy and safely to use for brain electrical activity 
detection and measurement. The human brain waves were 
categorizes into different frequency band. Generally, delta 
waves (0.1 ~ 3 Hz) relate to deep sleep, theta waves (4 ~ 7 
Hz) relate to drowsiness or early sleep, alpha waves (8 ~ 12 
Hz) correlate with relaxation or rest state, while beta waves 
(13 ~ 30 Hz) correlate with mental concentration and active 
thinking (Baskaran, Milev, & Mcintyre, 2012). The 
compositions of frequency bands change depending on 
mental and emotional states and the locations of the 
electrodes. The NeuroSky had developed the attention and 
meditation algorithms based on these brainwaves 
components to monitor the mental attention and relaxation 
levels. The attention algorithm represents overall mental 
and visual attentions. It is sensitive to mental attention and 
visual focusing. The meditation algorithm shows sensitivity 
to eye open and close, and mental relaxation (Lee, 2009). 

The aim of this project was to convert the attention 
signals from the NeuroSky MindWave 
electroencephalogram (EEG) as a command to activate an 
external device as an attention level indicator. The system 
architecture will be discussed in the following session 
followed by the result of experiment. An experiment was 
conducted using this device to investigate the effect of four 
activities based on audio, hands on, visual without sound 
and visual with annoying sounds in enhancing the attention 
level. 

II. SYSTEM ARCHITECTURE OVERVIEW 

In short, this project can be expressed into three stages. 
The first stage was the input acquisition procedure. Brain 
wave signals were detected and measured using EEG 
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headset. These EEG signals would then be displayed in the 
personal computer. The signal conversion process took 
place in the second stage. A MATLAB code was developed 
to perform the programming part, including EEG signals 
display, setting of system command and transmit commands 
to the external hardware. At the final output stage, LEDs 
were chosen as the monitoring device to monitor the real 
time attention level of a subject. An Arduino UNO was used 
to receive commands from MATLAB for controlling  
the LEDs. Nine colourful LEDs were functioning as the 
attention level indicator. LEDs would light up based on the 
subject’s attention level. The number of LEDs lightens up 
increased when the attention level increased. This can be a 
device to monitor one’s attention level from time to time. 
The connection between EEG system, computer and LEDs 
attention level indicator was showed in Fig.1. In this paper, 
the signal conversion from EEG attention level into LED 
monitoring device will further discuss in the following 
session. 

 

 

Fig. 1 EEG attention signals were transmitted from NeuroSky MindWave 
headset to MATLAB at computer via Bluetooth and connected to LEDs 

attention level indicator through Arduino. 

III. METHODS 

 
 

Fig. 2 Schematic flow of the project design 
 
Fig. 2 showed the schematic flow of the project design. 

A single channel wearable NeuroSky Mindwave headset 

and NeuroSky ThinkGear software (NeuroSky Inc., U.S.A.) 
were used in this research. The Neurosky EEG headset was 
used to record and store the brain wave signals into the 
computer. The dry type EEG system used active electrode 
to record the EEG data at left prefrontal, FP1 with reference 
to the ear lobe. The EEG signals were filtered with a notch 
and band pass (0.5-30 hz) filters and converted to digital 
data at 128 Hz sampling rate. Noise and abnormal EEG 
signals which amplitudes exceed 100 microvolt were 
eliminated. The raw brain wave signals and attention and 
meditation levels were displayed by the NeuroSky 
Brainwave Visualizer on the computer monitor.  

However, the attention signal was the main focus on this 
project to be extracted out as activation of external 
hardware. The level of attention was presented as a score 
from 0 to 100 indicating the intensity of a user’s level of 
mental “focus” or “attention”. The attention level was 
extracted out from the ThinkGear software by NeuroSky 
which would be used as the command to activate the LEDs 
attention level indicator. The function of the on-screen data 
displayed was to ensure the correct categorization of the 
LEDs attention level, in response to the commands. 

A connecting device was used to transmit the attention 
signals from computer to LEDs attention level indicator. In 
this project, Arduino UNO was used as the connecting 
device which received the command from MATLAB and 
lightens the LEDs according to the output command. 
Arduino is a single-board microcontroller intended to make 
interaction between objects of environment more accessible. 
Arduino can sense the environment by receiving input from 
a variety of sensors, and can affect its surrounding objects 
by controlling lights, motors, and other actuators. Here, 
Arduino was receiving the attention signals from MATLAB 
and control the mode of LEDs. 

The attention level was categorized into five levels which 
were “poor attention” (1-19), “less attention” (20-39), 
“neutral” (40-59), “good attention” (60-79) and “great 
attention” (80-100) (NeuroSky, 2011). This categorization 
of attention level was summarized in Table 1 below. 

Table 1 Five category of attention levels 

Attention Level Category 

80 – 100 Great Attention 

60 -79 Good Attention 

40 – 59 Neutral 

20 -39 Less Attention 

1 – 19 Poor Attention 

 
Nine LEDs were used as the attention level indicator. 

Five red LEDs are used to represent level lower than 60. 

EEG Signal Acquisition 

Signals Feature 
Extraction 

Set Data as Input 
Command 

Deliver Command to 
External Hardware 

LEDs Attention 
Level Indicator 
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Two green LEDs are used to indicate the “Good Attention” 
level, which range from 60 to 80, and two blue LEDs are 
represented “Great Attention” concentration level, range 
between 80 and 100. Therefore, the LEDs would light up 
based on the subject’s attention level. The number of LEDs 
lightens up increased when the attention level increased. 
Fig. 3 showed the LEDs attention level indicator during 
different range of attention level. This can be a device to 
monitor one’s attention level from time to time. 

 

 

Fig. 3 LEDs attention level indicator for different range of attention level 

IV. EXPERIMENTAL STUDY 

Experiment was designed and conducted using the LEDs 
attention indicator to investigate the activities that enhance 
the attention level of undergraduate students. A total of ten 
students with 5 males and 5 females, aged from 23 to 25 
with a mean age of 23.38 participated in this study. They 
were the undergraduate students from the University of 
Tunku Abdul Rahman, Malaysia. Their participation was 
voluntary and participant consent was obtained before the 
study began.  

The experiment was carried out in a controlled 
environment. Distractions, wandering thoughts, lack of 
focus, or anxiety may lower the attention level of the subject. 
The test subject was required to wear a pair of earplug 
earphone throughout the whole experiment procedures. Four 

activities were carried out in this experiment, which included 
audio, hands on, visual without sound, and visual with 
annoying sound. The duration for each activity is 5 minutes. 
Before each activity, there would be 2 minutes relaxing time, 
with closed eyes but conscious, to serve as the refractory 
period for the subject’s mind. This was to avoid brain wave 
being affected by previous activities.  

The first activity was the audio based attention level test. 
The test subject was required to listen to 5 minutes of 
Mozart’s Sonata for Two Pianos in D Major (K. 448). 
Researcher believed that listening to Mozart’s music can 
enhance human concentration, commonly known as the 
Mozart effect (Bangerter & Heath, 2004). For the second 
activity, hands on based activity, the test subject was asked 
to perform simple paper art. The subject was required to cut 
paper into strips, and use the paper strips to fold star’s 
origami. The whole process was repeated until 5 minutes 
were over. The third activity was a vision based activity. A 
list of word search game was given to the subject to play for 
5 minutes. For the final activity, visual with annoying 
sound, the subject was required to listen to a restaurant 
sound recording and at the same time, the subject had to 
continue the word search game given in the third activity for 
another 5 minute period. The total times of subject’s 
attention level remained at “Good Attention” and “Great 
Attention” level were recorded, which are between 60 to 79 
and 80 to 100 respectively.  

ANOVA analysis was used to evaluate the significant 
differences in attention level between gender and types of 
activities. The level of significant values was set at p<0.005. 
Data were analysed with Statistical Package for the Social 
Science (SPSS), ver 11.5. (SPSS Inc., Chicago, IL, USA). 

V. RESULTS AND DISCUSSION 

Comparison of Attention Level Based on Gender 

 
Fig. 4 Comparison of mean accumulated time during high attention level 

on each activities based on gender 

The mean accumulated time of the 10 subjects was 
obtained and plotted in Fig. 4. The graph described the 
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average of the total time during high attention level (good 
and great attention) for different type of activities. These 
results were compared between male and female. From the 
figure, the mean accumulated time of female during high 
attention level was higher than male for all types of 
activities. ANOVA analysis also showed that there was a 
significant difference in periods of high attention level 
between gender (f(1) = 4.227, p<0.05). Female in this 
experiment tended to pay more attention during the 
experiments compared to male. This finding was 
corresponding to the latest study that indicating male 
subjects were less able to pay attention to learning stimuli 
than their female counterparts (Chua, 2014).  

Chief & Shallcross (1992) suggested that males and 
females have different paying attention abilities. Form the 
experiment, male subjects paid the longest attention on 
“visual with annoying sound” activity. This result showed 
that male would like to pay more attention under noisy 
environment. Two of the test subjects had responded on this 
condition. They stated that, under noisy environment, they 
tended to pay more attention to the activity – word search 
game, in order to complete their task under disturbance. The 
second activity that male had longer high attention time is 
the “hands on” activity. This can be explained by the 
concepts of male preference task. Male prefers physical task 
such as sports, circuit designs and driving, instead of 
paperwork. Nevertheless, for male students, the high 
attention time for each activity has not much significant 
different if compared to female student’s results, the highest 
mean time was 52.1s and the lowest was 34.4s, the 
difference was 17.7s.  

Whereas, for female students, the two activities that had 
the longest attention time were both visual based activities, 
“visual without noisy sound” activity followed by and 
“visual with annoying sound” activity. One of the reasons 
lead to this result was the NeuroSky Attention meter can be 
controlled through visual focus (NeuroSky, 2011). For 
example like staring at a point on the screen or imagine the 
action that trying to accomplish. In this experiment, word 
search game was used to test visual based attention. The test 
subjects would tend to search the listed words from rows of 
alphabet. Different from male, female prefers paperwork 
instead of physical tasks. However, there were large 
differences between the highest and lowest results of the 
female students, which the difference was 24s. The female 
was good in attention ability test, such as word search or 
alphabet search, whereas male can pay more attention in 
creative thinking test, which was not included in this study 
(Piaw, 2014). Although some researches on attention in 
literature point out there are no relation between subjects’ 
gender and attention level (Mehmet & Gülsüm, 2010). 
Furthermore, female more likely to multitask especially 

during communication and audio activities compared to 
male (Cotten, Shank, & Anderson, 2014). 

