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Blood oxygenation using microbubble suspensions
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Abstract Microbubbles have been used in a variety of
fields and have unique properties, for example shrinking
collapse, long lifetime, elficient gas solubility, a negatively
charged surface, and the ability to produce free radicals. In
medicine, microbubbles have been used mainly as diag-
nostic aids to scan various organs of the body, and they
have recently been investigated for use in drug and gene
delivery. However, there have been no reports of blood
oxygenation by use of oxygen microbubble fluids without
shell reagents. In this study, we demonstrated that nano or
microbubbles can achieve oxygen supersaturation of fiuids,
and may be sufficiently small and safe for infusion into
blood vessels. Although Po, increases in fluids resulting
from use of microbubbles were inhibited by polar solvents,
normal saline solution (NSS) was little affected. Thus, NSS
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is suitable for production of oxygen-rich fluid, In addition,
oxygen microbubble NSS effectively improved hypoxic
condilions in blood. Thus, use of oxygen microbubble
(nanobubble) fluids is a potentially effective novel method
for oxygenation of hypoxic tissues, for infection control,
and for anticancer treatment.
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Introduction

Microbubbles are miniature gas bubbles, <50 um in
diameter, in liquids, which mostly contain oxygen or air
(Kurup and Naik 2010; Qin et al. 2009), Microbubbles
have been used in a variety of ways: in soil fermentation
and hydroponic plant growth, in aquaculture, for environ-
mental improvement of water and sewage treatment, and in
engineering production. Microbubbles have several unique
properties (Takahashi et al. 2003, 2005, 2007). They
remain relatively stable in water for a long time (they have
a long lifetime), or rise very slowly, gradual shrink, and
finally collapse (i.e., shrinking collapse), whereas macro-
bubbles increase in size, rise rapidly, and burst at the water
surface. The internal pressure of microbubbles is also much
higher than that of the local environment, which acceler-
ates dissolution of the gas into the liquid (i.e., efficient gas
solubility). They also have a negatively charged surface,
and thus will not merge to form larger bubbles, and the
ability to produce free radicals, for example ~OH.

The most beneficial property of microbubbles is the
highly efficient gas solubility. The mechanism of super-
saturation of oxygen gas in water is expressed by the
Young-Laplace equation (Takahashi et al. 2007):

@ Springer

572

Eur Biophys J (2012) 41:571-578

P =P +20/r

where P is the gas pressure, Py is the liquid pressure, o is
the surface tension of the liquid, and r is the bubble radius.
Inertial gas pressure is higher for smaller bubbles, so the
inertial pressure of shrinking microbubbles increases with
decreasing size. According to Henry's law, the amount of
dissolved gas around the shrinking bubble increases with
increasing gas pressure. DP is defined as the inertial
increase in gas pressure relative to environmental pressure:

DP =20/r =46/2r = 40/D

where D is the bubble diameter.

For microbubbles 10 um in diameter, the surface tension
of water is 72.8 mN/m at 20 °C and DP is approximately
0.3 atm. However, when the microbubble diameter
becomes 1 pm, DP increases tenfold (to approx. 3 atm).

Hypoxia, a condition of inadequate oxygen supply to
tissues or the body, can lead to severe tissue damage and
can be life threatening. Tissue hypoxia can develop if there
is a decrease in cardiac output (ischemic hypoxia), hemo-
globin concentration (anemic hypoxia), or oxygen satura-
tion (hypoxic hypoxia), or an increase in the metabolic
demands of the body (Abdelsalam and Cheifetz 2010).
Hypoxia also induces physiological, cellular, and bio-
chemical responses, which can effect pharmacological
metabolism (Taylor and Moncada 2010; Ward et al. 2011,
Donovan et al. 2010). Thus hypoxia is the most crucial
issue in the treatment of a variety of diseases.

In medicine, microbubbles have been used as diagnostic
aids to scan various organs of the body (Badea et al. 2000;
Dijkmans et al. 2004; Lapotko 2011) and they have been
studied for use in drug delivery and gene delivery (Dijk-
mans et al. 2004; Lapotko et al. 2011; Juffermans et al.
2004). There have recently been reports on use of micro-
bubbles as local drug-delivery systems, using ultrasound
with special shell reagents (Xu et al. 2011; Ferrara et al.
2009). However, biocompatibility of the shell reagents and
ultrasound damage to the body are major problems that
remain to be solved, as also is microbubble stability (Juf-
fermans et al. 2006). Reports have also focused on special
shell reagents for packing oxygen gas into microbubbles to
extend the duration of oxygen delivery for injections
(Cavalli et al. 2009; Swanson et al. 2010). In clinical
applications of oxygen delivery to hypoxic patients, intra-
venous drip infusion is preferable because a large amount
can be administercd at once or over a long time.

Commonly used methods for generaling microbubble

pensions are hanical agitation, sonication, and
pressurized gas-liquid mixing (microchannel emulsifica-
tion); these usually result in the formation of microbubbles
with wide size distributions. Gas-liquid mixing systems are
preferable for generation of large amounts of microbubble
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suspensions at once, and bubble sizes are smaller. How-
ever, blood cannot be used directly in the machine because
of blood cell destruction.

Therefore, methods for preparing fluids containing
oxygen microbubbles (oxygen microbubble fluids) from
conventional clinical fluids by use of pas-liquid mixing
systems will be useful. There are no reports of blood
oxygenation by use of oxygen microbubble fluids without
shell reagents. This study was performed (o determine:

— whether microbubbles could be used to cfficiently
increase the level of dissolved oxygen in liquids;
— how dissolved molecules such as electrolytes (e.g.,

NaCl) or glucose affect oxygenation of liquids; and
— whether oxygen microbubble fluid can improve oxy-

genation of hypoxic blood.

We found that normal saline solution (NSS) containing
oxygen microbubbles (OMNSS) improves hypoxic condi-
tions in blood.

Methods
Liquid solutions and blood samples

Sodium chloride and glucose (Wako Pure Chemical
Industries, Osaka, Japan) were dissolved in ultrapure water
as 1-10 % and 5-20 % solutions, respectively.

Approximately 100 ml blood was collected in a blood
bag for autologous blood transfusion (Terumo CPDA blood
bag, 200 ml; Terumo, Tokyo, Japan), from the ear vein of a
healthy swine under general anesthesia, and stored in a
refrigerator at 4 °C for 4 weeks. Each blood sample was
taken from the blood bag by use of a disposable syringe
(Terumo syringe, 2.5 ml; Terumo, Tokyo, Japan) to avoid
contamination with air.

NSS (Otsuka Pharmaceutical, Tokyo, Japan) containing
oxygen microbubbles was mixed with blood in dilution
ratios of 10, 20, 30, 50 %. The samples were then gently
shaken for 3 min before use in experiments.

These experiments were approved as animal experiment
“no. 22-5” by the Ethics Review Committee for Animal
Experimentation of Okayama University of Science.

Generation of microbubbles

Fine microbubbles of oxygen gas were generated by use of
a micro-nanobubble aerator (AS-MA II; Asupu, Shizuoka,
Japan), with hydrodynamic function, for 15 min, during
which time oxygen gas was supplied at 1 I/min (Fig. 1). In
the apparatus, water or another liquid (150 ml), introduced
by a pump, spirals up along a wall and down to an out-
let along the center of the apparatus. The centrifugal force



— 812

Eur Biophys J (2012) 41:571-578

573

manometer

aerator

0, gas 1 l/min

Fig, 1 Experimental sctup. Relatively fine microbubbles of oxygen
gas were generated by use of a micro-nanobubble aerator, at a peak
pressure of 1-1.5 MPa, through which water or another liquid
(150 ml) was circulating, for 15 min, and to which oxygen gas was
supplied at 1 Vmin. Fine microbubbles of oxygen gas were generated
after brief sonication

caused by the circulation automatically introduces oxygen
gas from the gas inlet and a vortex of oxygen gas is formed
along the central axis. The body of the oxygen gas is
separated into fine bubbles at the outlet of the apparatus by
the strong shearing force of the dispersed water/liquid and
circulation power. After generating water/liquid with
oxygen gas microbubbles, the fluid was exposed to an
ultrasonic bath (AUC-1L; As One, Osaka, Japan) for a few
seconds to eliminate relatively large microbubbles.

For comparison purposes, macrobubbles were generated
by use of an aguarium air stone (Round Air Stone S-2S;
Daiko, Nagoya, Japan), to which oxygen gas was supplied
at 1 Vmin.

Morphological analysis of oxygen microbubbles
generated in liquid

After brief sonication each 10 yun of the ultrapure water
containing oxygen microbubbles was immediately mounted
on a dual chamber slide (TC10™ System Sample Slides;
Bio-Rad, Hercules, CA, USA). The oxygen microbubbles
were then captured by microscopy (BZ-8100; Keyence,
Tokyo, Japan), morphologically analyzed, and the bubble
sizes measured.

Evaluation of dissolved oxygen in liquid or blood
samples

Alter application of brief sonication, each fluid containing
oxygen microbubbles was left for 30 s. The dissolved
oxygen partial pressure (Po,) in each liquid and blood
sample mixed gently with NSS containing oxygen micro-
bubbles for 3 min was then immediately measured, as an
index of oxygenation, by use of a blood gas analyzer
(ABL510; Radiometer, Copenhagen, Denmark). Each

sample was taken by use of a disposable syringe to avoid
contamination with air at room temperature (25 °C).

Statistical analysis

Results  from the experiments are shown as the
mean = standard error of the mean (SEM). Statistical
analysis was performed using StatMate III software
(ATMS, Tokyo, Japan). Means were compared by use of
unpaired ¢ tests, or by analysis of variance (ANOVA) and
Tukey’s post-hoc test. In all analyses, P < 0.05 was taken
as indicative of statistical significance.

Results
Generation of microbubbles

To confirm the generation of fine microbubbles by the
micro-nanobubble aerator, ultrapure water containing fine
oxygen microbubbles was morphologically analyzed by
microscopy.

Figure 2a shows the distribution of oxygen microbub-
bles in ultrapure water after circulation through the micro-
nanobubble aerator—96.2 % of the generated oxygen
bubbles were less than 50 pm in diameter (microbubble).
Most (35.7 %) microbubbles were 2030 pm in diameter,
and a significant amount (26.2 %) of relatively fine mi-
crobubbles less than 20 pm in diameter was also present.

