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The conducting and processing capabilities
of the human lumbar cord network and “spinal brain”

Emeritus Professor Dr. Milan R. Dimitrijevic. M.D., Ph.D.

Baylor College of Medicine. Houston. TX, USA
Principal Investigator of Foundation for Movement Recovery, Oslo. Norway
Founder of “Vienna Program for Movement Recovery”, Vienna, Austria
Founder of University Institute for Clinical Neurophysiology. Ljubljana, Slovenia

lepasrna@hotmail.com

The spinal cord is part of the Central Nervous System-
present in all vertebrates and for nearly two centuries,
extensively studied for its anatomical, physiological and
biological characteristics [1]. In the lecture we shall re-
view the present status of neurophysiology in sensorimo-
tor processes of the human lumbar cord involved in motor
control when deprived from motor control, partially de-
prived and fully integrated. We shall explore the hypothe-
sis that human lumbar cord isolated from brain control
can respond to external sustained electrical epidural spinal
cord stimulation with variety of tonic and rhythmical
activity resembling “brain at the human lumbar cord” or
in other words “spinal brain”. In addition, we shall ad-
dress significance of the spinal brain capabilities for in-
terpretation of complex descending input to the supple-
mentary spinal brain in order to generate functional
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Figure 1: Concepts of spinal function

Movement, initiated and controlled by the main brain. We
shall also discuss role of spinal brain processing function
for modification of altered motor control in neurological
conditions.

Figure 2 consist of following sketches:

1847: The Way in and The Way out sketch made after,
Charles Bell’s book published 1847 [2].

1905: Reflex center made after C. S. Sherrington’s book
The Integrative Action on the Nervous System, [3].

1980: Premotor center, made after A. Lundberg,
Multisensory control of spinal reflex pathways [4].

1985: Pattern generator, made after S. Grillner, Neurobio-
logical bases of rhythmic motor acts in vertebrates [5].

Spinal Brain
2000

integrated e.m.g. activity

responses 1o

Dimitrijevic MR, Nathan PW. Brain, 93(4), 1970: 743-768.

sequential stimuli

Figure 2:
Studies of repetitive lower limb withdrawal, flexor reflexes




Figure 2 relates to studies of repetitive lower limb withdraw-
al, flexor reflexes as shown at the bottom Figure 2 and result-
ing habituation of withdrawal reflex [6]. Dependence of
output from the rate of spinal reflex responses and techno-
logical advancement in the epidural spinal cord stimulation
of lumbar posterior structures contribute to the studies of
systematic posterior roots lumbar stimulation motor respons-
es by frequency from 0,2 to 100 Hz [7]. Sketch of Figure 2
label “Spinal Brain 2000 illustrates testing spinal reflex
mono, polysynaptic and pattern responses of the lumbar cord
reflex activity in humans with complete disconnection from
brain motor control. These studies lead to development of
the concept on spinal brain. We are using term “Spinal
Brain” for lumbar network capable to interpret descending
and peripheral inputs to the lumbar network and respond
with the dynamic configurations of interneuron subpopula-
tion in order to generate, while responding to afferent inputs
of different parameters [in our case electrical stimuli of dif-
ferent strength, frequency], to different inputs or motor tasks
“natural volleys” [in latter when partial or complete brain-
spinal cord connectivity exist].

Conclusion 1

Regular and stochastic afferent input of spinal cord re-
flex can evoke different behaviour of evoked reflex activi-
ty-patterns to repetition and can modify patterns of spi-
nal cord responses.

“The neural circuitry of the spinal cord is capable of solving
some of the most complex problems in motor control. A key
issue in motor control is how sensory inputs direct and in-
form motor output - this is the sensory-motor process. It has,
for over a century, is known that the intrinsic circuitry of
vertebrate spinal cord is sufficient to control many kinds of
behaviourally important motor activities” [8].

Illustrations 3a, 3b, 3¢, 3d summarizes our studies in human
motor behaviour of lumbar cord evoked by different
strengths or different frequencies of sustained -electrical
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stimulation the large afferents of posterior lumbar roots. In
all this studied subjects lumbar cord spinal reflexes have
been preserved in complete absence of brain motor control
by accidental spinal cord injury from cranial above lumbar
cord segments.