 
Comparison of Attention Level Based on Activities 

 

Fig. 5 Comparison of mean accumulated time between two ranges of 
attention level for each activity 

Fig. 5 described the average of the total time during good 
and great attention level for different type of activities. 
Attention level range from 60 to 79 was categorized as 
“good attention”, and range from 80 and above was “great 
attention” level. Audio activity had the lowest concentration 
period among the four activities for both good and great 
attention levels. Study had find out that listening to Mozart 
Sonata K.488 will increase human involuntary attention but 
decreased the voluntary attention (Zhu, Zhao, Zhang, & 
Ding, 2008). Visual without noisy sound has the highest 
period of concentration time for both attention levels. This 
indicated that visual activity may help in increasing one’s 
attention level. By comparing both visual activities with 
audio and hands on activities, visual activities had higher 
concentration time than the remaining activities. ANOVA 
analysis revealed that there was no significant difference 
between the concentration time with activities (f(3) = 1.506, 
p=0.221). Thus, the type of activities may not affect the 
concentration time. However, in fact, both the visual based 
activities had the highest concentration time compared to 
the others. This may due to as mentioned earlier, the 
NeuroSky attention level of ThinkGear algorithm can be 
controlled through visual focus (NeuroSky, 2011). 

VI. CONCLUSIONS  

In conclusion, an attention level indicator was developed 
using light emitting diodes (LED). The numbers of LEDs 
light up were based on the subject’s attention level. It was 
proposed as a real time attention level monitoring device. 
The development process of this prototype can be divided 
into three phases. The first phase was the brain wave signals 
acquisition phase, where NeuroSky Mindwave Mobile EEG 
headset was used to detect brain wave and transmit them 
into user’s computer. Followed by the signal processing 
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phase, where the attention level parameter was extracted out 
from the NeuroSky ThinkGear software and transferred to 
MATLAB for the command setting. For the final phase, the 
command was delivered to the external environment to 
activate the LED lights indicating the attention level of the 
subjects occasionally. 

Based on the results of the experiment, female students 
had better ability to pay high attention compared to male 
students. Male students were good at hands on based or 
physical activity, whilst female students had a better 
attention span on visual based activity. The results were also 
compared between the activities. The overall result showed 
that visual based activity will lead to a longer high attention 
period compared to other activities. This indicated that the 
visual based activity can enhance one’s attention level. 
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Abstract— Study of cerebral cortical functions affected by 

ischemic stroke explicates post-stroke brain plasticity. We 
report an innovative combination of electrocorticography 
(ECoG) recordings and functional photoacoustic microscopy 
(fPAM) imaging to investigate cortical functions after phototh-
rombotic ischemia (PTI) in rat brain, with electrical forepaw 
stimulation applied as treatment. The cortical functions were 
assessed over a chosen ischemic region via somatosensory-
evoked potential (SSEP), resting-state ECoG signals and 
evoked hemodynamic response. Two-phased experimental 
protocols based on sensory stimulation treatment are proposed 
and performed in this study. In the phase 1, the treatment is 
applied to the left forepaw, contralateral to the ischemic he-
misphere, with 2 mA pulses initiated 0, 1, or 2 hours post-
ischemia to determine optimal onset timing. After determining 
the optimal time window, in the phase 2, the treatment was 
delivered unilaterally or bilaterally using 2 or 4 mA pulses for 
validating if bilateral peripheral electrical stimulation with 
different current intensities could improve cerebral perfusion 
and restore cortical neurovascular response. Overall, the re-
sults demonstrated that our treatment administered bilaterally 
at 2 mA within 2 hours of ischemia can promote neuroprotec-
tion significantly via reversed cortical functions, suggesting 
effective recovery.  

Keywords— ECoG, fPAM, Neuroprotection, Photothrom-
botic ischemia (PTI), Sensory stimulation. 

I. INTRODUCTION * 

Ischemic stroke occurs when a clot blocks the blood ves-
sel interrupting blood flow to the brain area, which is a lead-
ing cause of death and disability, globally. It often results in 
irreversible brain damage where the neurons are subject to 
necrosis. Timely redistribution of blood flow into the 
ischemic penumbra could markedly improve final outcomes. 
To date, the most well-known therapeutic agent for stroke 
recovery in hyperacute phase is recombinant tissue plasmi-
nogen activator (rTPA), which acts by breaking down clots 
and reintroducing blood flow into the ischemic brain regions. 
Unfortunately, rTPA is suitable for only a small portion of 

                                                           
* Corresponding author. 

stroke patients and may cause a larger degree of tissue dam-
age by weakening vessel walls. Hence, a better neuroprotec-
tive therapy is necessary for ameliorating ischemic insult. 
Previous studies have shown that functional sensory stimula-
tion can increase regional cerebral blood flow (CBF) in 
activated brain regions. In addition, whisker stimulation has 
been proven effective for stroke recovery in a rat model, by 
evoked blood flow and collateral circulation [2, 3].  

Here, we propose a potential clinically translatable treat-
ment method for enhancing cortical function recovery with 
forepaw electrical stimulation. An in vivo photothrombotic 
ischemic (PTI) model was used to study the effect of the 
proposed treatment in two phases. In the phase 1, for deter-
mining the optimal time window, we designed experiments 
employing unilateral sensory stimulation with fixed current 
intensity as a 120-min treatment at different onset timings 
post-PTI. Afterward, stimulation was delivered either unila-
terally or bilaterally using 2 or 4 mA pulses based on the 
optimal onset time window for effective recovery. A multi-
modal imaging system integrating electrocorticography 
(ECoG) recordings and functional photoacoustic microsco-
py (fPAM) imaging (i.e., ECoG-fPAM) was introduced to 
investigate the neurovascular functions (simultaneous as-
sessment of neural activity and hemodynamic functions) 
down to single-cerebral-blood-vessel level in rat brain [1]. 
Cerebral blood volume (CBV), somatosensory-evoked po-
tential (SSEP) and alpha-to-delta ratio (ADR) were acquired 
by our system pre- and post-PTI for evaluating the proposed 
treatment method. Also, histology study was performed to 
assess the infarct volume following different treatment 
strategies in this study. 

II. MATERIALS AND METHODS 

A. Electrocorticography-Functional Photoacoustic 
Microscopy System (ECoG-fPAM) 

The experimental structure of the integrated ECoG-
fPAM system includes fPAM imaging and ECoG record-
ings. The 50-MHz dark field confocal fPAM system was 
used to image functional changes in selected cortical blood  
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The SSEPs induced by sensory stimulation were sampled 
at 1 kHz, pre-amplified, band-pass filtered and recorded 
pre- and post-PTI stroke. A SSEP extraction window was 
created within 100 ms of each stimulation onset. Since 3 Hz 
stimulation for 1 min was applied in each treatment block, 
180 SSEPs were averaged to acquire proper evoked poten-
tial signals for analysis. Afterward, P1 and N1 components 
of the averaged SSEPs were extracted. The peak-to-peak 
amplitude changes of P1 and N1 were used to evaluate the 
neural activity changes after PTI stroke. ADR was defined 
as the ratio between alpha power and delta power. Fast 
Fourier transform (FFT) is used to calculate the mean power 
over each electrode channel for the signal located within the 
delta and alpha frequency bands. In this study, the percen-
tage change in ADR was computed with respect to the base-
line ADR for each channel. Also, volume of infarct was 
determined using 2, 3, 5-triphenyltetrazolium chloride 
(TTC) staining. The sectioned brain slices were incubated in 
2 % TTC at 37 °C for 20 min in the dark and evaluated for 
the degree of stroke via the pale-white region of slices. 

III. RESULTS 

A. Functional Changes in CBV, SSEP and ADR at +0h, 
+1h and +2h post-PTI Stroke, and Infarct Volume 
Assessment (Phase 1)  

Figure 3A shows the PAM-measured CBV (i.e., RCBV) 
changes pre- and post-PTI stroke for group 1 from the re-
gion of interest (ischemic region). On comparing the results 
of CBV changes after treatment in each group, we saw that 
immediate treatment (group 1) could maximally restore 
perfusion level in the penumbra, than other groups  
(Figure 3A).  

The SSEP peak-to-peak amplitudes of P1 and N1 conti-
nually recovered to the baseline during group 1 treatment. 
Peak-to-peak amplitude of the other three experimental 
groups decreased about 56% after PTI induction, comparing 
to the baseline. Then, it continually increased to 89% of 
baseline after implementation of the 2-h treatment in group 
1. Increases in the peak-to-peak amplitude were also signif-
icant observed in both group 2 and 3, in 2.5 and 3 h follow-
ing PTI stroke onset, respectively. However, the peak-to-
peak amplitude decreased when the forepaw electrical sti-
mulation was continually delivered beyond 2.5 and 3 h 
following the stroke onset. ADR showed similar trends of 
results that both values decreased after PTI induction, and 
only group 1 treatment can help significantly recovery of 
neural activity, while other groups exhibited deteriorative 
performance when the treatments were delivered in inap-
propriate timings (Figure 3B).  

Also, we compared the infarct areas from each group us-
ing TTC staining (Figure 3C). The infarcts were pale (un-
stained) regions in the somatosensory cortex. Group 1 exhi-
bited a significant reduction in the volume of the infarct and 
group 2 slightly reduced the infarct area in comparison to 
the control group. In contrast, a reduction of the infarction 
was not observed in group 3. According to the above re-
sults, neural activity recovery effected when electrical sti-
mulation was delivered within the first 2.5 h to 3 h follow-
ing stroke onset, while sustained administration of the 
stimulation beyond the mentioned time window could dete-
riorate the activities and enlarge infarct volume.   