Figure 2b shows the fine oxygen microbubbles gener-
ated after brief sonication. Bubbles were less than 10 pm in
diameter and inhomogeneous (ranging from <1 to 6 um in
diameter). Some fine microbubbles were seen to shrink and
collapse during morphological analysis.

Evaluation of dissolved oxygen in liquids containing
macrobubbles and microbubbles

To examine the potency of microbubbles for dissolving
oxygen gas in liquid, the Po, in ultrapure water was
compared between macrobubbles (f> 1 mm) and micro-
bubbles by blood gas analysis. Figure 3 shows the Po,
values in ultrapure water. Means were compared by
ANOVA and Tukey’s post-hoc test. On average, oxygen
gas was dissolved with Po, of 170 & 5.6 mmHg
(mean == SEM) in the control (P < 0.01 vs. macro and
microbubbles), 776.8 £ 19.3 mmHg in ultrapure water
exposed to oxygen macrobubbles (P < 0.01 vs. control and
microbubbles), and 1,003.2 £ 25.5 mmHg in ultrapure
water containing oxygen microbubbles (P < 0.01 vs. con-
trol and macrobubbles). These results suggest that oxygen
microbubbles could significantly increase the Po, values in
1 e water c( d with macrobubbl
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Fig. 2 Morphological analysis of generated oxygen microbubbles.
a The distribution of the microbubbles generated by the micro-
nanobubble acrator. b Mi bbles were inhomog in size,
After brief sonicati latively large mi isapp d and
fine microbubbles remained. The bubbles were <6 ym in diameter

and nanobubbles were also present

Effects of solvents on the Po, increase by microbubbles

To examine the effect of solvent on the Po, increase after
microbubble treatment, the Po, in ultrapure water con-
taining a 1, 5, or 10 % NaCl, an electrolyte, or a 5, 10, or
20 % glucose, were measured by blood gas analysis.
Means were compared by ANOVA and Tukey’s post-hoc
test.

Figure 4a shows the effects of NaCl on Po, increase by
use of oxygen microbubbles. On average, Po, values were
1,003.2 £ 25.5 mmHg in the control (P < 0.01 vs. 5%
and 10 % NaCl solution), 985.6 & 27.1 mmHg in 1 %
NaCl solution (P < 0.01 vs. 5 % and 10 % NaCl solution),
829.5 £ 18.6 mmHg in 5 % NaCl solution (P < 0.01 vs.
control and 1 % NaCl solution), and 745.8 & 11.4 mmHg
in 10 % NaCl solution (P < 0.01 vs. control and 1 % NaCl
solution). These results suggested that the oxygenation by
microbubbles decreased with increasing concentration of
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Fig. 3 Comparison of Po, increase in ultrapure water between
oxygen and oxygen microbubbles. Oxygen bub
bles were generated in ultrapure water (150 ml) by use of porous
ceramic with 1 I/min oxygen gas supply for 15 min. Oxygen
microbubbles were generated by use of a micro-nanobubble aerator.
The Po in ultrapure water was determined by blood gas analysis.
Results are shown as mean = standard error of the mean from five
separate experi each perfi 4 in dupli **P <001

the NaCl solution. Above, less than 1 % NaCl solution was
enough to increase the Po, in the liquid by use of oxygen
microbubbles compared with untreated ultrapure water.

Figure 4b shows the effects of glucose on the Po,
increase by use of oxygen microbubbles. On average, Po,
values were 1,003.2 £ 255 mmHg in the control
(P < 0.05 vs. 5 % glucose solution, P < 0.01 vs. 10 and
20 % glucose solution), 866.3 & 38.6 mmHg in 5 % glu-
cose solution (P < 0.05 vs. control), 828.3 & 17.8 mmHg
in 10 % glucose solution (P < 0.01 vs. control), and
763.8 £ 29.8 mmHg in 20 % glucose solution (P < 0.01
vs. control). The results suggested that oxygenation by
microbubbles decreased with increasing concentration of
glucose. Even 5 % glucose solution significantly inhibited
the Po, increase by oxygen microbubbles.

Blood oxygenation by use of oxygen microbubble fluid

To examine the potency of blood oxygenation by fluid
containing oxygen microbubbles, OMNSS was mixed with
swine venous blood in different ratios. After mixing for
3 min at dilution ratios of 10-50 %, the Po, in blood
samples was measured by blood gas analysis.

Figure 5a shows Po, values in blood diluted with 10, 20,
30, or 50 % OMNSS or NSS. Means were compared by use
of unpaired r-tests. The average Po, in control blood
(without dilution) was 64.6 & 1.3 mmHg. Average Po,
values were 81.9 & 3.3 mmHg and 72.4 £ 1.5 mmHg in
blood diluted with 10 % OMNSS/NSS (P < 0.05),
89.5 & 4.2 mmHg and 78.9 + 2.5 mmHg in blood diluted
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OMNSS results in a significantly greater Po, increase in
blood than NSS, and the difference in Po, value between
OMNSS and NSS becomes greater with increasing dilution
ratio in the blood.

Figure 5b shows Po, values at 10 % dilution with NSS
with and without oxygen microbubbles in blood. Means
were compared by ANOVA and Tukey’s post-hoc test. On
average, the Po, values were 64.6 + 1.4 mmHg in control
venous blood (P < 0.05 vs. 10 % OMNSS), 724 £ 1.5

Blood dilution ratio with OMNSS

Fig. 5 Po, increases in blood by use of oxygen microbubble NSS
(OMNSS). Swine venous blood was diluted with OMNSS at 10, 20,
30, or 50 %, and mixed gently for 3 min. The Po, in blood was
determined by blood gas analysis. a Comparison of Po, increases in
blood between NSS and OMNSS. b Comparison of Po, increases in
blood at 10 % dilution with NSS or OMNSS. ¢ Po, increases in blood
al cach dilution ratio with OMNSS. Results are shown as
mean = standard error of the mean from five separate experiments,
cach performed in duplicate. *P < 0.05; **P < 0.01
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mmHg in blood diluted 10 % with NSS (P < 0.05 vs. 10 %
OMNSS), and 81.9 & 3.3 mmHg in blood diluted 10 %
with OMNSS (P < 0.05 vs. control and 10 % diluted blood
with NSS). The results suggested that OMNSS significantly
improved the Po, in hypoxic blood.

Figure 3¢ shows Po; values in blood diluted with 10, 30,
or 50 % OMNSS. Means were compared by ANOVA and
Tukey’s post-hoc test. The average Po, values were
81.9 + 3.3 mmHg in blood diluted with 10 % OMNSS
(P < 0.0] vs. 50 %), 110.4 == 8.9 mmHg in blood diluted
with 30 % OMNSS (P < 0.05 vs. 50 %), and 166.6 3 25.3
mmHg in blood diluted with 50 % OMNSS (P < 0.01 vs.
10 %, P < 0.05 vs. 30 %). These results suggested that Po,
in hypoxic blood was significantly increased by increasing
the mixing volume of OMNSS. In addition, blood diluted
with 50 % OMNSS was significantly more oxygenated
than 10 % diluted blood (P < 0.05).

Discussion

Microbubbles are gas bubbles <50 pm di in liquids;
they have a variety of unique properties (Kurup and Naik
2010; Qin et al. 2009). In particular, their efficient and high
oxygen gas solubility is beneficial for oxygenation of
hypoxic tissues (Bitterman 2009; Abdelsalam and Cheifetz
2010; Raoof et al. 2010; Guo and DiPietro 2010).

In our experiments, most of the oxygen microbubbles
generated after application of brief sonication were <10 pm
in diameter (Fig. 2b), and were categorized as fine micro-
bubbles (Takahashi et al. 2003, 2005, 2007). These fine
microbubbles were thought to be captured as the result of the
gradual shrinking of microbubbles that finally collapse. Fine
oxygen microbubbles are expected to have a variety of uselul
properties in medicine (Barbosa et al. 2009; Betit 2009;
Kulikovsky et al. 2009). Microbubbles <10 pm in diameter
are thought to be clinically safe; the filter pore sizes for
cardiopulmonary bypass machines are usually in the range
28-40 pm, and oxygen microbubbles 10 im in diameter are
therefore negligibly small (Barak and Katz 2003).

The most beneficial property of microbubbles is the
highly efficient gas solubility, which is expressed as Po,
increases in liquids including blood. The Po, values in
water containing oxygen microbubbles were significantly
higher than the theoretical Po, value (760 mmHg).
According to the Young-Laplace equation, the shrinking
oxygen microbubble increases the inertial pressure and
oxygen gas dissolves to a much greater extent water by
Henry's law. The smaller the bubble size, the higher the
Po, value in water. In our experiments, Po, values in water
were approximately 30 % greater than full oxygen satura-
tion (Fig. 3). Nanobubbles must increase the Po, value in
water to a much greater extent than microbubbles.
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Next, we examined how solutes in the fluid, for cxample
NaCl and glucose, which are commonly used in daily
clinical practice, affect the increase in Po, by microbub-
bles. NaCl and glucose both inhibited the Po, increase by
microbubbles, in accordance with their concentration
(Fig. 4a). As oxygen gas has low polarity and tends to
dissolve in low-polarity liquids, our results indicating that
Po, in water was reduced by NaCl or glucose, which are
polar in solution, are credible. However, NSS used in daily
clinical practice is of very low concentration (only 0.9 %)
and had litle effect on the Po, values compared with the
control. Therefore, NSS containing microbubbles can be a
clinically useful fluid for tissue oxygenation. The Po,
values in 5 % glucose solution were significantly (~15 %)
reduced compared with the control. Twenty percent glu-
cose solution, which is used in intravenous hyperalimen-
tation, had almost the same Po, as the theoretical
maximum Po, value in water (Fig. 4b). Thus, {luids con-
taining glucose are not suitable for tissue oxygenation
using this method.

OMNSS increased the Po, values in blood in accordance
with the mixing volume (ratio) (Fig. 5a). At 10 % dilution
in blood, OMNSS resulted in significantly higher Po, than
NSS (Fig, 5b). The oxygen volume in blood is expressed as
follows (Scholz et al. 2010):

Total Cop = (a-Poy + b Hb - Sat) - V

where a is the solubility coefficient of oxygen in blood
(0.003 ml/l mmHg), b is the oxygen-carrying capacity of
hemoglobin (1.34 ml/ghHb), Hb is the concentration of
hemoglobin in blood (15 g/di), V is blood volume (5 1), and
Sat is the saturation of hemoglobin.