Figure 3a is EMG recording from lower limb by surface
electrodes from Quadriceps, Hamstring, Tibialis Anterior,
Triceps Surae muscle groups. Multisite, epidural stimulation
of lumbar posterior roots with train stimulation and stimulus
strength from 3, to 5 V. Figure 3a is an illustration of motor
behaviour evoked by constant 25 Hz train of stimuli and
alteration of stimulus strength. Figure 3c illustrates the set up
for EMG recording and spinal cord stimulation. Figures 3a
and 3c show data from [7], Figure 3b rhythmical and tonic
EMG activity of paralyzed lower limbs induced by spinal
cord stimulation (SCS). Applying continuous tonic spinal
cord stimulation to a single anatomical site by using constant
stimulus strength and changing frequency to 31 and 21 Hz,
induces rhythmical responses, and only by changing stimula-
tion frequency to 16 and 10 Hz, rhythmical muscle activity
turns to a tonic one. Thus motor behaviour can be converted
from rhythmical to tonic EMG activity by changing stimulus
frequency as single control parameter. Figure 3d shows
goniometer traces covering the first movements induced by
SCS at different frequencies [8].

Conclusion 2

Alteration of frequency of spinal cord stimulation within
narrow RANGE and constant strength CAN EVOKE
TWO STRIKINGLY DIFFERENT functional move-
ment modalities: tonic and rhythmical activity.

In addition to dependence on a variety of outputs in the lum-
bar cord to a variety of parameters of stimuli used for exter-
nal control and within range of frequency from 0.2-30.0 Hz
responding with locked stimulus response there are also
other factors which can modify elicited spinal reflex re-
sponse. This is state-dependent modulation of spinal reflexes
(see Figure 4). State dependent modulation of transmission
through spinal reflex pathways can be used to reveal details
about the organization of spinal interneuron into functional
circuits [10].

Quadriceps (Q)
— Hamstring (H)

[l Juieagt
rl |10 rKA_r)\
e B

= g

Epidural electrode|

Tibialis anterior (TA)

Triceps surae (T5)

Figure 3c

10V, stimulation above L4 segment

(2]

R /AN R L
0

Degree of
extension/
flexion

ldeg]

UoisURIXg
—

@0 Time from

stimulation onset [g]

Timefrom ¥ .

stimulation onset [s] (; 5 1016 2131
Stimulus.

frequancy [Hz) i

Figure 3d




@znv
U
R s iU A ey ST
-;mv e
;414HL4L.1,4+4‘1H+44‘444H‘mb
MMMMMN T+ W | |
B -
;ih\\ AR LI LLLLLLLLLL L L
L N L LU L
-W e
o —
Figure 4 —

Figure 5

Paak-to-pagk amplituda fm¥]

o
Froquancy Hz]

Paak-to-peak amplituds [mV]

e
1500 .
1000

TS
\ \“\
E . T
R~ —

) 0 20
Froquancy K]

Figure 6

Figure 4 shows 4 different categories of the dynamic of peak
to peak amplitude of stimulus locked response. A-shows
constant amplitude responses in quadriceps with 10 Hz stim-

ulation . B1-B3, are recording with alternating response
amplitude , the two amplitudes can be relatively constant. C-
shows rhythmical activity in tibial anterior at 25 Hz. D-
illustrate a recording where the amplitude change slowly
over time (dynamic, 25 Hz quadriceps).

Figure 5 shows EMG recordings of SCS at different fre-
quencies and constant intensity (common threshold) from:
Q-quadriceps, H-hamstrings, TA-tibial anterior, TS-triceps surae.
Our hypothesis is that dynamics of this stimulus-time locked
responses should revel information about the configuration
of the lumbar spinal cord network.

Figure 6-A1 documents a monotonic decrease of peak-to-
peak amplitudes with increasing stimulation frequency, in
Figure 6-A2 the different muscle groups split up and reveal
different features of the thigh and leg muscle groups.

Conclusion 3

There are stimulus locked responses with additional
state-depend modulation. Both of them can contribute to
exploration of organization of spinal interneuron. These
two factors are suggesting further sophistication of ex-
ternal control of afferents. Different lower limbs proxi-
mal and distal muscle groups do not respond same on
same externally controlled input.

This extended abstract reviews of sensory-motor processes
of the human lumbar cord deprived of brain motor control
demonstrate that is possible with external control of afferents
elicit functional movement in paralyzed lower limbs. More-
over, we can expect further development from tool develop-
ment for patho-physiological studies of spinal cord injury
and as well by substituting, enhancing with external control
of afferents completely or partially lost supraspinal, brain,
motor control. This is shown in below Figure 7 and Figure 8.

Figure 7 compares intact and injured spinal cord in macro
and micro anatomy and sketches conducting neurophysiolo-
gy with listing cellular therapies under development for cure
of defect (neurobiological efforts to cure paralysis).