B. Changes of Neurovascular Functions and Infarct 
Volume After Different Stimulation Method Delivered at 
+0h post-PTI (Phase 2)  

Based on the phase 1 results, when the stimulation treat-
ment was delivered within the optimal time window, neuro-
vascular functions could largely recover. Therefore, we 
chose the group 1 method from phase 1 by integrating other 
strategies for evaluating if different stimulation method 
(either unilateral or bilateral) or current intensities could 
improve the performance of recovery. The animals of all 
groups in phase 2 were administered sensory stimulation 
immediately (at +0h) post-PTI stroke. As shown in Figure 
4A, after PTI induction, an absence of CBV can be ob-
served in the targeted arteriole located in the ischemic re-
gion. The PA image at +0h in Figure 4A represents the 
transcallosal pathway activation due to transcallosal disin-
hibition, in addition to the strengthened ipsilateral and wea-
kened contralateral pathways. After delivering bilateral 
stimulation treatment with 2 mA, the activations of both 
ipsilateral and contralateral pathways could be enhanced, 
confirmed by the PA image with a increase in relative CBV 
changes.  

 
Fig. 3 Comparison of neurovascular functions and infarct volume in 
phase 1. (A) fPAM images of CBV changes before and after phototh-
rombotic ischemic stroke. (B) Changes of peak-to-peak amplitude and 

ADR over different treatment groups. (C) TTC staining of infarct  
volume 
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There was a steady increase in peak-to-peak amplitudes in 
groups 1 and 3 with forepaw electrical stimulation at 2 mA 
intensity, indicating significant recovery of neural activity 
(Figure 4B). On the other hand, the SSEP amplitude values 
decreased in both groups 2 and 4 at end of the treatment. 
ADR values followed the same trend as SSEP with recovery 
of ADR in group 3 being significantly better than any other 
experimental group at end of treatment (Figure 4B).  

Infarct volume detected by TTC staining in phase 2 is al-
so presented in this study. Figure 4C shows the representa-
tive coronal sections of the control group and experimental 
groups that received contralateral forepaw electrical stimu-
lation with 2 mA and 4 mA, bilateral forepaw electrical 
stimulation with 2 mA and 4 mA post-PTI and treatment, 
respectively. A reduction in infarct region was found in all 
treated groups that involved unilateral or bilateral forepaw 
electrical stimulation compared to the controls. Bilateral 2 
mA stimulation in group 3 showed significant reduction in 
infarct volume than unilateral 2 mA stimulation in group 1. 
Above results validated that bilateral stimulation with 2 mA 
can enhance the performance of neurovascular function 
recovery when administered immediately post-PTI, while 4 
mA is not as beneficial. 

IV. CONCLUSIONS 

The ECoG-fPAM system was employed to evaluate the 
evoked functional CBV changes, SSEP changes and resting-
state ECoG changes in the bilateral S1FL regions pre- and 
post-PTI stroke. Results of phase 1 of the present study 
validated that unilateral forepaw electrical stimulation 
treatment administered within the first 2.5 to 3h optimal 
window following PTI onset is effective for PTI stroke 
recovery in rats. We inferred that forepaw electrical stimula-
tion treatment initiated at appropriate timing facilitated 
recovery of neurovascular function in the PTI stroke region, 
whereas treatment delivered at an inappropriate time  

window could exacerbate stroke damage. Based on the 
conclusions from phase 1, we aimed to enhance the perfor-
mance of our sensory stimulation treatment by investigating 
the best stimulation method and intensity. The results of 
phase 2 indicated that bilateral electrical forepaw stimula-
tion at low electrical intensity (i.e. 2 mA) improved perfu-
sion and restored neuronal integrity in the penumbra and 
thereby reduced the infarct volume in the hyperacute phase 
in a PTI model. This could be attributed to increase perfu-
sion from collateral circulation due to neuronal excitation in 
the penumbra. Further studies will be required to properly 
titrate both the stimulus strength and rate to obtain the most 
beneficial regime for facilitating stroke recovery. In the 
future, post-treatment comparison of neurovascular func-
tions among different experimental groups will be con-
ducted to examine the efficacy of our treatment. Also, 
chronic PTI experiments will be conducted for evaluating 
the effect of stimulation treatment in behavioral improve-
ment. This ECoG-fPAM technique will be valuable in stu-
dies related to cortical functions and may provide a unique 
opportunity to evaluate specific disease diagnoses, such as 
diabetes and epilepsy, in small animal models.  
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Fig. 4 Comparison of neurovascular functions and infarct volume 

based on different simulation method and intensity (phase 2). 
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Abstract— Cortical Theta burst stimulation (TBS) may 

modulate dopamine-dependent corticostriatal plasticity via 
long-term potentiation / depression (LTP/LTD) -like 
mechanism. This gives TBS a therapeutic potential for 
Parkinson’s disease (PD) and other neural disorder. To 
unravel the mechanism beneath TBS-induced neuroplasticity, 
a novel optogenetic simulating method will be applied. 
CaMKII promoter-driven channelrhodopsin-2 (ChR2) will be 
delivered into glutamatergic pyramidal neuron in motor cortex 
by lentivirus. Under emitting of precisely controlled blue laser 
guided by fiber optics, the excitatory circuit in layer V will be 
elicited with TBS paradigm. Cortical excitabilities were 
examined by measuring optogenetic simulation-evoked 
potential and motor-evoked potential (MEP). In summary, we 
proposed a novel optical-TBS rodent model, which revealed 
the function role of glutamatergic circuit in motor plasticity. 

Keywords— Theta burst stimulation, optogenctics, channel-
rhodopsin, neuroplasticity, brain stimulation. 

I. INTRODUCTION  

Repetitive transcranial magnetic stimulation (rTMS) is 
capable of modulating motor cortical excitability through 
long-term potentiation (LTP) and depression (LTD)-like 
mechanisms [1]. This non-invasive cerebral stimulation 
technique has been used to investigate dopamine (DA)-
dependent motor plasticity in Parkinson’s disease (PD). 
rTMS-induced motor plasticity was impaired in chronic and 
early PD patients, and was restored by dopaminergic 
medications [2]. Animal studies also showed that LTP and 
LTD were both depressed in 6-OHDA-induced DA-
denervated rats [3, 4]. Recently, our study demonstrated that 
theta burst stimulation (TBS; 3 rTMS-pulses at 50 Hz 
repeated at 5 Hz)-induced motor plasticity was reduced in 
early 6-OHDA-lesioned PD and absent in chronic PD. Such 
reduction in plasticity strongly correlated with 
dopaminergic neuron loss [5]. Relevant to PD, rTMS over 
the primary motor cortex (M1) has been found to induce 
DA release in subcortical areas [6]. Similarly, in 
experimental animals, cortical rTMS is able to increase DA 
level in subcortical regions [7] and, in particular, increase in 
DA content of the dorsolateral striatum [8]. In spite of 
dopaminergic neurons in SNc were required for iTBS-
induced motor plasticity, an NMDA-receptor dependent 
cortical excitation in M1 by iTBS was also observed [9]. It 

implicated that plasticity of glutamatergic synapses was 
modulated in M1 by TBS. In summary, we hypothesize that 
TBS can modulate corticostriatal plasticity via elevating 
excitability in cortex and DA content in striatum. In order to 
test the effects of LTP/LTD on glutamatergic connection 
from M1 to substantial nigra pars compacta (SNc), we plan 
to introduce a tissue-specific, optogenetic stimulation on 
glutamatergic neuron in M1 and on dopaminergic neuron in 
SNc. CaMKII promoter-driven channelrhodopsin-2 (ChR2) 
will be delivered into glutamatergic pyramidal neuron in 
motor cortex by lentivirus. TBS paradigms will be 
conducted by optical stimulation in M1. Motor evoked 
potential (MEP) in peripheral, excitatory post-synaptic 
potential (EPSP) and action potential in M1 and SNc will be 
recorded before and after TBS to assess motor plasticity. In 
vivo striatal DA-level will be monitored using an 
electrochemical-sensing system we had recently developed 
[10]. The fast-scan cyclic voltammetry (FSCV) provide 
excellent temporal resolution to detect single-pulse evoked 
DA releasing and recycling on a subsecond time scale. 
Compare to rTMS, optogenetic TBS provide a non-
electromagnetic stimulation in cerebral cortex without any 
electromagnetic interference to neuro-electrical recording 
and to electrochemical DA-sensing. By applying 
optogenetic stimulation scheme, it will be feasible to trigger 
a specific neural pathway in the brain, unravel the 
mechanism of TBS-induced motor plasticity, and to 
deconstruct specific neuronal circuit involved in 
Parkinson’s disease (Fig. 1). 
 

 
 
 
 

 
 
 
 
 
 
 

 

Fig. 1 Cortical neuromodulation schemes to unravel neural pathway of 
Parkinson’s disease 
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Fig. 5 Expression of ChR2 (H134R)-EYFP fusion protein in glutamatergic 
neurons in motor cortex (scale bar: 200 μm) 

B. Optogenetic Evoked Potential (OEP) and Motor Evoked 
Potential under Laser Stimulation  

After viral infection for 4-weeks, the activity of ChR2 
was examined by laser stimulation with various parameters. 
The classic waveform of optogenetic evoked potentials 
were recorded under 1 ms laser pulse for 100 trials (Fig 6). 
The values of pick-to-pick amplitude varied from 23.6 uV 
to 57.7 uV. Typical latency of P1 and N1 were 17.0 and 
34.4 ms. After averaging calculation, the pick-to-pick 
amplitudes were ploted with various laser power (Fig. 7). A 
significant correlation was observed between OEP 
amplitude and laser stimulation intensities.  

 

 
Fig. 6 Classic waveform of optogenetic evoked potential 

 
Fig. 7 Relation between laser power and amplitude of OEP 

IV. DISCUSSION 

Optogenetic animal model was build by transducing the 
tissue-specific expressed ChR2 (H134R)-EYFP in M1 
glutamatergic neuron. The expression pattern of ChR2 
(H134R)-EYFP was confirmed using immunofluorescence 
microscopy. The assessment of OEP indicated the activation 
of ChR2 expressed neuron in M1 under blue laser 
stimulation. A dose-dependent response was observed while 
laser power was increased. These results indicates a success 
in optogenetic animal model preparation. 

V. CONCLUSIONS  

We hypothesize that motor plasticity induced by M1 
modulation (such as rTMS or optogenetic stimulation) is 
SNc-dopaminergic neuron dependent. Therefore, after the 
excitability is elevated by TBS in M1, activation in SNc 
will be observed accompanied by DA-releasing in CPu. The 
dependency shall be revealed when inhibiting SNc with 
eNpHR3.0-mediated hyper-polarization.  