In addition, Sat in blood under conditions of pH 7.4 at
37 °C is expressed as follows (Dash and Bassingthwaighte
2010):

Sat = Koy - Po} /(1 + Ko, - Po})
= (Poz/Psp)"{1 + (Poy/Pso)"}

where Ko is the Hill coefficient and n is the Hill exponent
(n = 2.7). They are related by Ko, = (Psp)™" where Psp is
the Ievel of Po, at which Hb is 50 % saturated by O,
(Psp = 26.6 mmHg) (Goutelle et al. 2008).

In this study, the mean Po, of the control blood
(64.6 mmHg) was improved from 81.6 to 166.6 mmHg by
dilution with OMNSS. Given these data at 37 °C, the sat-
uration value of hemoglobin was calculated to be 91.3 % at
Po, = 64.6 mmHg, 952 % at Po, = 81.6 mmHg, and
99.3 % at Po, = 166.6 mmHg. The total Co, was calcu~
lated as 927 ml for control blood, 970.8 ml for blood
diluted with 10 % OMNSS, and 1004.3 for blood diluted
with 50 % OMNSS. The value of total Co, for blood
diluted with 10 % OMNSS was 43.8 ml higher than that of
the control blood; this oxygen excess corresponds to
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87.6 % of the oxygen consumption of the brain per minute
in adults. In addition, the value of total Co; in blood diluted
with 50 % OMNSS was 121 m] higher than that of the
control blood; this oxygen excess corresponds to 48.4 % of
the oxygen consumption of the whole body per minute in
adults. Therefore, the oxygen microbubble fluid described
here can be locally injected into hypoxic tissues but is not
sufficient for general infusion. For general infusion, it will
be necessary to achieve an approximately tenfold higher
density of oxygen microbubbles. This will require more
innovative methods for production of finer microbubbles
(nanobubbles) or shell reagents for bubbles.

In summary, finer micro-nanobubbles can be used to
achieve oxygen supersaturation in fluids, and may be small
and safe enough for infusion into blood vessels. Although
increases in Po, in fluids by use of oxygen microbubbles
were inhibited by polar solvents, NSS had little effect.
Thus, NSS will be suitable for production of oxygen-rich
fiuid. In addition, OMNSS effectively improved hypoxic
conditions in blood. Use of oxygen micro/nanobubble flu-
ids is an effective novel method for oxygenation of hypoxic
tissues caused by ischemia and general hypoxia, for
infection control caused by anaerobic bacteria, and for
anticancer treatment. However, it has been suggested that
microbubbles also cause tissue damage and that oxygen
itself can be toxic (Barak and Katz 2005; Dennery 2010;
Wang et al. 2010; Allen et al. 2009). Further studies of fine
micro/nanobubbles are required to increase the Po, under
hypoxic conditions and to assess the effects on tissues and
the whole body.
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Characterization of contraction-induced IL-6 up-regulation
using contractile C2C12 myotubes
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Abstract. Muscle contractile activity functiuns s a potent stimulus for acute interleukin (IL)-6 expression in working

bliched

skeletal muscles. Recently, we an “in vitro

model” using highly-developed cuntractile C2C12

myotubes by applying electric pulse stimulation (EPS). Hercin, we characterize the effects of EPS-cvoked contraction on

1L-6 exp in ile C2C12 bes. Both tion and mRNA expression of IL-6 were significantly up-
Inted by EPS in a freq: dependent manner in i during a 24-h period, and the response was
blunted by cyclosporine A, a cafcineurin iphibitor. Longer nmc (~l2h) was required for the induction of 1L-6 after the
initiation of EPS as compared to that of other le CXC chemokines such as CXCLVKC, which were
mduced in lcss than 3 )lours Furth these acute inducible CXC ki hibited no ine effect on IL-6
ion-ds dent IL- 6 lation was markedly supp in the presence of high levels

of glucose along with i d glycogen 1l i 1 manipulation of i Hufar glycogen contents by
modulatmg nvmlublc glucose or pymvnlc during a certain EPS period further established the suppressive effect of glycogen
duced IL-6 up-: i wluch appclimd i bc independent of calcineurin activity, We

also document |hal EPS-cvoked ile activity imp in terms of i llular glycogen

accumulations. Taken together, these data provide important insights into the regulation of TL-6 expression in responsc to
contractile activity of muscle cells, which is difficult to examine using ir vivo experimental techniques. Our present resulls
thus expand the usefulness of our " vitro contrsction model”.

Key words: Exercise, Myokine, 1.6, Glycogen, Insulin

IT HAS BECOME increasingly apparent that skeletal
muscle functions as an endocrine organ that sccretes
a number of cytokines, including interleukin (IL)-1f,
IL-6, 11.-8, IL-10, and IL-15 and that physical activ-
ity induces some of these muscle-derived myokines,
which are therefore referred to as “cxercise factors”
{1, 2]. IL-6 expression in muscle is well known to be
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up-regulated by physical activity, both at the mRNA
and the protein level, which is indeed responsible for
the increases in the levels of systemic IL-6 concentra~
tion after exercise in rodents and human subjects {3-6].
Importantly, IL-6 was shown to have positive effects
on skcletal muscle glucose dxsposal [7, 8], and accu-

1 id d d that some of the ben-
cficial effccts of exercise might be mediated by exer-
cise factors including IL-6 [9]. Thus, understanding of
the mechanistic details of 1L.-6 expression in skeletal
muscles in response to their contractile activity is an
important issue, with health implications especially for
patients with type 2 diabetes.

A key issue in understanding the effect of contractile
activity on IL-6 up-regulation is to clarify the intracel-
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lular signaling mechanisms by which cells can deci-
pher and respond to a highly complex mechanical stim-
ulus assoclamd with acute energy fluctuations, wmch

is app ly further inf} d by envi 1 cir-
cumstances including blood flow and nutrient condi-
tions as well as various humoral factors including auto-

. Materials and Methods

Materials

Ccll culture cquipment was purchascd from BD
Biosciences (San Jose, CA, USA). Dulbecco’s
Modified Eagle Medium (DMEM), penicillin/strepto-

crine/paracrine factors derived from working skeletal
muscles. Indeed, several studies have demonstrated
that glucose availability and/or muscle glycogen con-
tents influcnced the rate of IL-6 expression and the
rclease from working skeletal muscle [10-12] and that

induced IL-6 production is significantly aug-
mented under low glycogcn conditions in muscle {13,
14]. In addition, several lines of evidence indicated
that levels of 1L-6 expression in skeletal muscle was
modulated by various cytokines including IL-6 itsclf
{15, 16]. However, the precise molecular mechanism

by which i gul IL-6 expression under
diverse nutritional cir is poorly und d,

which is at least partially due to limitations stemming
from the conventional in vivo exercise experiments
that make it difficult to precisely control nutritional/
humoral circumstances in vivo.

We recently ded in establishing an ad
in vitro muscle exercise model using highly devel-
oped C2C12 myotubes possessing electric pulse
stimulation (EPS)-cvoked vigorous contractile activ-
ity. Importantly, we have observed that these highly
developed C2C12 myotubes displayed some impor-
tant aspects of beneficial effects of exercise such as

1

_ improved insulin sensitivity and fiber type switching

after EPS-cvoked contractile activity [17]. In addi-
tion, the contractile C2C12 myotubes appeared to

mycin and Trypsin-EDTA were purchased from Sigma
Chemicals (St. Louis, MO, USA). Calf scrum (CS)
and fetal bovine serum (FBS) were purchased from
BioWest (Nuaille, France). The Western blot detec-
tion kit (West super femto detection reagents) was pur-
chased from Thermo Fisher Scientific Inc. (Rockford,
1L, USA). Immobilon-P was purchased from Millipore
Corp. (Bedford, MA, USA). Bovinc scrum albumin
(BSA) was purchased from Wako (Osaka, Japan). The

linked & bent Assay (ELISA) kit for
1L~6 was obtained from eBioscicnce (San Dicgo, CA,
USA). Unless otherwise noted, all chemicals werc of the
purest grade available from Wako or Sigma Chemicals.

Cell culture

A mouse skeletal muscle cell line, C2C12 myoblast
[19], was grown on 4-well plates (BD Bioscicnces)
at a density of 0.5 x 10° cells/well in 5 mL of growth
medium. Briefly, C2C12 myoblasts were culture in
the growth medium, DMEM containing 25 mM glu-
cosc (high glucose; HG) supplemented with 10% FBS,
100 pg/mL penicillin, and 100 pg/mL streptomycin, at
37°C under a 5% CO, atmosphere for 3-4 days until
~80-90% confl (day 0). Diff iation was then
induced by switching the growth medium to DMEM
supplemented with 2% CS, 1 oM insulin, 30 pg/mL
penicillin, and 100 pg/mL streptomycin (differentia-

have the ability to secrete various ines/cytok-
ines including 1L-6 and CXCL1/KC in response to
EPS {17, 18], approximating those observed in work-
ing skelctal muscle in vive [17]. In order to understand

induced IL-6 up-regulation in working skel-
ctal muscles, we took advantage of our in vitro cxcr-
cise model and investigated the characteristics of IL-6
production from the C2C12 myotubes in response to
EPS-evoked contractile activity in detail. In addition,
we pted to clarify possible infl of CXCLY/
KC, a newly identificd myokine, on the EPS-evoked
IL-6 expression in contractile myotubes. The effects
of ambient glucose levels on IL-6 cxpression were
also investigated.

tion medium) [20]. The differentiation medium was
changed every 24 hours. The cells were then incubated
in DMEM containing 5 mM (low glucose; LG) or 25
mM (HG) glucose under the indicated conditions.

Electrical pulse stimulation (EPS)

Five to six days after differentiation, the differenti-
ated C2C12 myotubes in 4-well plates were placed in
a chamber for EPS (C-Dish, lonOptix, Milton, MA).
EPS was applicd to the cclls in the C-Dish using a
C-Pace pulse generator (C-Pace 100, lonOptix, Milton
MA). The stimulator was sct to deliver a pulse with a
2-ms duration, 40 V/60 mm voltage and 0.1 or 1 Hz
frequency (17]. The cells in the C-Dish were placed
inside a humidified incubator at 37°C under 5% CO,
atmosphere.
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IL-6 expression in

ELISA for IL-6 concentration
Conditioned media were collected at the indicated
time point and stored at -20°C until IL-6 analysis. The
ion of IL-6 d into the culture media
was measured using the Mouse Interleukin-6 ELISA
Ready-SET-Go! (cBioscience) according to the man-
ufacturer’s instructions (detection limit: 4 pg/mL).
Three or four independent experiments were performed
for cach experimental condition.