Figure 8 illustrates Biomedical Engineering possibilities
which are coming from neurophysiological studies of motor
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control in humans by recruiting integrating residual non-
injured motor structures by adaptation technological genera-
tors with processing functions of the Central Nervous Sys-
tem motor structures.

Ultimately both approaches should be part of treatment pro-
gram since external control of afferents without neurobiolog-
ical background will have limited option for restorative pro-
cedures. Moreover, neurobiology without functional neuro-
control also will be extremely limited in restoration proce-
dures. Thus structures and functions are essential, but in the
same time we should not neglect when we do have structure,
residual and not injured, then shall apply principles of human
neurosciences of motor control.

Shown measurements of processing capabilities of human
lumbar cord and finding that profile of spinal cord input is
setting up configuration of subpopulation of interneurons and
their heterogeneity Figures 3a, 3b, 3c, 3d, 4 and 5, suggest
that we can advanced knowledge of network configuration
by computational neurosciences, modelling of neuronal
system studies and design of devices for interaction with
spinal cord network. These hybrid approach of technical and
biological sciences support missing developmental genetical
properties in today biological approaches of implanted tissue
as shown in Figure7.

Let us finish this extended abstract by acknowledging two
large, recent research projects. The first is named The Brain
Initiative and promises new tools for brain research that will
become available for next generations. The second project is
The Blue Brain Project whose goal is to simulate and rec-
ord synaptic activity. From both, we expect to advance our
knowledge about the contribution of sub-cellular, cellular
and neuronal circuits to the configuration of interneuron
subpopulation and their interaction. Presenting model of
human lumbar spinal brain it is in a way simplified model of
large brain capable to respond to different profiles of input
with variety of motor pattern activities. Thus by studying
human spinal brain motor behaviour it is possibility to learn
orders and variability in interneuronal microcircuits function
pertinent for understanding of the human brain behaviour of

The BRAIN Initiative The Blue Brain Project

New tools for brain research Simulation of Synaptic Activity

Figure 9

variety of vast numbers of neurons dynamic interaction of
the subpopulations.

This lecture can be example how it is possible in humans to
collect data from large population of lumbar networks of
patients with chronic spinal cord injury during their treat-
ment of augmentation of lumbar motor control by spinal
cord stimulation. Analysis of data with defined method clini-
cal and research design provides significant new insight to
interactions within network of central nervous system while
generating motor behaviour. In another words all our hori-
zons are helped with all the collective research occurring
today as we continue to search at the source by Brain Initia-
tive, by Computer analyses of synaptic activity of Blue Brain
Project or by neurophysiological analysis of human lumbar
processor under external afferent control.
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Abstract: In Cochlear Implant surgery an electrode is being
introduced into the inner ear for electronic stimulation of the
cochlear nerve. Cochlear nerve is positioned in the central
axis of the inner ear (modiolus). In residual hearing preser-
vation Cochlear Implant surgery very thin and straight elec-
trodes are used, which get a intracochlear position far lat-
eral. To reduce the distance between the contacts of the
electrodes and the cochlear nerve and to be able to get a
longer intracochlear position of the electrode, enabling the
stimulation of merve nerve fibres, we developed the concept
of a new electrode, which can be inserted in straight form
and will move to the peri-modiolar position due to the inte-
grated Memory Shape Inlay (Nitiniol).

Keywords: cochlear implant, electrode, memory shape,
Nitinol, residual hearing preservation

Introduction

Cochlear implants (CI) replace the function of the audi-
tory sensory cells (hair cells) in the cochlea. For this, an
electrode carrier is implanted into the cochlea for electri-
cal stimulation. The indication range has expanded in
recent years from profound deafness to moderate to se-
vere hearing loss. These patients can hardly hear despite
the best hearing aids, however with cochlear implants
these patients can improve their hearing and understand-
ing significantly.

However, these patients do not want to give up their re-
sidual hearing. The development of the electrode carrier
for Cls therefore focused in recent years on structure-
preserving electrodes. These are typically made much
thinner in diameter than conventional electrode carrier
and in a straight configuration. These electrodes typically
are positioned at the lateral wall of the cochlea. Since the
auditory nerve, however, extends centrally along the axis
of cochlea, the transmission path for the electrical stimuli
at the interface between electrode contact and auditory
nerve spreads when the electrode is positioned at the
lateral wall. This can in principle caused various prob-
lems, such as degradation of the frequency selectivity and
results in increased power requirements. Another disad-
vantage of the lateral wall positioning of the straight
electrodes is the shorter insertion depth in the cochlea
compared to perimodiolar positioned electrodes due to the
spiral shape of the cochlea. So far, however, no electrode