In the current study, we have successfully expressed 
ChR2 in motor cortex, and the optogenetic-evoked potential 
were recorded by our home-made optrode. The amplitude of 
OEP was highly correlated with laser power. In future work, 
the inhibitory opsin, eNpHR3.0, will be expressed in SNc to 
test the hypothesis that DA-releasing controlled by SNc 
activity will modulate corticalstriatal plasticity under 
optogenetic-TBS paradigm. 
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Abstract— In modern society, people are often suffered the 

nervous tension for a long time, and results in inevitably internal 
injury of bodily functions. The periodic and comprehensive 
medical examinations are necessary, makes the chemistry 
analyzer to play an important role. Although the chemistry 
analyzer is operating automatically, different manufacturer 
defines distinctive specifications. That causes the interoperability 
problems in the chemistry analyzers, and the analyzed results 
could not share and integrating. Therefore, this study proposed 
to solve the problem, which was basing on the international 
standard protocols of ISO/IEEE 11073 and Health Level Seven 
(HL7) to develop a software application.  The developed 
application could control the different brands of chemistry 
analyzers according to the ISO/IEEE 11073 standards. The data 
will be further compiled into HL7 format and save as an XML 
(eXtensible Markup Language) text file. Finally, the data are 
uploaded to the current hospital information systems. In order to 
achieve an interoperability platform that supports a variety of 
instruments at the same time. Not only enable the messages’ 
exchange in the healthcare systems, but also have high degree of 
sharing between the hospitals. 

Keywords— Chemistry Analyzer, ISO/IEEE 11073, HL7. 

I. INTRODUCTION  

The rapid development of modern technology enables 
medical equipment automatically. But there are many 
different specifications in interfaces and data formats, which 
lead to the interoperability problems. Besides the 
inconvenient situation occur during the usage. It’s also 
difficult to the medical laboratory in system development. 
This would increase the cost and time for laboratory 
development. In addition, if the inter-hospital referral is 
necessary, the patients usually need to repeat a series of 
examination procedure. 

The Continua Health Alliance (CHA) established the 
ISO/IEEE 11073 international standards that are for solving 
the closed proprietary problems in different manufactures, 
and also to improve the interoperability between different 
instruments. But now it mainly focused on the integration of 
the information coming from the elder’s home healthcare 
devices. Up to now, the ISO/IEEE 11073 international 
standards have not regulated the chemistry analyzer. The 
chemistry analyzer is also facing the same problem in the 
medical laboratory. There are too much manufactures, so 
that it’s very hard to regulate the chemistry analyzers and 

their data formats. Our research is to introduce the 
international standards, and then interfacing and integrating 
the various chemistry analyzers. 

 
Fig. 1 The traditional instrument operating flowchart 

A. ISO/IEEE 11073 Standards 
ISO/IEEE 11073 standards are currently mainly in 

personalized healthcare for the system architecture, which 
establishs the communications interoperability. So that the 
elderly people or chronic disease patient can be supported by 
today's technology and services, further to reach the home 
care and achieve improved personal health management [1]. 
The standards of ISO/IEEE 11073 series enable the 
communication between the personal medical devices and 
application data servers So that it can enable the server end 
and personal medical devices to exchange messages with 
each other, to achieve the data integration [2, 3]. 

B. Health Level Seven International (HL7) 
HL7 is the seven-layer communication model for open 

systems interconnection-application, which is a standard for 
exchanging information between medical applications. HL7 
version3.0 use XML as a method for message encoding. 
This version obviously has normative and readability that 
make the HL7 interface have good performance and easy to 
popularize [4]. 

The main purpose of HL7 is to develop the protocols and 
standards between data message transmission, which is also 
regulated the clinical and managed message formats. And as 
well allows the data to be exchanged in various medical 
institutions by different systems. It can decrease the cost of 
the interconnection of information systems and improve the 
data sharing between hospital information systems (Fig. 2). 
Thus, achieving inter platform application on clinical and 
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have higher availability, security and more expandable. 
HL7 supported the services and management of clinical care 
so as to improve the quality of clinical care and patient 
safety [5]. HL7 standards provide a detailed protocol of text 
transferring. So that the original data is first converted into a 
standard HL7 message format, and then sent to the 
receiving end system [3]. 

 

Fig. 2 Medical information exchange system block diagram 

II. METHOD  

We used the international standard protocols of ISO/IEEE 
11073 and HL7 to resolve the problem of interoperability, 
and we developed an application by NI LabVIEW for the 
chemistry analyzers. The data will be firstly compiled into 
HL7 format and save as an XML text file. Finally, the data 
are uploaded to the database for archiving [6]. 

 

 

Fig. 3 Instrument operating flowchart (Target) 

A. Instruments Interoperability 
The traditional medical devices always lack 

interoperability, so it’s important to explore the synergistic 
value. Value propositions of synergistic are including 
integrity of data, automatic electronic health records, 

increase flexibility of institutions, which are able to access 
information from the patient. They are expected to promote 
the development in the medical field. 

We use CHA proposed ISO/IEEE 11073 DIM (Domain 
Information Model) to develop the central message tools and 
achieve synergistic and message exchange between medical 
devices. In this paper, we use ISO/IEEE 11073 and RS232 as 
a communication between consoles PC and instruments [7]. 

B. Human Machine Interface 
LabVIEW is not only to optimize the measurement 

applications, but also develop the control program. It 
provides a powerful environment, which can be easily 
reached seamless integration, and user can focus on the 
development without spending too much time to verify. 
There are possibilities of test, control and design 
applications with LabVIEW Real-Time Systems. Most of 
hardware controls, measurements and operations are 
required with the software. When it comes to software 
integration, the compatibility is the main problem, and the 
hardware required driver which can communicate 
effectively, command and operate to the instrument [8]. 

In the paper, the development process of driver is shown 
in figure 4. There are four parts. First part is connecting 
hardware (Open). Second part is system initialization 
(Initialize). Third part is hardware setup (Setting). The fourth 
is back and forth to read and write data from the hardware 
(Data Dump). Finally it released the hardware connections. 

 
Fig. 4 LabVIEW hardware driver’s design process 

 
Figure 5 is a message exchange flowchart with the 

chemistry analyzer and the console PC. When the chemistry 
analyzer tries to connect to the major PC, the chemistry 
analyzer will propose the association request message, but 
console PC could not distinguish the configuration of 
analyzer (configuration) so it responses to accept this 
requirement and request to offer messages of configuration 
(accepted-unknown-config) at the same time. Next, the 
analyzer transfer configuration information to the console 
PC. After the console PC is recognized and received an 
acceptable message (accepted-config) from the console 
PC’s reply, the chemistry analyzer requests system to 
initialize. Next, user enters date and SID code of health 
check project before confirming, and the chemistry analyzer 
will begin to read and write the data. When the data transfer 
is complete, the chemistry analyzer requires to cut links 
automatically. If there is no error report, the console PC will 
response accepted [9]. 
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Fig. 5 Chemistry analyzer and console PC connecting for exchange 
message 

III. RESULT 

We developed the proposed system in the Taipei 
Veterans General Hospital, Taoyuan branch of medical 
examination centers. We have implemented the main 
management system interface by using the LabVIEW. In 
the future, we will use a computer as a host, through the 
driver to conform the ISO / IEEE 11073 and HL7 standards 
between platforms. We expect this program can control 
nearly 2/3 sets of chemistry analyzers in the medical 
laboratory center, so as to solve the problem about the 
compatibility and data integration, also achieve 
interoperability between instruments. Moreover, we will 
optimize the user interface, and then user can easily operate 
in a situation of non-standardized. 

 
Fig. 6 Main Management System 

IV. CONCLUSION 

The developed software application has been able to 
integrate between hardware, and user used the application to 
control several and different brands of instruments. The 
problem of compatibility has been solved. The application 
output the data that are conforming HL7 format, which 
could reach the interoperability in the instruments and 
improve the integration of the data. User uses the 
application can operate different kinds of medical 
instruments, and it is not only more convenient on learning 
and operating, but also can reduce the human resources and 
time. On the other way, it can improve work’s efficiency. In 
addition, integration of the data is more perfect for 
healthcare system, and user don’t think to choose some 
specific brand instruments.  
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Abstract— Prostate cancer (PCa) is the most common can-
cer form for men in Europe. A sensor system combining  
Raman spectroscopy and stiffness sensing with a resonance 
sensor has recently been developed by us for prostate cancer 
detection. In this study the sensor system has been used for 
measurements on two slices of fresh human prostate tissue. The 
stiffness sensor could detect locations slices with significantly 
different stiffness contrasts (p < 0.05). Raman spectroscopic 
measurements could be performed with the dual-modality probe 
for tissue classification. The findings are important for the con-
tinued development of a combination probe for prostate cancer 
detection. 

Keywords— Fiber optical Raman spectroscopy, tactile re-
sonance sensor technology, histopathology, prostate cancer 
detection, radical.  

I. INTRODUCTION 

Prostate cancer (PCa) is the most common cancer form 
for men in Europe with 382 300 men receiving a PCa diag-
nose in 2008. In the USA 192 000 men were diagnosed in 
2009 [1, 2]. The treatment for PCa is usually radical prosta-
tectomy (RP. 

Current standard procedure after RP is to have the re-
sected prostate examined by permanent section analysis 
after surgery. There is a risk of PCa re-occurrence if a posi-
tive surgical margin (PSM) is found, which indicates that 
some cancerous cells might have been left behind. Approx-
imately 20% of RP procedures results in a PSM [3]. Frozen 
section analysis, during surgery, have a low sensitivity for 
detecting PSM[4]. Consequently, it would be beneficial for 
the patient to have an accurate and specific method of de-
tecting possible PSM during surgery. 

A sensor system combining Raman spectroscopy and 
stiffness sensing has recently been developed for prostate 
cancer detection [5]. It combines a tactile resonance sensor 
that assesses the tissue stiffness and fiber optical Raman 
spectroscopy that gives detailed information about the tissue 
biochemical content. One application of this instrument is to 
use it during radical prostatectomy (RP) to examine the 
surgical margin.  