Real-time PCR analysis of gene expression

Total RNA was prepared using the TRIzol reagent
(Invitrogen) and quantitative real-time PCR analysis
was performed using the Light Cycler instrument and
SYBR Green detection kit (Roche Diagnostics, IN,
USA). Primers for IL-6 (mouse IL-6 LightCycler™-
Primer Sct, GenBank Accession: NM_031168) were
purchased from Nihon Gene Research Laboratories Inc.
(Japan). Primers for B-actin as a control were: 5'-CGT
TGA CAT CCG TAA AGA CCT C-3” and 5'-AGC
CAC CGATCCACACAGA-3".

Western blot analysis

Cells were lysed with lysis buffer (30 mM Tris pH
7.4, 100 mM NaCl, | mM EDTA, 1% Triton X-100, 2.5
mM NaF, 2 mM NaPP, 1 mM Na;VO,, 1 mM PMSF,
10 pg/mL aprotinin, 1 pg/mL pepstatin, 5 pg/mL leu-
peptin), and protein amount was determined using
the bicinchoninic acid assay (BCA; Thermo Fisher
Scientific Inc.). The harvested proteins were then sub-
jected to sodium dodecyl sulphate polyacrylamide
(10%) gel electrophoresis (SDS-PAGE) and transferred
to a polyvinylidenc difluoride (PVDF) membrane
(Immobilon-P; Millipore) for Western blot analysis.
Immunodetection of cach protein was achieved with the
primary antibodies (anu-NFAT/cl and anu-a-actxn anti-
bodics) and t dist d d
ary antibodies, followed by SuperSngnal chto chemi-
lumincscence substrate (Thermo Fisher Scientific Inc.).

Determi of gly

Cells were lyscd wnth 50 uLswell of lysis buffer (0.6%
perchloric acid and 0.2 M Na-acetate, pH 4.8), sonicated
(Sonics Vibra Cell) and kept at -20°C until analysis. After
addition of 4 uL of | M KHCO; and 4 pL of 10 mg/
mL amyloglucosidase (Roche), cell lysates (40 pL) were
incubated at 37°C for 2 hours. The lysates were then
centrifuged at 15,000 rpm for 10 minutes and the glucose
concentration (derived from glycogen) was determined
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employing a Determiner GLE (Kyowa Medix, Tokyo
Japan) with the positive control being 0.1 mg/mL glyco-
gen (Sigma G-8876, Type T, Rabbit liver). SpectraMax
M5 was used with the SofMAX Pro Windows software
program (Molecular Devices, Japan).

Statistical analysis

All data are presented as means and standard errors
of the mean (S.E.). Statistical analysis was performed
using Student’s paired t-test. For analysis of the time
course of IL-6 production, a one-way ANOVA was
applied to determine significant differences between
trials. Statistical significance was accepted at p<0.05.
Each experiment was repeated at least three times.

Results

Effects of EPS-evoked contractile activity on the

q of IL-6 pr

To investigate the effects of EPS-evoked contraction
on the acquisition of IL-6 prod in C2C12 myo-
cytes, we applied EPS at 40V/60 mm, 2 ms and 1 Hz
to C2C12 undifferentiatcd myoblasts and differentiated
myotubes for 24 h {17, 18]. LG-DMEM containing 5
mM glucose was used and conditioned media with or
without 24 h EPS were collected for determining the
amount of released IL-6 by ELISA. As we previously
reported 17, 18, 21], vigorous contraction in response
to EPS was obscrved in C2C12 myotubes, but not in
myoblasts {data not shown). In C2C12 myoblasts, no
IL-6 production was observed cven after EPS. In con-
trast, a large amount of IL-6 was secreted from contrac-
tile C2C12 myotubes exposed to 24 h of EPS (Fig. 1A),
as we previously reported [17]. IL-6 release from myo-
tubes depended on the frequency of EPS, and EPS at
0.1 Hzresulted in less 1L-6 production than that at | Hz
(Fig. 1B). The time course of the experiment revealed
that the acquisition of IL-6 production is not acutely
induced after short term EPS, but rather requires EPS
longer than 12 h despite the fact that C2C12 myotubes
started to contract after 1-2 h of EPS, which concomi-
tantly lead to increased secretions of both CXCL1/KC
and CXCLS/LIX [18].

To investigate the possibility that CXCLI/KC and
CXCLS5/LIX, both of which are released in response to
EPS-evoked contraction within 1-3 h [18], could medi-
atc and/or influcnce the acquisition of EPS-induced
TL-6 production in this culture system, we examined
the cffects of SB225002, an antagonist for CXCR2
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Fig. 2 Effects of ion-inducible CXC ch ki on

EPS-induced 1L-6 production

C2C12 myoblasts were treated with EPS (40 V/60 mm, 0.1
or | Hz frequency, 2-ms duration) for 24 h in the absence
or presence of the indicaled factors. DMEM containing 5
mM glucose (LG-DMEM) was used in this experiment and
conditioned medium was subjectcd to ELISA.  A: effect
of CXCR2 antagonist (SB225002) on EPS-induced IL-6
production in C2C12 myotubes  B: effects of CXCL1/
KC and CXCL5/LIX on basal IL-6 production during 24
h incubation At Jeast 3 independent experiments were
performed, and valucs are means & SEM,

serving as a common receptor for both CXCL1/KC
and CXCLS/LIX, on EPS-induced IL-6 production
(Fig. 2A). Admmxstratlon of SB225002 durmg thc 24
h of EPS did not i IL-6 producti

that activation of CXCR2 by thesc CXC chcmckmcs
released from contractile C2C12 myotubes was not
directly involved in the acquisition of IL-6 production
clicited by EPS-cvoked contraction. Consistent with
this observation, exogenous administration of ecither
CXCLI/KC or CXCLS5/LIX failed to induce IL-6 pro-
duction at least during the 24 h of EPS (Fig. 2B).
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Effects of glucose availability and insulin on EPS-
induced IL-6 production and cellular glycogen con-
tents along the course of acquisition of contractility

We next examined the effects of extracellular glu-
cose levels on IL-6 production in response to EPS-
evoked contraction in C2C12 myotubes. Differentiated
C2C12 myotubes were treated with or without 24 h
EPS in cither LG-DMEM or HG-DMEM, and IL-6
production (Fig. 3A), IL-6 mRNA cxpression (Fig.
3B) and cellular glycogen content (Fig. 3C) were mon-
itored. After 24 h of EPS-evoked contractile activity,
obvious augmentation of IL-6 release and its mRNA
expression was observed; however, under HG con-
ditions these increments were significantly blunted.
As expected, cellular glycogen contents were signifi-
cantly higher in C2C12 myotubes cultured under HG
conditions than in those cultured under LG conditi
(Fig. 3C). Importantly, EPS appeared 10 be capable of
increasing cellular glycogen contents in C2C12 myo-
tubes, and this effect of EPS was obvious when the
myotubes were subjected to EPS under HG conditions
(Fig. 3C).

We also examined the effects of insulin (100 nM)
during 24 h of EPS and found that insulin tended
to potentiate EPS-induced IL-6 relcase and mRNA
expression, though the increases did not reach statis-
tical significance. Insulin itself had no stimulatory
cffect on IL-6 production in terms of cither protein or
mRNA levels. In addition, we found that insulin-in-
duced glycogen accumulation was markedly enhanced
in C2C12 myotubes subjected to 24 h of EPS-evoked

it Taken together, these data demon-
strate that EPS-induced IL-6 production is markedly
affected by glucose availability (Fig. 3A and B), which
in closely associated with cellular glycogen contents
(Fig. 3C).

Anal

is of i llular signals involved in IL-6 pro-
duction evoked by EPS-induced contraction

In our previous studies, we demonstrated scveral
i llular signalling cascades including Erk1/2 and
JNK was stimulated by EPS [17, 18]. To character-
ize the intracellular signals involved in the up-regula-
tion of IL-6 in response to EPS-induced contraction in
C2C12 myotubces, we utilized various inhibitors that
interfere with specific intracellular signalling
As shown in Fig. 4A, cyclosporine A (CsA), an inhib-
itor of calcineurin, a calei ivated phospt
letely abolished EPS-induced IL-6 release under

%
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Fig. 3 Effects of extraceliular glucose levels on EPS-induced
1L-6 production and glycogen accumulation

C2C12 myotubes were subjected to EPS (40 V/60

mm, 1. Hz frequency, 2-ms duration) for 24 h in DMEM

containing either 5 mM (LG) or 25 mM (I1G) glicose

in the absence or presence of 100 nM insulin.  A: EPS-

induced IL-6 production was measured by ELISA.

B: Levels of IL-6 and B-uctin (us a control) mRNA

pressions were I by real-time RT-PCR.  C:

glycogen contents were § after 24 h
of cullure under each condition At Jenst 3 independent
experiments were performed, and values arc prescnted
ay means + SEM (p < 0.05, * or different letters denote
statistically significant differences).
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both LG and HG conditions. In contrast, a specific
inhibitor for INK, SP600125, did not blunt, but rather
i d, EPS-induced IL-6 production (Fig. 4B).
No obvious cffcct of SB203580, an inhibitor of p38
MAP-kinase, on the EPS-induced IL-6 production was
observed (Fig. 4C). It should be noted that CsA, but
not other inhibitors, showed slight inhibitory effects on
the acquisition of contractile activity induced by EPS
(data not shown).