carrier has been developed, which combines structure
preservation and perimodiolar positioning of the elec-
trode. The aim of this project was therefore to modify an
existing and clinically established electrode for residual
hearing preservation (Hybrid L electrode, Cochlear Ltd.,
Sydney, Australia) such that it keeps its preservation
characteristics and will end up in a perimodiolar position.
For this purpose the suitability of an inlay made of Niti-
nol, a shape memory material, was examined. Insertion of
the straight electrode into the cochlea followed by recov-
ery of a pre-curved shape by activation of the shape
memory effect at body temperature would result in the
contacts being closer to the cochlear nerve in the modio-
lus and the insertion depth being extended. Therefore
potentially more nerve fibers of the auditory nerve could
be stimulated.

Methods

As a starting point for the CAD-based design of the new
CI electrode the geometry of an avarage human cochlear
(Cochlear Ltd.) was used. Through the transparent plastic
model a simple evaluation of the functionality of the pro-
totypes produced could be visualized. The geometry of
the nitinol wires has therefore been designed to direct the
electrode into a perimodiolar position at the end of the
insertion process.

First Nitinol wires with different diameters were provided
by the company G.RAU GmbH & Co. KG (Pforzheim).
Experiments have determined that a 0.12 mm Nitinol-
wires could develop sufficient forces to achieve the final
perimodiolar postion after activation of the shape memory
effect. As the shape of the Hybrid L electrode is tapered
from 0.4mm to 0.25mm toward the tip of the electrode, a
tapered shape of the Nitinol-inlay has been chosen form
0.12mm to 0.08 mm over a length of the last Smm. The
proposed transformation temperature for the memory
shape behavior was defined at 37 ° C in the finished part.
As not only the Nitinol wire, but also the whole electrode
with its components (e.g. silicone carrier and Platinum-
Iridum wires and contacts) need to be shaped, the degree
of shape recovery and transformation temperature for the
electrode differed from the data for the Nitinol wire only.
An iterative process for finding the best shape and alloy
for the Nitinol Inlay has been followed.




For the correct cutting of the shape memory wires, a la-
ser-cutting method was used to prevent deformation of
the cutting area.

In order not to increase the overall rigidity of the elec-
trode carrier by the additional Nitinol inlay, and retain the
structure preservation characteristics of the electrode, the
stiffener of the conventional Hybrid L electrode has been
removed and replaced by the shape memory inlay.

Experiments were performed in a plastic cochlear model
immersed in a temperature-controlled water bath. The
temperature of the water bath was varied between 20°C
and 45°C. A USB camera was used for documentation.

Results

An initial version of the Nitinol inlay showed a good
ability of the electrode to recover its curved shape above
the transformation temperature. However in this experi-
mental setup the electrodes using Nitinol inlays with
transformation temperature at 37° began curling before
insertion. Cooling the electrodes with ice spray before-
hand did not prevent this issue. Therefore it could be
concluded that a higher transition temperature was neces-
sary to prevent premature curling (Image 1).

With the next iteration of inlay with an elevated transfor-
mation temperature, this premature curling effect did not
occur. This series of prototypes was able to be straight-
ened effectively at room temperature, thus providing a
sufficient starting point for insertion. However, the ther-
mal characterization demonstrated an incomplete recov-
ery of the electrode curved shape at 37° C. Only when
heated up to approximately 43°C could full curvature be
achieved.

Discussion

By replacing the stiffener of a conventional Hybrid L
electrode with a shape memory actuator made of Nitinol,
a perimodiolar position within the cochlea could be
achieved with an initially straight electrode. More ex-
perimentation is required to optimize the material parame-
ters. For clinical use, the influence of additional heat
sources in surgical field (e.g. surgical lighting) is cur-
rently being investigated.
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Image 1) Thermal characterization and intracochlear deformation behavior of the hybrid-M v0.2 (prototype electrode). Successive heating (20°-45°)
was applied in a water bath. A substantial curvature at the tip is visible at 23 ° C. However, the desired intracochlear movement of the electrode from
the outer wall to the inner wall has been reached at 37°C. In addition to the positioning of the electrode in close proximity to the nerve cells in the
central axis (modiolus) of the cochlea, the insertion depth is increased as a side effect by the activation of the shape memory effect.
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Abstract: The assembly of flexible thin-film nerve elec-
trodes, which is necessary for the connection with exter-
nal data acquisition devices, often turns out to be a very
time-consuming, sensitive fabrication step requiring a lot
of manual skills. Here a new concept is presented, which
allows a reliable, robust connection of commercial Nano
Omnetics connectors to thin-film nerve electrodes. A
laser-structured ceramic-adapter was fabricated, to
which a polyimide-based nerve electrode could easily be
soldered. Despite relieving the pressure of the connector
pads of the thin-film electrode, the ceramic-substrate
offers the further advantage that it is adjustable to indi-
vidual electrode designs. However the technology is not
restricted to the application and generally can be applied
for electrical connection of thin-film devices.