Tactile resonance sensors usually consist of piezoelectric 
transducers made from PZT (Lead Zirconate, Titanium). 

They have a mechanical resonance frequency or relative 
phase of oscillation that is dependent on the measured pa-
rameter. The sensors are used to develop measurement 
systems in industry as well as in medicine. Sensor systems 
have been developed for detection of breast cancer, for 
measuring muscular elasticity, for measuring stiffness of 
human ovum and for modeling micturition characteristics 
based on prostate stiffness.  

Raman spectroscopy using fibre optic probes is another 
promising technique for prostate cancer detection. Already 
in 2004 it was shown by Crow et al. that an endoscopic 
Raman probe has high prospects to be used in clinical set-
tings for prostate cancer detection [6]. The group had devel-
oped a prostate algorithm that was able to differentiate  
benign samples (benign prostatic hyperplasia and prostati-
tis) from malignant prostate cancer with an overall accuracy 
of 86 %. However, the method shows a low yield and there-
fore measurements are often carried out under dark circums-
tances to avoid background scattering. Furthermore, Raman 
spectroscopy on fresh tissue may suffers from a high intrin-
sic fluorescent background. Hence, it is good to combine 
the method with another technique. 

Combining the two methods are the basis for a probe in-
tended for detecting PSM during radical prostatectomy. The 
prostate surgical margin is to be scanned to locate stiffer 
areas using the tactile resonance sensor and harder nodules 
are an indication of tumor presence. Raman spectroscopy 
will then be applied at these locations to determine  
the boundaries between cancerous and non-cancerous stiff  
tissue.  

The aim of this study was to investigate the ability of the 
combined probe to differentiate between different tissue 
types in prostate slices. To do so, measurements with both 
techniques were performed on some pre-chosen points on 
fresh prostate tissue directly after surgery. 

II. MATERIAL AND METHODS 

A. Measurement System 
The stiffness sensor of the combined probe consisted of a 

resonance sensor attached to a strain gauge force transducer. 
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The stiffness parameter was normalized by calculating a 
stiffness contrast parameter (SC) as the ratio between per-
ceived stiffness differences from the average stiffness, 
〈dF/d∆f〉, of each prostate to account for general inter-
prostate differences (Eq1). 

 dF/d∆f  dF/d∆f  dF/d∆f                                       . 1  

 
The stiffness contrast (SC) of the two prostates yielded 

two distinct groups with different stiffness, one group with 
SC > 0 and a second with SC < 0 (Fig. 2e 3). These groups 
were confirmed by the HCA. The multiple comparison tests 
on the groups formed by the HCA revealed that they were 
significantly different (p < 0.05).   

The average stiffness of the first prostate was 9.6 ± 7.7 
µN/Hz and 3.0 ± 2.3 µN/Hz for the second. The two pros-
tates had significantly different stiffness (p < 0.05). 

 
Fig. 2. Stiffness contrast for measurement on prostate 2 (labelled 1-10) and 
measurement on prostate 1 (labelled 11-19). The stiffness contrast of zero 

corresponds to the average tissue stiffness in respective prostate slice. 

C. Raman Spectroscopy 
The Raman spectra were afflicted with a high fluorescent 

background, therefore only the high wavenumber region 
(2700 cm-1 to 3200 cm-1)was investigated. The Raman spec-
troscopic datasets of each prostate were analyzed separately. 
The pre-processed Raman spectra in the high-wavenumber 
region of 2700 cm-1 to 3200 cm-1 were separated into four 
groups by the HCA (Fig. 3).  

 

Fig. 3. HCA of the pre-processed Raman spectroscopic data in the high-
wavenumber region. (A) Prostate nr.1 with groups 1a-d. (B) Prostate nr. 2 

with groups 2a-d. 

The most separated group on the first prostate consisted of 
the single measurement point 4 obtained at a location where a 
seminal vesicle duct was embedded in stroma afflicted with 
lots of prostatitis. Points 2, 5, 7 formed a group and consisted 
of tissue of mixed content. The two least separated groups, 
consisting of points 1, 6, 9 and 3, 8 consisted mostly of stroma 
with little or no prostatitis. The histopathological analysis of 
the second prostate revealed that all measurements except the 
one on PCa had been performed on epithelial tissue; the 
groups could thus not be explained by different tissue content. 

IV. CONCLUSIONS 

An in-house designed probe combining optic fibre Ra-
man spectroscopy and a tactile resonance sensor has been 
used for measurements on slices of fresh human prostate 
tissue. 

The tactile resonance sensor modality could be used for 
assessing tissue stiffness. The stiffness contrast parameter 
was used for classifying tissue by HCA. The stiffness sensor 
could detect locations on fresh human prostate tissue slices 
with significantly different stiffness contrasts (p < 0.05). 
The stiffness sensor discriminated between prostate slices 
consisting of mostly stroma or mostly epithelial tissue with 
significantly different stiffness (p < 0.05). 

Raman spectroscopic measurements could be performed 
with the dual-modality probe for tissue classification. 
Though, the tissue classification could not fully be ex-
plained by the tissue content yet. The tissue fluorescence of 
fresh human prostate was high. Therefore, a high-
wavenumber region was used for analysis.   

In order to achieve the full clinical value and understand-
ing of the data, more measurements are needed.  

 
 
 



270 O.A. Lindahl et al.
 

 
IFMBE Proceedings Vol. 47 

 
  

 

V. ACKNOWLEDGMENT 

The study has received grants from the Kempe founda-
tion and the EU structural fund Norra Norrland Objective II.  

VI. CONFLICT OF INTEREST 

The authors declare that they have no conflict of interest. 

REFERENCES 

1. Ferlay J, Steliarova-Foucher E, Lortet-Tieulent J et al. (2013),  
“Cancer incidence and mortality patterns in Europe: Estimates for 40 
countries in 2012, Euro J of Cancer. 49: (6) 1374–1777 at  
http://www.sciencedirect.com/science/article/pii/S0959804913000075 

2. Wolf A M D et al. (2010) American Cancer Society Guideline for the 
Early Detection of Prostate Cancer: Update 2010. CA: A Cancer J for 
Clinicians 60: (2) 70-98 DOI:10.3322/caac.20066  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. Djavan B, Ravery V, Rocco B et al. (2007) European study of radical 
prostatectomy: time trends in europe, 19932005 BJU International 100: 
22–27 at http://dx.doi.org/10.1111/j.1464-410X.2007.06948.x 

4. Tsuboi T Ohori M Kuroiwa K et al.(2005) Is intraoperative frozen 
section analysis an efficient way to reduce positive surgical margins? 
Urology 66:(6) 1287–1378 

5. Nyberg M, Ramser K, Lindahl O (2013) Optical fibre probe NIR Ra-
man measurements in ambient light and in combination with a tactile 
resonance sensor for possible cancer detection. Analyst 138: 4029-4063 

6. Crow P, Molckovsky P, Stone N et al. (2005) Assessment of fiberoptic 
near-infrared Raman spectroscopy for diagnosis of bladder and prostate 
cancer Urology 65: (6) 1126–1156 

 
Author: Olof Lindahl 
Institute: Centre for Biomedical Engineering and Physics (CMTF)  
Street: Umeå University 
City: Umeå 
Country: Sweden 
Email: olof.lindahl@umu.se 

 



Erratum: Prostate Cancer Detection Using a Combination of Raman 
Spectroscopy and Stiffness Sensing 

 
 

O.A. Lindahl1,2,4, M. Nyberg1,2, V. Jalkanen2,3, and K. Ramser1,2
 

 

1 Department of engineering sciences and mathematics, Luleå University of Technology, Luleå, Sweden 
2 Centre for Biomedical Engineering and Physics (CMTF) Luleå, Umeå, Sweden 

3 Department of Applied Physics and Electronics, Umeå University, Umeå, Sweden 
4 Department of Radiation Sciences, Umeå University, Umeå, Sweden 

 
 
 
 

© Springer International Publishing Switzerland 2015 
I. Lackovic (ed.), 1st Global Conference on Biomedical Engineering & 9th Asian-Pacific Conference on Medical and Biological Engineering, 
IFMBE Proceedings 47, DOI: 10.1007/978-3-319-12262-5_74 

___________________________________________________________________________________________________________________ 
 

DOI 10.1007/978-3-319-12262-5_75  
 
 
 
 
 

 
"IFMBE Proceedings Vol. 47: "1st Global Conference on Biomedical Engineering & 9th Asian-Pacific Conference 
on Medical and Biological Engineering" missed the contribution "Prostate cancer detection using a combination of 
Raman spectroscopy and stiffness sensing" written by Olof Lindahl for technical reasons. The editors apologize for 
the mistake. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

_______________________________________________ 
The original online version for this chapter can be found at 
http://dx.doi.org/10.1007/978-3-319-12262-5_74 
_______________________________________________ 
 



Author Index

B

Bandla, Aishwarya 231, 256
Bruggeman, Kiara A.F. 46

C

Cai, X. 162
Cao, Xue Wen 192
Chan, Hsiao-Lung 140
Chang, H.C. 180
Chang, H.H. 92
Chang, Jin 184
Chang, R.F. 124
Chang, Walter H. 15, 18
Chang, Y. 241
Chang, Ying-Chih 21
Chang, Yu-Cheng 12
Chang, Yul-Lung 209
Chao, Y.P. 158
Chao, Y.T. 144
Chen, Chien-Sheng 1
Chen, C.Y. 144
Chen, H.H. 118
Chen, Hsian Chih 8
Chen, Hsin 170
Chen, Hsin-An 15
Chen, H.Y. 241
Chen, J.H. 158
Chen, Jia-Jin Jason 154, 248, 260
Chen, Liang-Yu 147
Chen, Li-Fen 128
Chen, Mei Jung 32
Chen, Pei Ru 8, 32
Chen, P.Y. 118
Chen, Tsung-Yen 209
Chen, Wen-Yih 1
Chen, W.P. 92, 114
Chen, W.-T. 188
Chen, X. 65
Chen, Y.H. 203
Chen, Yong-Sheng 128
Chen, You-Yin 231, 256
Chen, Y.Y. 92
Chia, Eric 42
Chiang, Ming-Chang 120
Chien, C.K. 200
Chiou, Yi Jhih 8, 32
Chiu, M.C. 158
Choi, Charles T.M. 174, 177
Chou, L.S. 118