Cellular glycog and EPS-induced IL-6
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Cont Cort
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production in C2C12 b
We further ch ized the relationship bet

cellular glycogen and IL-6 expression induced
by EPS-evoked contractile activity (Fig. 5). The
C2C12 myotubes that underwent pre-cxposure to 20 h
of EPS under LG conditions, allowing them to become
competent in terms of 1L-6 production in responsc to
EPS (Fig. 1C), werc then supplemented with 1, 5 or
22.5 mM of glucose, and the cclls were incubated for
an additional 4 h with EPS (Fig. 5A). After 24 h (20 +
4 h) in total of EPS, we measured IL-6 mRNA cxpres-
sion levels (Fig. SA) and cellular glycogen contents
(Fig. 5B) to specifically assess the effects of ambient
gl levels during the last 4 h of EPS. Cellular gly-
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Effects of cyclosporine A (CsA), SP600125, or SB208350
on EPS-induced IL-6 production

C2C12 myotubes were subjected to EPS (40 V/60
mm, 0.1 or | Hz frequency, 2-ms duration) for 24 h in
DMEM containing ecither 5 mM (LG} or 25 mM (HG)
glucose. EPS-induced IL-6 production, in the presence
of the indicated concentrations of CsA (A), SP600125
(B), or 5B203580 (C). was measured by ELISA afler 24
b of culturc. At feast 3 independent experiments were
performed, and values are presented us menns = SEM (*p
<0.05).

Cont

cogen levels were very low in C2C12 myotubes after
24 h of EPS under continuous LG conditions (with
no additions), but administration of glucose signifi-
cantly incrcased cellular glycogen levels during the
last 4 h of EPS in a dose-dependent manner (Fig. 5B).
Importantly, administration of gl dose-depend:
ently suppressed the IL-6 mRNA levels clicited by
EPS-cevoked contraction (Fig SA). However, admin-
istration of pyruvate, a glucose metabolite capable of
entering the TCA cycle but which cannot be dircctly
utilized for glycogen synthesis [22], failed to suppress
IL-6 mRNA expression (Fig. 5A) with no glycogen
accumulation (Fig. $B).

Although EPS increased dephosphorylation of
NFAT/cl (as asscssed by its electrophoretic mobility
in SDS-PAGE) (Fig. 5C), a downstream substrate of
calcincurin that appears to be involved in the acquisi-
tion of EPS-induced 1L.-6 production (Fig, 3A), admin-
istration of ecither glucose or pyruvate for the last 4 h
of EPS did not reverse the EPS-induced mobility shift
of NFAT/c1. Note that administration of CsA signifi-
cantly suppressed the mobility shift of NFAT/c1.
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Discussion

Because of highly complex interrelated stimuli
evoked by muscle contractile activity, physiological
responses of working muscle to physical exercise have
mainly been assessed using cxercising animal mod-
cls and human subjects [15, 23]. Recently, we estab-
lished an advanced in vitro muscle contraction model
using cultured myotubes displaying vigorous EPS-
evoked contractile activity [17, 18, 21]. This model
has mcrcasmgly baen utilized by other researchers for

} underlying vari-
ous biological responses induced by actual contractile
activity of muscle cells [24-27].

In the prcscnt study, we observed that acquisition of
1L-6 up-regul in resp to EPS-evoked contra
tile activity was remarkably delayed as compared to
the inititation of inducible CXC chemok-
ines release [18] (Fig. 1), despite the EPS-dependent
intraccllular Ca** ([Ca?*];) transients being immedi-
ately clicited, leading to acquisition of obvious con-
tractility within | h as well as to increased secretion of
these CXC chemokines [17, 21]. Since 30 min of tread-
mili ing was capable of inducing IL-6 expression
in working muscles in rodents [5, 17, 26], the contrac-
tile C2C12 myotubes apparently requirc a much lon-
ger period of time to acquire the ability to secrete IL-6
in response to contractile activity than do in vivo skel-
ctal muscles. Thus, caution must be exercised in inter-
preting data obtained from an in vitro exercise model
and it is quite difficult to directly compare the results
obtained with in vivo data. However, our present study
provides several important insights into the regulation
of 1L-6 expression in resp to tile activity of
muscle cells. One of the explanations for the discrep-
ancy between in vivo and this in vitro model is that the
acquisition of JL-6 secreting capability may represent
the ion of ing muscle fibers.

on IL-6 mRNA glycog lation, and
NFAT phosphorylation status

C2C12 myotubes were treated with EPS for 20 h in
DMEM containing 5 mM glucose (LG) and then the
indicated final ions of glucose or py

were added to the culture. After an additional 4 h
culture with EPS in the sbsence or presence of nutrient

C ion-inducible CXC chemokines and EPS-
induced 11.-6 regulation

First, it was clearly demonstrated that CXCL1/KC
and CXCLS/LIX, both of which began to be secreted

supplementation, levels of IL-6 and B-uctin
mRNA exp ion (A) and int Ifular glycogen
contents (B) were measured, Whole cell lysates were
subjected to Western blot analysis using anti-NFAT/cl
and anti-B-actin antibodies (C). At least 3 independent
experiments were performed, and values are presented as
means & SEM.

from ile C2C12 myotubes within approxi-
mately 1 h of EPS (18], did not influence IL-6 cxpres-
sion in this culture system (Fig. 2A and B). These
obscrvations establish that the CXC chemokines do
not scrve as crucial autocrine factors, at lcast for this
cvent. It is noteworthy, however, that our previous
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report revealed that these contraction-inducible CXC  Intracellul lation and EPS-
h kines have autocrinc loops exerting  induced IL-6 regulanon

negative feedback on their own secretions [18], and Third, a striking observation made in the present

IL-6 reportedly has a positive feedback loop in skeletal  study is that administration of gl to d con-

muscles [15].

tracting myotubes efficiently dampened the IL-6 mRNA
in a dose-dependent manner along with

P
il

Intracellular signals involved in EPS-induced IL-6
regulation

Second, pharmacological experiments demonstrated
that CsA-sensitive calcineurin activity appears to be
essential for the acquisition of IL-6 production dur-

glycogen lation, whereas pyruvate
completely failed to mimic these glucose actions (Fig.
5). While simple cell culture experiments with 24 h of
EPS exposure under HG- and LG-DMEM conditions

ing 24 h of EPS (Fig. 4A). Given that contraction-in-
ducible CXC chemokines were up-regulated via INK-,
but not calcincurin-, mediated signali ades [18],

also indicated possible links among ambient glucose

availability, i 1l glycogcn and EPS-
induced 1L-6 expressi ion levels in tile
yotubes (Fig. 3), as shown in previous in vivo studies

expressions of cach of these cxcmsc factors appears
to be differently regulated at the levels of signaling

[12, 14}, the aforementioned acute nutritional manipu-
lation experiments further support the notion that gly-

diates upon d ing the complex contra cogen lation, but not simply energy | sourcc sup—
tile activity of muscle cells. In an excellent agree-  ply, is involved in ions of
ment w:lh our observations, prevnous reports have  IL-6 cxpression in muscle cells.
dicated invol of calcineurin activity in exer- Intriguingly, h , delayed administration of glu-
cise-induced IL-6 expression in vive as well as in ion-  cose failed to reverse the CsA-sensitive EPS-induced
yein-induced IL-6 expression in vitro [23, 28,29].  mobility shift of NFAT/cl (th SC), suggcstmg lhat

On the other hand, several lines of evidence have also
indicated the involvement of NK in exercise-induced
up-regulation of IL-6 in working skelctal muscle [30]
as well as in the EPS-cvoked g

the imp on IL-6 gl
ity along with intracellular glycogm accumulation are
likely mediated through other intracellular signaling

{26}. Indeed, various stimuli such as hpopolysaccha-
rides, inflammatory cytokines [31-34], reactive oxy-
gen spcclcs [35] and cpmcphrme [36] have also been
shown to 1L-6 exp in skeletal muscle
cells, which are mediated at lcast in part through the
activitics of JNK and p38 MAP kinase. In fact, we
observed in the present study that inhibition of JINK
by SP600125 resulted in a slight increase, rather thana
decrease, in IL-6 secretion under both basal and EPS-
treated conditions (Fig. 4B). Furthermore, our pre-
vious report revealed that the inhibition of p38 MAP
kinase by SB-203580 significantly enhanced JNK
phosphorylation [18], possibly due to the regulatory
loop acting on the JNK-p38 activation system involv~
ing a DUSP family of dual-specificity phospt

pathway(s), rather than the calcineurin-NFAT/c1 sig-
naling cascade, whnch had a distinct role i in the acqui-
sition of induced 1L-6 production. In this
regard, a previous in vivo study demonstmtcd that low
pre-exercise intramuscular glycogen content enhanced
1L-6 mRNA expression during 60 min of exercise con-
comitantly with increased nuclear abundance of phos-
phorylated p38 MAP kinase in human subjects [30],
although direct links among these phenomena were not
fully investigated. Thus, a future study will be neces-
sary to clarify details of the possible cross-talk between
the stress-responsive MAP kinases and calcineurin sig-
naling cascades under intracellular glycogen titrated
conditions by manipulating ambicnt glucose levels as

, well as the duration of glucose availability and the tim-

{37]. Thus, our present data using pharmacological
inhibitors did not allow us to rule out the possibility
that JNK and p38 MAP kinase play a role in the regu-
lation of IL-6 cxpression in response to EPS-evoked
contractile activity in concert with the CsA-sensitive
signaling cascade, especially under certain nutritional
conditions (as discussed in detail in below).

ing of administration during culture.

Glycogen accumulation and EPS-evoked contractile
activity

Another key observation reported in the present
study is the unexpectedly enhanced glycogen accu-
mulations in contracting myotubes during 24 h of EPS
under HG conditions (Fig. 3C). It has been well estab-
lished employing in vivo studies that intracellular glyco-
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IL-6 ion in
gen in working les d during phys-
ical ise and are ev lly depleted by a sufficient

amount of exercisc [38], even though both enhanced
glucose transport mediated via GLUT4 translocation
{39] and activation of glycogen synthesis occurred
simultaneously [40, 41]. Given that EPS-cvoked con-
tractilc activity significantly incrcascd GLUT4 translo-
cation to the cell surfaces of contracting C2C12 myo-
tubes [17], our present data indicate that glucose uptake
is p bly mediated th 1 1 d GLUT4
increased by EPS-evoked contmcuon, which in turn
contributes to the augmented glycogen accumulation.
Energy expenditure induced by the EPS~evoked con-
tractile activity burden in the present study (2 ms, 1 Hz,
40 V/60 mm) was perhaps insufficient for consuming
all incorporated glucose and, as sych, surplus glucosc

data further strengthen our previous reports that the “in
vitro contraction model” can faithfully display one of
the most important aspects of the beneficial effects of
exercise, i.e. improvement of insulin responsiveness in
terms not only of GLUT4 translocation [17] but also of
glycogen accumulation.

Since several lines of evidence demonstratcd IL-6to
have the ability to incrcase glucose metabolism as well
as insulin actions in skeletal muscles [44, 45], future
studies are anticipated to focus on whether the 1L-6
released from the contracting myotubes serves as an
autocrine factor improving the insulin responsivencss
and/or d glycogen lations observed in
EPS-treated cells in this culture system. Finally, given
that insulin alone had no impact on IL-6 expression
without EPS but tended to potentiate EPS-induced IL-6

lation cven under HG conditions with remark-

was converted into glycogen under HG ditions (25
mM glucose) even while EPS was persistently applied.
On the other hand, as we prckusly reported, undcr
LG conditions, the {lul

5

able increases in glycogen accumulation, iL-6 regula-
tion in response to EPS-cvoked contractile activity is
ly d jent on various ccllular contexts and

became undetectably low after ~18 h of culture {42],
conscequently resulting in a marginal intracellular gly-
cogen content regardless of whether insulin was pres-
cnt (Fig. 3C).

Importantly, we also found that insulin stimulation of
glycogen accumulation was further augmented in con-
tracting myotubes under the HG condition with EPS.
Although glycogen synthase (GS) is well-known to be
activated by dephosphorylation via inactivation/phos-
phorylation of GS kinase-3 under insulin treatment, a
recent report revealed that an allosteric GS activation
by glucosc-6-phosphate converted from the incorpo-
rated gl through insuli diated GLUT4 trans-~
location is the primary mechanism promoting muscle
glycogen accumulation in vive [43] Thus, increased

PP y dep

is subject to highly plex regulatory mechanisms.
While interrelati talks between insulin-and
EPS-induced i llular signaling des have yet
to be examined, it is highly likely that insulin snmula-
tion alters EPS-induced IL-6 regulation by i
these i Ilular signals in addition to glycogen accu-

mulation. Further studies will be necessary to resolve
this important issuc,
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Position sensing system using magnetic ribbon type marker
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A position sensing system of nasogastric tube using a wireless magnetic ribbon type marker has been developed. A
Qualityfactor of the marker is 121 which is 13 times higher than conventional LC resonated marker. Position
accuracy within 6.4mm was obtained when the marker inside a commercial nasogastic tube was parallel translation
to 100mm, The marker inside the tube was roughly tracked in esophagus and in trachea of human model.

Key words: wireless magnetic xibbon type marker, position sensing, nasogastric tube
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(a) tag
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field

(b) construction of the magnetic ribbon type marker
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Fig. 2 Magnetic ribbon type marker.

Table I Size of magnetic ribbon type marker.

unit:mm
Before .
fabrication Fabricated
Total 45%10x1.9 39x3.8x1.9
Magnetic "
ribbon 38x5.0%0.03 38x3.6X0.03
Magnet 30x5.0X0.045 30x%3.6 X 0.045
Driving coil . .
Driving magnetic field Pickup oj‘aj

e
Magnetic moment

agnetic ribbon

—
Induced \

matgnetic field

Fig. 3 Principle of operation.
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Fig. 6 Position tracking in directivity examination,
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Fig. 7 Experiment arrangement.

Fig. 8 Position tracking of marker in tube.
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Fig. 9 Positional detection measurement result.
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Fig. 11 Position of the marker in the human model,
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Chapter 9

Functional Electrical
Stimulation (FES) Control for
Restoration and Rehabilitation
of Motor Function

Takashi Watanabe
Tohoku University, Japan

Naoto Miura
Tohoku University, Japan

ABSTRACT

Functional electrical stimulation (FES) has been studied and clinically applied to restoring or assisting
molor fimctions lost due to spinal cord injury or cerebrovascular disease. Electrical stimulation without
control of functional movements is also used for therapy or in rehabilitation training. In recent years,
one of the main focuses of FES studies has been its application for rehabilitation of motor function. In
this review, the authors first present the basics of applying electrical stimudation to the neuromuscular
system for motor control. Then, two methods of FES control are discussed: controllers for FES based on

[feedback error learning (FEL) and on cycle-to-cycle control of limb movements. The FEL-FES control-

ler can be practical in FES applications that need to control the musculoskeletal system that involves
various nonlinear characteristics and delay in its responses to elecirical stimulation. The cycle-to-cycle
control is expected to be effective in controlling repetitive imovements for rehabilitation training. Finally,
a study on ankle dorsiflexion control during the swing phase using an infegrated system of FES control
and motion measurement with wearable sensors for rehabilitation is presented.

Functional Electrical Stimulation (FES) Control for Restoration and Rehabilitation of Motor Function

Electrical stimulation that does not control
functional movements is also used widely with
the aim of producing therapeutic effects; such
stimulationis called Therapeutic Electrical Stimu-
lation (TES). TES has been applied clinically for
various purposes such as strengthening muscles,
reducing spasticity or pain, improving muscle
atrophy due to disuse, improving range of motion
(ROM), improving volitional movement and uri-
nary incontinence, and preventing bedsores. TES
has also been applied for motor rehabilitation.

Application of FES as an orthotic and thera-
peutic aid in the rehabilitation of upper and lower
limb motor function has been one of main focuses
of FES studies in recent years. Motor rehabilita-
tion using FES to restore or assist motor function
is called FES rehabilitation or FES therapy and
has been studied by multiple groups. The thera-
peutic effects of rehabilitation with FES include
improved muscle strength (Merletti et al., 1978;
Granz et al., 1996; Yan et al., 2005) and muscle
recruitment (Nwesam & Baker, 2004; Yan et al,,
2005). Repetitivemovement therapy mediated by
electrical stimulation also has the potential to fa-
cilitate motor relearning (Sheffler & Chae, 2007).

Inthis review, we first present the basics of ap-
plying electrical stimulation to the neuromuscular
system in FES applications. Then, twomethods of
FES control, controllers for FES based on feed-
back error learning (FEL) and on cycle-to-cycle

control of limb movements, are considered in
terms of their potential fo restore motor functions
and movement control during rehabilitation with
FES. Finally, an integrated system of FES control
and motion measurement using wearable sensors
is presented and applied to evaluation of move-
ments in ankle dorsiflexion control.

BASICS OF FES FOR
ASSISTING AND RESTORING
MOTOR FUNCTIONS

Waveforms of voltage or current stimulation, like
those shown in Figure 1, are used in FES applica-
tions. When using a monophasic pulse (Figure
1a), the DC component of the pulse is eliminated
by a capacitor or transformer to prevent the elec-
trolyzation of stimulation electrodes and damage
to the tissue. A charge-balanced biphasic pulse
(Figure 1b) can also be used to eliminate the DC
component. The biphasic pulse has the advan-
tages that the stimulation effect is larger than that
of a monophasic pulse of the same amplitude
(A), and the biphasic pulse makes it possible to
activate 2 different parts simultaneously in TES
(Oguraetal., 2006). Figure 1c shows bursts from
several kilohertz to 50 kHz carried by a sine or
rectangular wave, Burst wave stimulation is
sometimes used toreduce discomfortatthe surface

Figure 1. Electrical stimulation waveforms used in assisting and restoring motor function with FES.
A: pulse amplitude, T, : pulse width, 1/ T : pulse frequency

w:

INTRODUCTION

Peripheral nerves and muscles can be activated
by electrical stimulation. This makes it possible
to restore or assist motor functions lost due to
spinal cord injury or cerebrovascular disease by

DOL: 10.4018/978-1-4666-2196-~1.ch009

applying appropriately regulated current or volt-
age pulses. This technique is known as Functional
Electrical Stimulation (FES) and has been applied
to various functions of the motor gystem, such as
upper and lower limb control, respiratory control,
assisting urination, and assisting the sensory sys-
tem through auditory and visual prostheses and
sensory substitution.
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electrical stimulation that produces larger muscle
contraction force. However, high frequency burst
wave stimulation may result in rapid muscle fa-
tigue.

Muscle contraction ormuscle force production
is controlled by regulating pulse amplitude, pulse
width or pulse frequency. Increasing the pulse
amplitude and/or the pulse width increases the
number of activated motor units (recruitment),
which increases muscle contraction force through
spatial summation. However, muscle force pro-
duction based on recruitment by electrical stimu-
lation has nonlinear characteristics including
thresholds and saturation. Muscle fatigue also
oceurs quickly because of the inverse recruitment
order in the activation of motor units by electrical
stimulation. These are problems for the clinical
application of FES because they make control of
movements difficult.

Unfused contraction (incomplete tetanus) is
caused by low fiequency stimulation becanse each
stimulation pulse activates motor units synchro-
nously. On the other hand, tetanic contraction, in
which great muscle force is maintained during
electrical stimulation, occurs with increases in
stimulation frequency. Although further increases

instimulation frequencies produces greater muscle
force, muscle fatigue is caused more quickly.
For these reasons, pulse frequency modulation is
rarely used alone. Usually, muscle contraction is
adjusted by amplitude modulation or pulse width
modulation with stimulation frequency fixed at
about 20 to 30 Hz. When great muscle force must
beproducedinashorttime, as necessary for lower
limb movement control, high frequency stimula-
tion at about 40 to 60 Hz is sometimes used.
AsshowninFigure2, there are several methods
of applying electrical stimulation to nerves and
muscles. Generally, cathodic pulses are applied
between two electrodes, when using monophasic
pulses. An active electrode is placed near the pe-
ripheral nerve or the motor point and a reference
electrode is placed overthe area thatisnot affected
by electrical stimulation. The surface electrode
stimulation method (Figure 2a) uses a pair of
electrodes attached to the skin for stimulating one
muscle (bipolar configuration), and it is widely
used because it is easy to apply. However, it is
difficult to selectively stimulate a small muscle
or a deep part muscle. Surface stimulation is
sometimes accompanied by uncomfortable feel-
ings or pain. The spatial relationship between

Figure 2. Methods of applying electrical stimulation in FES applications. '-' and '+ denote the active
electrode and reference electrode, respectively. Broken lines show rough stimulation current flow

surface clectrode

stimulator

g
peripberal nerve

muscle
(a) surface electrode stimulation

wire electrode

stimulator

(c) implant electrode stimulation I
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skin

(b) percutaneous electrode stimulation

stimulator with metal electrodes

(d) implant electrode stimulation 11
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electrode position and motor point may change
during muscle contraction, resulting in unstable
stimulation effects.