Chou, T. 206, 227, 264
Chu, H.H. 100
Chu, Sz-Hau 21
Chu, Woei Chyn 244
Chuang, Han-Sheng 107
Chuang, S.Y. 114
Chuang, Yun ju 8

D

Deng, X.Y. 53, 61
Diao, Xianfen 136
Dong, S.L. 144, 203
Dong, Z. 100
Dosayev, M.Z. 212
Du, Cheng-Fei 76

F

Fan, F. 162
Fan, Y.B. 162
Fan, Yu-Bo 76
Fan, Yubo 72, 111
Fan, Zhencheng 150
Fu, Shu-Juan 28

G

Goryacheva, I.G. 212
Gu, Po-Wen 140
Gubenko, M.M. 212
Guo, L.Y. 200

H

Hansen, C. 100
He, F. 65
Ho, H.Y. 227
Hong, S.W. 104
Hsieh, Chia Yeh 244
Hsieh, Cho-Han 248, 260
Hsieh, S.Y 5
Hsieh, Yi Ling 8, 32
Hsu, H.T. 180
Hsu, K.Y. 158
Hsu, Shan-Hui 39
Hu, C.J. 118
Huang, Ching-Wen 50
Huang, Chun-Jen 1, 21, 24, 35
Huang, C.S. 124

Huang, Guo-Jen 140
Huang, Ho-Kai 69
Huang, H.P. 104
Huang, Huang-Wen 84
Huang, Kang-Ting 35
Huang, Nien-Chi 39
Huang, S.H. 92
Huang, Wei-Che 18
Huang, Zih-Yun 18
Hung, J. 158

I

Ishikawa, Takumi 132

J

Jalkanen, V. 267
Jen, E. 235
Jin, Bo 192
Ju, Ming-Shaung 42
Ju, M.-S. 212

K

Kan, D.P.X. 251
Kang, H.Y. 61
Kim, Y. 239
Kubota, Y. 96
Kuo, Chih-En 166
Kuo, Kuan-Ting 50
Kuo, R.F. 216, 220
Kuo, Shyh-Ming 50
Kuo, T.S. 235
Kuo, Wan-Jung 107
Kuwata, Takeshi 132

L

Lahiri, A. 80
Lai, C.-I. 188
Lai, Hsin-Yi 231, 256
Lai, Y.-T. 188
Lee, A.J. 264
Lee, C.Y. 158
Lee, E.K. 227
Lee, Gi-Da 12
Lee, H.P. 80
Lee, Gi-Da 12
Lee, H.P. 80
Lee, Kun-Che 140



272 Author Index

Lee, P.F. 251
Lee, P.L. 180
Lee, Shuenn-Yuh 209
Lee, S.J. 80
Lee, Y.C. 174
Lee, Y.H. 174
Lee, Yi-Shin 140
Lee, Yu-Ru 28
Li, Jie 136
Li, X.F. 162
Li, Xue F. 184
Liang, Sheng-Fu 166
Liao, Hongen 150, 223
Liao, Kuo-Chih 12
Liao, Lun-De 231, 256
Liao, Wei Chen 8, 32
Lim, V.W.W. 251
Lin, Bo-Wen 57
Lin, Cheng-An J. 15, 18
Lin, Chi-Chang 28
Lin, Chien-Ho Janice 120
Lin, Chou-Chin 42
Lin, C.P. 92
Lin, C.W. 235
Lin, C.Y. 114
Lin, F.J. 180
Lin, J.H. 206, 227, 264
Lin, J.Y. 5
Lin, Meng Hsuan 8, 32
Lin, R.M. 216
Lin, Shih-Yen 128
Lin, W.T. 235
Lin, Yi-Ting 18
Lin, Y.T. 235
Lin, Z.S. 220
Lindahl, O.A. 267
Ling, Ji Min 231, 256
Liong, K. 80
Liu, Chia-Yu 1, 21
Liu, H.L. 158
Liu, Meng-Chun 248
Liu, Song-Yang 76
Liu, X. 61
Liu, Yu-Hang 231, 256
Liu, Zhaohui 72
Lo, C.-M. 188
Lo, C.M. 124
Lo, M.M. 206, 227, 264
Lo, Yu Ting 8, 32
Lu, Pei-Hsuan 12
Lu, Pong-Jeu 57
Lu, T.W. 104
Luo, R.S. 158
Luo, Z.P. 65
Lyubicheva, A.N. 212

M

Mak, Peng Un 192
Manousakas, Ioannis 50

Mao, Rui 72
Martin, Sébastien 177
Mizoguchi, Hiroshi 132
Mochizuki, O. 96
Moon, W.K. 124
Morozov, A.V. 212

N

Nisbet, David R. 46
Niu, H.J. 162
Nyberg, M. 267

P

Pan, Min-Cheng 147
Pan, Min-Chun 147
Parish, Clare L. 46
Pei, B.Q. 162
Peng, C.W. 235
Perumal, Ramesh 170
Pun, Sio Hang 192

Q

Qin, Zhengdi 136

R

Ramser, K. 267

S

Shao, Wan-Chen 154
Shaw, Fu-Zen 166
Sheean, Rebecca K. 46
Sheu, T.W.H. 88
Shi, Zhan 223
Shieh, J.S. 100
Shih, Yu-Hsuan 166
Sie, Jia Hong 244
Solovchuk, M.A. 88
Son, J. 239
Su, Baiquan 223
Su, F.-C. 212
Su, Hao 111
Sue, Chung-Yi 42
Sun, A.Q. 53, 61
Sun, J.S. 5

T

Takahashi, Junko 132
Takemura, Hiroshi 132
Tang, S.T. 206, 227, 264
Teong, Benjamin 50
Thakor, Nitish V. 231, 256
Thiriet, M. 88
Tian, Shan 72
Tsai, C.G. 158

Tsai, M.H. 264
Tsai, Min-Ru 196
Tsuang, Y.H. 114
Tu, Pei Yin 244

V

Vai, Mang I. 192

W

Wang, Chun-Wei 18
Wang, C.T 104
Wang, Jiu Jiang 192
Wang, Junchen 150
Wang, Lin-Chuan 24
Wang, Li-Zhen 76
Wang, Lizhen 72
Wang, Ting-Yi 46
Wang, T.W. 5
Wang, Z.Z. 61
Weng, C.H. 216
Wu, Chun-Wei 154, 248, 260
Wu, H.C. 5
Wu, Yudong 184

Y

Yan, Yang 111
Yang, C.H. 200
Yang, Cheng Rung 32
Yang, Chia-Yen 196
Yang, C.J. 216, 220
Yang, Guanzhong 111
Yang, Ho-Ching 120
Yang, M.H. 206, 227, 264
Yao, K.G. 158
Yeh, C.-H. 212
Yeh, Ming-Long 69
Yeh, Shiou-Bang 1
Young, S.T. 235
Yu, Hao 111
Yu, Jen-Fang 140
Yu, J.F. 158
Yu, Yuan Yu 192
Yuan, Chun-Man 154
Yuan, Zhen 111

Z

Zhan, F. 53
Zhan, Kai 136
Zhang, Jian 184
Zhang, P. 53
Zhang, Tao 111
Zhao, Feng 111
Zhong, D.Y. 65
Zhou, Zhilun 111



Keyword Index

32NGF 32
3D image marker 150
3D reconstruction 88
3D structure 111
μPIV 107

A

accelerated atherosclerosis 61
Acoustic vibration 65
acquisition system 209
Acute ischemic stroke 231
Albumin 50
amine-polyethylene glycol-biotin 15
amino acids 21
AML-12 50
Angiogenesis 111
anti-biofouling 24
antifouing properties 35
anti-fouling 1, 21
arterioles 42
Articulation disorder 227
Artificial teeth 220
Ascorbic acid 8
Attention 251
Auto-pathological diagnosis system

132

B

Barker 136
Biocompatibility 1
biomechanics 76
blood flow 88
blous 203
Booking system 206
Brain 118, 158
brain stimulation 260
Brain-Controlled Interface(BCI) 251
Breast cancer 124
Breast Tumor Detection 147

C

C. elegans 107
Capacitive Micromachined Ultrasonic

Transducers (CMUT) 192
Carbon nanotubes 32

Carpal tunnel syndrome 80
cell stiffness 69
center of pressure 100
channelrhodopsin 260
Chemistry Analyzer 264
Chinese 158
chitosan 28, 32
chronic wound healing dressings 35
Cochlear Implant (CI) 174
Coded excitation 136
Cognitive function 244
complex Morlet wavelet 170
compressed thickness 203
compression force 203
compression paddle 203
computed tomography 12
computer-aided diagnosis 124
Concussion 118
contact lenses 1
Contextual interference 120
contrast medium 12
CSM 162
CWT 170

D

Degenerative disc disease 114
Dental implant 92, 220
diabetic mellitus 42
diffeomorphisms 128
Diffuse Optical Imaging 147
Digital demodulator 136
displacement 80
Dopamine (DA) 241, 248
Doppler optical coherence tomography

42
dose 144
double-layer insole 100
Dust Particle Resuspension 96
dynamic response 76
Dynamic Spinal Stabilization System

216

E

ECIS 188
ECoG 256
ejection 76

Elecencephalogram (EEG) 251
Electrical impedance tomography 177
Electrical stimulation 235
electrocardiogram 209
Electrocorticography (ECoG) 231
electroencephalogram (EEG) 166
Electroencephalograph (EEG) 180
Electronic forms 206
electrospinning 28
EMT 69
End-effector 223
Endocytosis 19
Envelope 174
Event-related synchronization (ERS)

180
Executive function 244
Eye control 196

F

falling 100
fast-scan cyclic voltammetry (FSCV)

248
fatigue test 92
FEA simulation 192
Fiber optical Raman spectroscopy 267
Fine Structure 174
finite difference method 84
Finite Element 76, 118
Finite element analysis 92, 114
finite element method 177
fMRI 120, 158
fPAM 256
frequency shift keying 209
Full-depth 136