The percutaneous electrode stimulation
method shown in Figure 2b uses wire electrodes,
and a reference electrode is commonly used for
every active electrode (imonopolar configuration).
Theimplantelectrode stimulation methodinvolves
two types of systems: a stimulator and wire elec-
trode system (Figure 2¢), and a stimulator with
metal electrodes (Figure 2d). The percutaneous
and the implant electrode stimulation methods
bave the same stimulation effect, and they make
it practical to restore complex movements by
controlling many muscles because it is possible
to selectively stimulate a nerve or a muscle by
placing an active electrode on the target part.

STUDIES ON FES
CONTROL STRATEGY

FES Control Based on
Feedback Error Learning

Open-loop control is a major control scheme in
currentclinical applications of FES. Multichannel
open-loop FES control of complicated redundant
musculoskeletal systems has become practical
clinically since the EMG-based generation method
of stimulus pulse amplitude data was established
(Handa & Hoshimiya, 1987, Hshimiya et al.,
1989; Handa, 1997). However, stimulation data-
based open-loop control requires registration of
stimulation data for each movement in advance,
by which the clinical application of FES is limited
tospecificnovements. Closed-loop control makes
it possible to control unregistered movements. In
this case, the feedback FES controller has to solve
the 1ll-posed problem of stimulus intensity deter-
mination, which arises from the redundancy ofthe
musculoskeletal system. Amultichannel feedback
controller consisting of multiple proportional-

integral-derivative (PID) controllers (Watanabe
et al., 2003) could provide a method of solving
the ill-posed problem.

The nonlinear characteristics and delays in
responses to electrical stimulation limit the ef-
fectiveness of feedback FES control of move-
ments. A feedforward controller that has inverse
characteristics of the musculoskeletal system can
be effective in applying FES to various subjects.
Feedback error learning (FEL) (Miyamoto et al.,
1998) realizes the inverse model of the controlled
limb by training an arti ficial neural network (ANN)
using outputs of a feedback controller. The mul-
tichannel PID controller (Watanabe et al., 2003)
made it possible to apply the FEL controller to
multichannel FES control. The feasibility of the
FEL controller for FES (FEL-FES controller) was
illustrated with an experimental test of 1-degree-
of-freedom (DOF) movement control of the wrist
joint with able-bodied subjects (Kurosawa et al.,
2005) and a computer simulation test (Watanabe
& Fukushima, 2010).

The FEL-FES controller is composed of a
multichannel PID controller and a three-layered
ANN as shown in Figure 3. The ANN realizes
a feedforward controller by learning to acquire
a mainly inverse dynamics model (IDM) of the
confrolled limb using outputs of the feedback
controller. The inputs to the ANN are the time
series of angles, angular velocities and angular
accelerations of target movements at 6 continu-
ous times (Kurosawa et al., 2005). The outputs of
the PID controller are described by the following
equation:

L) = Kee(n) + K,35 e() + K, (e(0) = e(n—D)

Here, e(n) is the difference between target and
measured joint angles at time ». K, K; and
K, are PID parameters, whose values are deter-
mined by the expanded Chien-Hrones-Reswick
(CHR) method (Watanabe et al., 2003). In calcu-
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Figure 3. Block diagram of the FEL controller for FES. 0, and 0 represent the target and the measured
Joint angles, respectively, The ANN realizes the feedforward controller (inverse dynamics model of the
controlled limb) after learning using the ouiputs of the PID controller while controlling limbs.

w
BT ’ éT s éT ANN I ANN
P (feedforward
controller) |
h]
o + PID
. Controller 7
PID
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Figure 4 An example of control results with PID or FEL-FES controllers. The ANN was trained with
the fixed iteration number of controls (30 trials) using the different target trajectories generated for all
control trials. The ANN connection weights were updated afier one control trial with the error back-
propagation algorithm.

radlal flexion

Musculo- 2]
skeletal b
System

lating the PID parameter values, the ill-posed
problem in closed-loop control is solved by using
the generalized inverse matrix of the matrix that
transforms stimulus intensities into joint angles.
Because of the problem of integration windup
that is caused by the saturation properties of the
musculoskeletal system in response to electrical
stimulation, an anti-reset windup (ARW) scheme
was applied to the PID controller (Watanabe &
Fukushima, 2010). Forappropriate ANN training,
the integral action of the PID controller is sus-
pended when the total output of the FEL-FES
controller (the sum of the outputs of the ANN and
the PID controller) saturates.

Leaming and control performance were exam-~
ined in a computer simulation using a musculosk-
eletal model; the parameters of this model were
adjusted to approximate the muscle properties of
normal subjects (Watanabe & Fukushima, 2010).
Figure 4 shows an example of contro} results
of computer simulation tests, in which tracking
controls of 2-DOF movements of the wrist joint
(dorsi/palmar and radial/ulnar flexions) were
performed stimulating 4 muscles. The stimulated
muscles were the extensor carpi radialis longus/
bravis (ECRL/B, which arerepresented by “ECR”
because the same stimulation was applied to both),
the extensor carpi ulnaris (ECU), the flexor carpi
radialis (FCR), and the flexor carpi ulnaris (FCU).
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With consideration for clinical applications, target
trajectories were generated with the minimum
jerk model (Flash & Hogan, 1985) focusing on
a two-point reaching movement (Watanabe &
Fukushima, 2011). The following cost function
was minimized to generate the target trajectories:

1 pul{d0) (&0,
=3, [ﬂ [‘dr] g

where 4, is the movement time. ¢, and 0, are
dorsi/palmar and radial/ulnar flexion angles, re-
spectively. The target trajectories were generated
on the joint angle plane. First, three target points
(A, B and C) were determined randomly. The
target was moved from the origin (center) to point
C through points A and B, stopping at each point
for 1 s. The movement time between two points
was 2 s.

As seen in Figure 4, the PID controller suc-
cessfully solved theill-posed problem and tracked
the target. However, the trajectory on the joint
angle plane was different from the target because
of delay in the control. The FEL-FES controller
improved the delay and tracking performance, The
FEL-FES controller made it practical to control

A radlal flexion
[deg) wnxox-target
e TESUE
. 107
N
N .
dorsi flexion & . palmar flexion

20 -10 20 [deg]
(@ —
-104
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palmarfradial ., target
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)
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i is)
& -10+ ;
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dorsi/ulnar

== ECR ~~ECU —FCU ---'FCR
PID

e

normalized stimulation intensity

2 4 6 & ol
(a) PID controller

=

various movements of a musculoskeletal system
with nonlinear characteristics and delay.
Although outputs of the feedback controller
decreased significantly to small values after ANN
learning, their values did not reach zero. This sug-
gests that the ANN did not completely acquire the

A {deg] wxens target
10 — result
dorsi flexion palmar tlexion
<20 -10 0 ™10 20 [deg]
fol N
B
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Ydorsirunar
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R T T g8 10[s]
(b) FEL-FES controller

inverse model. ANN training in 50 control trials
using 50 target trajectories obtained the control
result shown in Figure 4. Increasing the number
of control trials for ANN training and using both
inverse static and dynamic models are likely routes
to further improve ANN learning.
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Cycle-to-Cycle Control of Limb
Movements for FES Rehabilitation

In the rehabilitation of motor function, repetitive
movement training is often applied to the affected
limbs. The repetitive movements of the training
can be realized appropriately with closed-loop
FES control instead of passive movements by a
therapist or open-loop FES control. Closed-loop
FES control would be useful for suppressing
variations in initial position and muscle response,
reducing muscle fatigue during the exercise, and
deriving the benefit of electrical stimulation dur-
ing rehabilitation. Cycle-to-cycle controlled FES
aimed at restoring cyclic movements such as gait
canbe useful for controlling repetitive movements,
especially of the lower limbs, in rehabilitation
training. This is because trajectory-based closed-
loop control of lower limb movements sometimes
results in poor tracking and oscillating responses
and cannot reach its target due to large inertia and
delays in responses.

In order to practically apply cycle-to-cycle
control to FES, a fuzzy FES controller was de-
veloped to control multi-joint movements (Arifin
etal.,2006). The fuzzy control schemeis effective
in developing nonlinear controllers, eliminating
system identification to determine the controller

(FES) Control for Restoration and Rehabilitation of Motor Function

parameters and simplifying design procedure. The
fuzzy FES controller based on the cycle-to-cycle
control for clinical applications is shown in Fig-
ure 5. Eachmuscle is stimulated by a single burst
of stimulation pulses with a constant pulse am-
plitude, pulse width and frequency to induce joint
movement and reach the target joint angle. The
burst duration of stimulation pulses of a current
cycle TB{n} is regulated by

where TB{n — 1] is the stimulation burst duration
for the cycle just before the current one, and
ATBIn] is the output of the fuzzy controller
adjusted by the following 2 independent factors:
error based output adjustment factors (E-OAF)
and sensitivity based OAF (S-OAF) (Watanabe
et al.,, 2009). The E-OAF and the S-OAF are
described by fuzzy models in order to adjust the
output value based on the error in the previous
cycle and based on 0, /TB in the previous
cycle, respectively. 0, is the joint angle change
developed by TB from the angle at the stimula-
tion onset 6,,. Therefore, 0, / T'B represents
the sensitivity of the muscle. Inputs to the fuzzy
controller are the error in the previous cycle and

Figure 5. Block diagram of the cycle-to-cycle control-based fuzzy FES controller with ouiput adjustment
Sactors (E-OAF and S-OAF). 0, and 0, [n] represent target and measured maximum angles, respec-

:

tvely. 0, [n] shows the angle at the stimulation onset. efn - 1] is the error in the cycle just before the

current one
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the desired joint angle range for the current con-
trol cycle. The desired joint angle range is the
required joint angle to reach the target from the
angle at the stimulation onset.

Examples of control results of maximum knee
joint angles using the wireless surface electrical

stimulator are shown in Figure 6. The wireless
stimulator was designed and developed using a
2.4 GHz wireless transceiver module for surface
stimulation with high voltage monophasic or
biphasic pulses (Miura et al., 2011a). The maxi-
mum knee flexion angle control was achieved

Figure 6. Examples of control results from the maximum knee extension angle control with a hemiplegic
subject and the maximum knee flexion/extension angle control with a neurologically intact subject. Pulse
width was 0.3 ms for the hemiplegic subject and 0.2 ms for the nenrologically intact subject. Pulse
Jrequency was 20 Hz in both FES controls. In joint angle plots, fill knee extension is represented by 0°
and positive values indicate knee flexion. Target angles were 65° for the hemiplegic subject in (@) and
50° and 10° for the newrologically intact subject in (b).
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by stimulating the vastus muscles of hemiplegic
subjects in the sitting position. Maximum knee
flexion and extension angle control was achieved
by consecutively stimulating the hamstrings and
the vastus muscles of neurologically intact subjects
sitting on equipment. Knee joint angles measured
with an electric goniometer were transmitted to the
fuzzy FES controller by wireless communication.