G

gait analysis 104
Gaussian noise 200
Gelatin 8
guided bone regeneration 28

H

Heading 118
Heart failure 57



274 Keyword Index

Helmholtz resonance 192
hemodynamics 53
Hepatocytes 50
HIFU 88
histochemical stain 154
histopathology 267
HL7 264
Home rehabilitation 227
Hospital bed 196
Human mesenchymal stromal cells 65
human neuroblastoma SH-SY5Y cells

241
HVS 170
Hybrid circulation model 57
Hyperspectrum 19
hyperthermia 5

I

Idealized foot 96
Image processing 132
image quality 144
Images 128
immunochromatography test strip 184
impedance fluctuations 188
Indentation 212
Independent component analysis 120
Indicator 251
induced nephropathy 12
integral photography 150
Intra-aortic balloon pump 57
intra-carpal tunnel pressure 80
Interactive web 206
Inverse Problem 147, 177
Ischemic stroke 154, 140
ISO 14801 92
ISO/IEEE 11073 264
ISO14971 216

L

Laser Ablation 223
Left right tilt 196
lesion malignancy screening 12
liposome encapsulation 12
liver tumors 84, 88
Low-density lipoprotein 61
Lumped parameter method 57

M

Magnetic nanocrystals 5
Magnetic Resonance 128

magnetic stimulation 241
Mammography 144, 203
MDA-MB-231 188
Mechanical fixation 111
median nerve 80
mice brain 140
Micro-CT imaging 111
micro-motion 92
microplate measurement system 69
mineralization 28
Minimally Invasive Surgery 212, 223
motility 107
multi-body 76
Multiscale entropy 166
Multivariate empirical mode

decomposition (MEMD) 180
Muscle strengthening 239

N

Nano Medicine 19
Nanoparticle 8, 15
natural tooth 92
N-back test 244
Near Infrared 147
Nerve block 235
nerve tissue 42
neural network 177
neurons 46
neuroplasticity 260
Neuroprotection 256
NeuroSky 251
NIRS 154
noise 72
non-rigid registration 128
Normal Hearing Test 174
numerical simulation 53

O

one piece implant 220
one step detection 184
online spindle detection 170
Opsonin 19
optogenctics 260, 248
Osteogenic differentiation 65
Osteoporosis 65
overlapping baremetal stents 53

P

Parkinson’s disease 170, 248
particle swarm optimization 177
PEGylation 19

Personality 158
phantom 144
photocleavable 24
Photothrombotic ischemia (PTI) 231,

256
Piriformis syndrome 104
PIV measurement 96
plantar pressure 100
poly (lactic acid) 28
Postural control 200
power 107
propulsion 107
prostate cancer detection 267
protein tethering 46
Pudendal nerve 235

Q

QDM 162
quantitative detection 184
Quantum dots 184
quasilinear viscoelasticity 42

R

radical 267
Radio frequency 235
radio frequency transmitter 209
Radio-frequency ablation (RFA) 84
Rayleigh Scattering 19
reactive oxygen species (ROS) 241
recombinant tissue-type plasminogen

activator (rt-PA) 231
Reed-Solomon 209
rehabilitation protocol 239
repetitive transcranial magnetic

stimulations 241
Resting State 120
Risk Analysis 216
Risk Management 216

S

scaffolds 46
sciatic nerve 104
SDUV 162
self-assembled monolayers 21, 24
Sensory stimulation 256
Serial reaction time task 120
sigmoid sinus 72
silver nanoparticles 35
simulation 72
Simulink 196
Sleep efficiency 166



Keyword Index 275

Sleep quality 166
Soccer 118
sodium concentration 140
sodium MRI 140
soft tissue 212
spatial position measurement 150
spatial resolution 144
spatiotemporal tailoring 24
Speech therapy 227
stability 21, 46
stereo tracking 150
Stochastic resonance 200
surface modification 5

T

tactile resonance sensor technology
267

tactile sensor 212
TCD 136

texture 124
TGF-β1 188
thermal lesion formation 84
Theta burst stimulation 260
thoracic aortic aneurysm 53
Thrombolysis time window 231
tinnitus 72
Total disc replacement 114
Tower of Hanoi 244

U

ultrasound 124
Ultrasound stimulation 50

V

Vascular perfusion 111
vascular pulsatile 72
venous graft 61

Ventricular assist device 57
Vibration 72, 200
vibration extraction 162
Visible light image of pupil 196
Voiding efficiency 235

W

Wall jet, Vortex 96
White noise 200
Wisconsin Card Sorting Test 244
wound healing 188

Y

Young’s modulus 212
zwitterionic 24
Zwitterionic hydrogel 35
zwitterionic materials 1, 21


	Foreword
	Preface
	Organising Committee
	Table of Contents
	Silanization of Silicone Elastomer with Zwitterionic Surface Modifierfor Robust Biocompatibility
	I. INTRODUCTION
	II. RESULTS AND DISCUSSION
	III. CONCLUSION
	REFERENCES

	Development and Characterization of Magnetic Bioceramic Nanocrystalsfor Intracellular Hyperthermia
	I. INTRODUCTION
	II. EXPERIMENT
	III. RESULTS
	IV. CONCLUSIONS
	REFERENCES

	The Research of Ascorbic Acid-Loaded Gelatin Nanoparticles and Cell UptakeStudies with NCTC Clone 929 Cell Line
	I. INTRODUCTION
	II. M ATERIALS AND METHODS
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSIONS
	REFERENCES

	Effect of Contrast Medium Encapsulated in Liposome on Lesion Diagnosisand Contrast Medium Induced Nephropathy
	I. INTRODUCTION
	II. MATERIAL AND METHOD
	III. RESULT AND DISCUSSION
	IV. CONCLUSIONS
	REFERENCES

	Single Functionalized of Different Size Nanoparticles Effect
	I. INTRODUCTION
	II. METHODS
	III. RESULT
	IV. CONCLUSIONS
	REFERENCES

	Dark-Field Hyperspectral System for Monitoring the Nanoparticles Interaction with the Cells
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULT
	IV. CONCLUSIONS
	REFERENCES

	Sulfur-Containing Natural Zwitterionic Amino Acids and Derivative on Gold:Study on Physicochemical and Anti-fouling Properties
	I. INTRODUCTION
	II. EXPERIMENTAL SECTION
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	REFERENCES

	Novel Bio-inspired Zwitterion Dopamine Molecule for Anti-biofoulingand Photocleavable Properties
	I. INTRODUCTION
	II. EXPERIMENTAL PROCEDURES
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	REFERENCES

	Preparation of HA-Mineralized CS/PLA Composites Nanofiber GBR Mats
	I. INTRODUCTION
	II. EXPERIMENTS AND RESULTS
	III. CONCLUSIONS
	REFERENCES

	Multi-walled Carbon Nanotubes and Chitosan Film Promote Nerve Regenerationby Releasing Nerve Growth Factor
	I. INTRODUCTION
	II. M ATERIALS AND METHODS
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSIONS

	Novel Zwitterionic Nanocomposite Hydrogel as Effective ChronicWound Healing Dressings
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSION
	REFERENCES

	The Transfectability and Cell Motility on Materials with DifferentPhysico-chemical Properties
	I. INTRODUCTION
	II. WRITING THE PAPER
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSIONS
	REFERENCES

	In Situ Circular Compression and Doppler Optical Coherence TomographyStudies on Effects of Diabetic Mellitus on Vesa Nervonum of Sciatic Nerve
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS AND DISCUSSIONS
	IV. CONCLUSIONS
	REFERENCES

	Characterisation of the Stability and Bio-functionality of Tethered Proteinson Bioengineered Scaffolds: Implications for Stem Cell Biology and Tissue Repair
	I. INTRODUCTION
	II. EXPERIMENTAL PROCEDURES
	III. RESULTS AND DISCUSSION
	IV. CONCLUSION
	REFERENCE

	Growth and Albumin Secretion of AML-12 Hepatocyteswith Low Frequency-Low Intensity Ultrasound Stimulation
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS
	IV. CONCLUSIONS
	REFERENCES

	Overlapping Bare-Metal Stents Strategy in Treatment of Thoracic AorticAneurysm: A Numerical Study
	I. INTRODUCTION
	II. METHODS
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSION
	REFERENCES

	Simulation and Wave Intensity Analysis of Intra-aortic Counterpulsation
	I. INTRODUCTION
	II. METHODOLOGY
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSION
	REFERENCES

	Enhanced Accumulation of LDLs within the Venous Graft Wall May Accountfor Its Accelerated Atherogenesis
	I. INTRODUCTION
	II. METHOD
	III. RESULT
	IV. DISCCUSION
	V. COMPLIANCE WITH ETHICAL REQUIREMENTS
	VI. CONCLUSIONS
	REFERENCES

	Osteogenic Differentiation of Human Mesenchymal Stromal Cells Promotedby Acoustic Vibration
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSION
	REFERENCES

	Discuss the Epithelial to Mesenchymal Transition by the View of Mechanics
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS AND DISCUSSIONS
	IV. CONCLUSION
	V. REFERENCES

	The Relationship of Coloboma of Cortical Plate attaching Sigmoid Sinusand Vascular Pulsatile Tinnitus: A Numerical Study
	I. INTRODUCTION
	II. METHOD
	III. RESULT
	IV. DISCUSSION
	V. CONCLUSION
	REFERENCES

	Numerical Simulation of the Dynamic Response of Thoracolumbar Spine in Impactof Ejection
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSIONS
	REFERENCES

	Carpal Tunnel Biomechanics – Displacement and Associated Intra-Carpal TunnelPressure Studies during Finger Flexion
	I. INTRODUCTION
	II. METHODS
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSION
	REFERENCES

	Numerical Modeling to Calculate Thermal Lesion Formation UsingInternally-Cooled Electrodes during Radiofrequency Ablation of Liver Tumors
	I. INTRODUCTION
	II. METHODS
	III. RESULTS
	IV. CONCLUSIONS
	REFERENCES

	Image Based Simulation for Liver Tumor Ablation by Focused Ultrasound
	I. INTRODUCTION
	II. METHODS
	III. RESULTS
	IV. CONCLUSIONS
	REFERENCES

	Development of a Novel Micro-motion Dental Implant System
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS AND DISCUSSIONS
	IV. CONCLUSIONS
	REFERENCES