The fuzzy controller based on cycle-to-cycle
control developed movements that reached the
target within a small number of repeated control
cycles. The E-OAF worked effectively in early
cycles, nearly reaching the targets within 3 to §
control cycles. Afterreaching the target angle, the
S-OAF worked to compensate automatically for
the different muscle responses between subjects,
between control trials or between stimulation
cycles. The mean error and variation of developed
maximum angles were less than 4° for flexion
control and less than 2° for extension control.
S-OAF value was large for the hemiplegic subject
over most cycles, indicating the S-OAF compen-
sated for the weak muscleresponse of this subject.
For practical applications of the fuzzy controller
inrehabilitation training, definitions and detection
methods of sensitivity become important (Miura
etal, 2011a).

FES SYSTEM FOR REHABILITATION

Itis preferable to measure developed movements
for objective and quantitative evaluation in re-
habilitation training with FES. FES control of
a joint may have effects on movements of other
joints and/or the contralateral limb (Swigchem
etal, 2011). Inertial sensors such as gyroscopes
and accelerometers are suitable for this purpose
in clinical application because they are small, low
cost and easy to set up. Many independent stud-
ies have been performed using inertial sensors to
detect gait phase (Jasiewicz et al., 2006; Lau &
Tong, 2008), measure joint angles or segment in-
clinationangles (Tong & Granat, 1999; Dejnabadi
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et al., 2005; Findlow et al., 2008; Cooper et al.,
2009, Takeda et al., 2009), estimate stride length
(Alvarez et al., 2007; Bamberg et al., 2008) and
detect stimulus timing for FES (Cikajlo wt al,,
2008; Rueterbories et al., 2010). An integrated
system of FES control and movement measure-
ment with wearable sensors is expected to be
effective in motor rehabilitation.

For motor rehabilitation with FES, surface
electrical stimulation is useful because of its non-
invasive nature. We developed a prototype system
integrating FES control and motion measurement
for foot drop correction (Miuraetal., 2011b). This
systemis composed ofa wireless surface electrical
stimulator, inertial sensors and a PC (Figure 7). The
sensors are attached on the lower limbs and the
lumber region with stretch bands. The sensor data
are transmitted to the PC via a Bluetooth network.
Lower limb joint angles and segment inclination
angles are calculated from 3-axis components of
acceleration and angular velocity measured with
the wirelessinertial sensors. Theinclination angle
of each segment is estimated by a Kalman filter
and then the joint angles are calculated from the
inclination angles (Watanabe et al., 2011; Miura
et al., 2011b). The stimulus timing is determined
based on the data from the inertial sensor attached
on the shank of the paralyzed side. The stimula-
tion data are transmitted to the wireless surface
electrical stimulator (Miura et al,, 2011a).

Control and measurement using the prototype
system was performed on a right hemiplegic
subject. The subject was asked to walk 15 m on
a level floor at his own speed with or without
electrical stimulation. Figure 8 shows an example
of the measured joint and inclination angles and
the foot strike event, Differences in walking were
found in the data from the wearable sensors be-
tween the paralyzed and non-paralyzed sides and
between with and without FES control. The
maximum angles of hip flexion, knee flexion and
ankle dorsiflexion of the paralyzed side during
the swing phase were smaller than those of the
non-paralyzed side. The knee flexion angle of the

Functional Electrical Stimulation (FES) Control for Restoration and Rehabilitation of Motor Function

Figure 7. A prototype integrated wireless surface stimulator and wireless inertial sensor systemn for FES

control and measurement of lower limb movements
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Figure 8 An example of measurement results with or without FES control of ankle dorsiflexion in a
hemiplegic subject. Lines below the plots in (¢) and (f) show the duration of electrical stimulation ap-
plied to the common peroneal nerve. The open square represents the foot strike as detected by the ac-
celeration signals.

Jjoint angle [deg] joint angle [deg]

Jjoint angle {deg]

o /\Kk’mc N £\ A ’@
LU ATEFTS " sE
o (N e §
MAVSI AN SN FAVS A
0 ‘:;';g PNV N 8

7 AR RN
20 ankle M g
-40 aty

65 70 75 80 835 90 95 [s
(2) nonparalyzed side without FES

80

65 70 75 80 &5 90 95 Is]
(d) nonparalyzed

60

-40

nk

I8
V. footi V.

65 70 75 80 85 20 95 [s)
(b) paralyzed side without FES

65 70 75 80 85 90 95 [s]
(e) paralyzed side without FES

80 1
60 ‘(km‘e :f“‘; 20
40F [T g 0
hip--E )
. Y g 20}
A e § 0
0 anf\\@w&' " 5 60
20 anklis : : % [0S W et T s
P iy S W S W E
-100

-40 . :
100 10,5 11.0 115 120 125 130 s}
(¢) paralyzed side with FES

100 105 100 115 120 125 13.0 [s]
(D) paralyzed side with FES

89



§€¢

Functional Electrical Stimuiation (FES) Control for Restoration and Rehabilitation of Motor Function

paralyzed side caused two peaks in the swing
phase. The foot inclination angle of the paralyzed
side at foot strike was about 0° without FES,
whereas that of the non-paralyzed side was about
20° . This shows that the foot of the paralyzed
side was almost parallel to the ground at the foot
strike.

With electrical stimulation to the common
peronealnerve (CPN), themaximum dorsiflexion
angle and the foot inclination angle of the para-
lyzed side increased, and the maximum plantar
flexion just afler the foot was lifted off the ground
decreased. The foot inclination angle just before
the foot strike increased to about 20°, the same
as that of the non-paralyzed side. This suggests
that the foot struck the ground on the heel. Mean-
while, the first peak in knee flexion decreased
with electrical stimulation. Stimulation for con-
trolling ankle dorsiflexion also affected knee joint
angle.

Taken together, our results indicate that mea-
surement of various angles during FES control can
provide useful information for FES rehabilitation.
The timings of stimulations were based on the
acceleration data from the wearable sensors. The
measurementofmovement with wearable sensors
should also help optimize stimulation triggers for
various subjects.
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KEY TERMS AND DEFINITIONS

Artificial Neural Network: An artificial neu-
ral network (ANN), or neural network (NN), is a
mathematical or computational model based on
the function and/or structure of biological neural
systems. An ANN consists of connected artificial
neurons whose connection weights are changed by
learning to accomplish a specific function.

Cycle-to-Cycle Control: Cycle-to-cycle control
is a control method for restoring cyclic movements,
such as gait, using FES. During movement control,
each characteristic point (for example, maximum
flexionangle)is controlled by applyingasingleburst
of stimulation pulses of constant amplitude, width
and frequency. Each electrical stimulation is based
on an open-loop control of each cycle ofmovement,
i.e., the stimulation burst duration is adjusted based
ontheevaluation ofthe previous cycle ofmovement.

Feedback Error Learning: Feedback error
leaming is a learning method for artificial neural
networks to implement feedforward control. The
output of a feedback controller is used as the error
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during training. Feedback error learning was
originally proposed as a model of motor learning
in the cerebellum.

FootDrop: Footdrop is a symptom character-
ized by ankle dorsiflexion (moving the toe upward
around the ankle joint) inability or difficulty dueto
weakness or paralysis of the dorsiflexor muscles.
Foot drop has various causes including stroke,
dorsiflexor injuries, peripheral nerve injuries,
and neuropathies.

Functional Electrical Stimulation (FES):
Functional electrical stimulation (FES) is a tech-
nique forrestoring or assisting the motor functions
of subjects paralyzed due to spinal cord injury or
cerebrovascular disease. Appropriately regulated
electrical stimulation current or voltage pulses
are externally applied to peripheral nerves or
muscles to activate muscles and develop func-
tional movements.

Fuzzy Controller: The fuzzy controller works
by utilizing a fuzzy inference system expressed
in linguistic relations. A basic fuzzy controller
consists of three elements: fuzzification, fuzzy in-
ference and defuzzification. Fuzzification converts
crisp values into fuzzy values with membership
functions. Fuzzy inference converts fuzzy input
values to fuzzy output values and formulates a
nonlinear mapping from its input space to its
output space using “1f~Then” type fuzzy rules.
Defuzzification converts the output of the fuzzy
inference into crisp values that are given to the
controlled system using membership functions.
Theknowledge base defines rules and membership
functions using linguistic variables.

Ill-Posed Problem: An ill-posed problem isa
problem that has more than one solution. In feed-
back FES control of the musculoskeletal system,
stimulation data for several muscles are calculated
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from joint angle errors. Generally, the number of
muscles is larger than that of the controlled joint
angles in motor control of the redundant muscu-
loskeletal system. In this case, stimulation data
for the muscles cannot be determined uniquely.

Inertial Sensor: Inertial sensors refer to ac-
celerometers and gyroscopes. An accelerometer
measures acceleration and a gyroscope measures
angular velocity.

Kalman Filter: The Kalman filter is a re-
cursive filter that estimates the true values of
measured signals from noisy signals. By using a
Kalman filter, it is possible to obtain an optimal
estimation that minimizes the mean square error .
ofthe estimated parameters under given constraint
conditions. The Kalman filter is used in sensor
fusion and data fusion, as fusion provides better
estimation than the estimations obtained from one
sensor or one measured datum.

PID Controller: A proportional-integral-
derivative (PID) controller is a commonly used
feedback controller. The PID controller operates by
decreasing the error between a measured variable
(controlled variable) and a desired or target vari-
able by adjusting the control inputs (manipulated
variable). The manipulated variable is the output
of the PID controller and is calculated from the
error as the weighted sum of three actions, the
proportional, integral and derivative actions.

Redundancy: In this review, redundancy
refers to the fact that different stimulation data
can result in the same movement. Because any
human movement is a result of contractions of
several muscles (e.g., antagonistic muscle pairs
and/or synergisticmuscles), various combinations
of contraction forces in those muscles can result
in the same movement.
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