	Experimental Investigation of Aerodynamic Dust Resuspension Due to Foot Step
	I. INTRODUCTION
	II. EXPERIMENTAL SETUP AND CONDITIONS
	III. RESULTS
	IV. DISUCUSSION AND CONCLUSION
	REFERENCES

	Design a Center of Pressure Measurement Device into the Insole
	I. INTRODUCTION
	II. DESIGN OF INSOLE
	III. DATA COLLECTION AND ANALYSIS
	IV. RESULT AND DISCUSSION
	V. CONCLUSIONS
	REFERENCES

	Gait Analysis of Patients with Unilateral Piriformis Syndrome
	I. INTRODUCTION
	II. MATRIAL AND METHODS
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSIONS
	REFERENCES

	Development of an Image-Based Algorithm for the Motility Characterizationsof the Nematode Caenorhabditis Elegans
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	REFERENCES

	Influence of Mechanical Fixation on Angiogenesis during Bone Healing Process
	I. INTRODUCTION
	II. MATERIAL AND METHODS
	III. RESULTS
	IV. CONCLUSIONS
	REFERENCES

	Biomechanical Behavior of a Hydrogel-Based TDR Device
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSIONS
	REFERENCES

	Finite Element Simulations of Brain Responses to Soccer-Heading Impacts
	I. INTRODUCTION
	II. METHODS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	REFERENCES

	Using Group Independent Component Analysis to Investigate Resting-StateFunctional Networks Underlying Motor Sequence Learning
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS
	IV. CONCLUSION
	REFERENCES

	Computer-Aided Diagnosis of Breast Tumors Using Textures from IntensityTransformed Sonographic Images
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS
	IV. DISCUSSION
	REFERENCES

	A Fast and Accurate Algorithm for Diffeomorphic and Symmetric Non-rigidRegistration of Brain Magnetic Resonance Images
	I. INTRODUCTION
	II. METHODS
	III. RESULTS
	IV. CONCLUSIONS
	REFERENCES

	Beyond Supporting Pathological Diagnosis: Concept of Support System for Pathologist and Researcher 
	I. INTRODUCTION 
	II. P-SSD
	III. RECENT WORK ON P-SSD
	IV. CONCLUSIONS 
	REFERENCES 

	A Full Digital Design of TCD Ultrasound SystemUsing Normal Pulse and Coded Excitation
	I. INTRODUCTION
	II. METHODOLOGY
	III. RESULTS
	IV. CONCLUSIONS
	REFERENCES

	In Vivo Study of Ischemic Stroke in Mice Brain Using Sodium MRI
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS AND DISCUSSIONS
	IV. CONCLUSION
	REFERENCES

	Evaluation of Image Quality and Average Glandular Dose Using the ResolutionTesting Phantom in Mammography
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSIONS
	REFERENCES

	Reconstruction of DOI with Geometrical Mismatchbetween Physical and Computational Models
	I. INTRODUCTION
	II. METHOD
	III. RESULTS
	IV. CONCLUSION
	REFERENCES

	A Spatial Position Measurement SystemUsing Integral Photography Based 3D Image Markers
	I. INTRODUCTION
	II. METHODS
	III. EVALUATION
	IV. DISCUSSION AND CONCLUSION
	REFERENCES

	Assessment of Hemodynamic Responses in Cerebral Ischemic RatsUsing Near Infrared Spectroscopy
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS
	IV. DISCUSSION
	V CONCLUSIONS
	REFERENCES

	The Correlations between Chinese Personality Traits and Cortical Activation
	I. INTRODUCTION
	II. METHODS AND MATERIALS
	III. RESULTS
	IV. DISCUSSIONS
	V. CONCLUSIONS
	REFERENCES

	The Comparison of Tissue Vibration Signal Extraction Algorithms in ShearwaveDispersion Ultrasound Vibrometry
	I. INTRODUCTION
	II. METHOD
	III. EXPERIMENTS
	IV. RESULTS
	V. DISCUSSION
	VI. CONCLUSIONS
	REFERENCES

	Evaluating the Sleep Quality Using Multiscale Entropy Analysis
	I. INTRODUCTION
	II. METHOD
	III. RESULTS
	IV. CONCLUSIONS
	REFERENCES

	Performance Analysis in a Wavelet-Based Algorithm for Automatic Detectionof High-Voltage Spindles in Parkinson’s Disease Rat Models
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	REFERENCES

	Speech Recognition for Cochlear Implant Users in the Noisy Environment:The Role of Envelope and Fine Structure
	I. INTRODUCTION
	II. METHODS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	REFERENCES

	Electrical Impedance Tomography: A Reconstruction Method Based on NeuralNetworks and Particle Swarm Optimization
	I. INTRODUCTION
	II. THEORY
	III. EXPERIMENTS
	IV. RESULT
	V. CONCLUSION
	REFERENCES

	Analysis of Post_Movement Event-Related Synchronization (ERS) in LeudoaraiosisPatients Tsing Multivariate Empirical Mode Decomposition
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	Untitled
	IV. CONCLUSION
	REFERENCES

	One-Step Quantitative Detection of Human Chorionic Gonadotropinby Integrating Immunochromatography Test Strip with Fluorescence Detectionof Quantum Qots
	I. INTRODUCTION
	II. MATERIALS AND CHEMICALS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	REFERENCES

	Electrically Assessing the Effect of TGF-β1 on MDA-MB-231 Cells
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS AND DISCUSSION
	REFERENCES

	Initial Design of the Capacitive Micromachined Ultrasonic Transducers (CMUT)with Helmholtz Resonance Aperture
	I. INTRODUCTION
	II. PRINCIPLE OF CMUT WITH HELMHOLTZRESONANCE APERTURE
	III. FEA SIMULATION METHODOLOGY
	IV. RESULT
	V. CONCLUSIONS
	REFERENCES

	A Prototype System for Using Eye Control on a New Type of Hospital Beds
	I. INTRODUCTION
	II. MATERIAL AND METHODS
	III. RESULTS
	IV. CONCLUSION
	REFERENCES

	Effects of Different Noise-Enhanced Vibrotactile Stimulation on Postural Controlin Upright Standing: A Preliminary Investigation
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSIONS
	REFERENCES

	Measurements of Compressed Thickness of Compression Paddle Using a Bolus Phantom in Digital Mammography
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSIONS
	REFERENCES

	Inpatient Meal Booking System
	I. INTRODUCTION
	II. METHODS
	III. RESULTS
	IV. CONCLUSION
	REFERENCES

	A Wireless Electrocardiogram System-on-a-Chip with Reed–Solomon Codingand Frequency-Shift-Keying Transmitter for Healthcare Application
	I. INTRODUCTION
	II. SYSTEM ARCHITECTURE OF HEALTHCAREMONITORING
	III. CIRCUIT DIAGRAMS AND DESIGNCONSIDERATION
	IV. MEASUREMENT RESULTS
	V. CONCLUSION
	REFERENCES

	Young’s Modulus Estimation of Soft Tissues by Video Tactile Pneumatic Sensor
	I. INTRODUCTION
	II. THE EXPERIMENTAL TECHNIQUE
	III. CONCLUSIONS
	REFERENCES

	Risk Management of the New Dynamic Spinal Stabilization System
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	REFERENCES

	One Piece Dental Implant Development
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	REFERENCES

	A Laser Ablation End-Effector with Multiple Degrees of Freedom for MinimallyInvasive Surgery
	I. INTRODUCTION
	II. SYSTEM CONFIGURATION
	III. MATHEMATICAL MODEL
	IV. PROTOTYPIC VERIFICATION
	V. CONCLUSIONS
	REFERENCES

	A Home Rehabilitation Platform for Child Articulation Disorder
	I. INTRODUCTION
	II. METHODS
	III. RESULT
	IV. CONCLUSIONS
	REFERENCES

	Therapeutic Time Window for rt-PA Thrombolysis in a Rat PhotothromboticIschemic Stroke Model
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS
	IV. CONCLUSIONS
	REFERENCES

	Using Radio Frequency Electrical Stimulation to Block External Urethral SphincterContraction and Improved Voiding Efficiency
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	REFERENCES

	Effects of Eccentric Contraction Training withNeuromuscular Electrical Stimulation on Muscle Strength
	I. INTRODUCTION
	II. METHODS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSION
	REFERENCES

	Study the Impact of the SH-SY5Y Cells under the Magnetic Stimulationwith Different Frequency and Duration
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS
	IV. CONCLUSIONS
	REFERENCES

	Immediate Effect of Exercise on Executive Function in Youth Group
	I. INTRODUCTION
	II. METHODS
	III. RESULTS
	IV. CONCLUSIONS
	REFERENCES

	Real Time Measurement of Dopamine Releasing under Optogenetic Stimulation
	I. INTRODUCTION
	II. MATERIAL AND METHODS
	III. RESULT AND DISCUSSION
	IV. CONCLUSIONS
	REFERENCES

	Signal Conversion from Attention Signals to Light Emitting Diodes as an AttentionLevel Indicator
	I. INTRODUCTION
	II. SYSTEM ARCHITECTURE OVERVIEW
	III. METHODS
	IV. EXPERIMENTAL STUDY
	V. RESULTS AND DISCUSSION
	VI. CONCLUSIONS
	REFERENCES

	Sensory Stimulation-Induced Neuroprotection in Hyperacute Phase of IschemicStroke – A Multimodal Imaging Study
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS
	IV. CONCLUSIONS
	REFERENCES

	Optogenetic Deconstructing the Mechanism of Neuroplasticity Modulatedby Repetitive Cortical Stimulation
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSIONS
	REFERENCES

	Integration of the Chemistry Analyzer and the Medical Information System
	I. INTRODUCTION
	II. METHOD
	III. RESULT
	IV. CONCLUSION
	REFERENCES

	Prostate Cancer Detection Using a Combination of Raman Spectroscopyand Stiffness Sensing
	I. INTRODUCTION
	II. MATERIAL AND METHODS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	REFERENCES

	Erratum: Prostate Cancer Detection Using a Combination of RamanSpectroscopy and Stiffness Sensing
	Author Index
	Keyword Index
	00470001.pdf
	Silanization of Silicone Elastomer with Zwitterionic Surface Modifierfor Robust Biocompatibility
	I. INTRODUCTION
	II. RESULTS AND DISCUSSION
	III. CONCLUSION
	REFERENCES