Keywords: ceramic-adapter, laser-structuring, assembly,
thin-film electrode

Introduction

In neurosciences, flexible thin-film nerve electrodes are
used for recording nerve signals as well as for stimulating
the neurons. The devices are not always totally implanted
but sometimes get transcutaneously connected to an ex-
ternal acquisition data system. The assembly of connect-
ors to the miniaturized nerve electrodes is always a criti-
cal fabrication step. On the one hand the electrodes often
show high pin densities, which require precise soldering
of small connectors to the pads, and on the other hand a
robust connection between the connectors and the thin-
film electrodes is necessary to avoid breakage while con-
necting and unplugging the electrode device to recording
and stimulation equipment.

Until now, the electrical connection of polyimide-based
electrodes was performed using methods like MicroFlex
Interconnection [1, 2] or directly soldering the connector pins
to the metal pads embedded in the polyimide substrate [3].
Both demand precise serial treatment of every single con-
nector pin, which is very time-consuming and the miniaturi-
zation depends on operator skills.

We have optimized and parallelized the assembly technique
to electrically connect polyimide-based nerve electrodes. The
devices are now more robust during handling and the total
interconnect width is reduced compared to previous designs.

Methods

A HTCC-substrate (High Temperature Co-fired Ceramic-
substrate) was laser-structured with through-holes, whose
pitches and diameters were adjusted to those of the connect-
ors (Nano Omnetics connectors (NPD series), Omnetics
Connector Corp., Minneapolis, MN, USA). The pins of the
connectors were embedded in the substrate with solder,
whereby a mechanical and electrical connection was gener-
ated. Grinding the ceramic ensured a flat substrate surface
with isolated metal pads. The conjunction of the ceramics
and the connecters formed a robust adaptor to which the
polyimide-based electrode could get connected by soldering.
The polyimide around the contact pads acted as good solder
stop, preventing shortcuts.

Production of the ceramic adapters is based on the tech-
nology described in [4]: An Al,O5 tape (HTCC 44000 by
ESL Europe, Reading, England) was laser-structured with
a Nd:YAG-Laser (A = 1064 nm, CAB GmbH, Karlsruhe,
Germany). Two layers of the HTCC green alumina tapes
(tape thickness of 200 um) were laminated with a pres-
sure of 27 MPa at 70°C to achieve an adequate ceramic
thickness. The substrate design was created with a CAD-
software. Perimeters, solder pads and through-holes were
arranged in a way to match the dimensions of the Om-
netics connectors. Thereby a sinter shrinkage of 16.7 %
was considered. Laser structuring was performed using
different parameters for pads, through-holes and perime-
ters. While the perimeters and through-holes completely
penetrated the Al,O; tape, the pads, concentrically to the
through-holes, only penetrate half of the tape, forming
round gaps (see Figure 1 a).

Once the green bodies were lasered, they were sintered at
1500°C to a 96 % Al,O; ceramic. Pt/Au paste (5837-G,
ESL Europe) was applied with a squeegee to the sub-
strate, filling the pad gaps. To prevent the through-holes
of being filled with paste, they were exposed to vacuum.
The paste was fired at 1000°C. Overlapping metallisation
was removed by grinding the ceramic substrate to ensure
insulation of the pad gaps. The Omnetics connectors were
plugged in the through-holes (see left connector of Figure
1 b). The pins were manually trimmed to the substrates
thickness and then soldered to it with solder (see right
connector of Figure 1 b). The substrate was again grinded
to get rid of the overlapping solder and connector pins
and to obtain a flat substrate surface with isolated metal
pads (Figure 1 c). The polyimide-based electrodes were
fabricated like described in [5]. They were aligned to the




pads of the ceramic substrate under a light microscope.
The connection of the adapter to the thin-film electrode
could be performed by simply moving the solder-iron
with solder over the connector pads. The polyimide there-
by acted as good solder stop. For additional stabilisation
of the interfaces between Omnetics connectors and sub-
strate as well as polyimide-based electrode and substrate
and to isolate the solder pins, the adapter was finally
sealed with epoxy. Figure 1 d shows a completely assem-
bled polyimide-based electrode.

a) b)

Figure 1: (a) Laser-structured and sintered Al,Os-substrate;
(b) Omnetics connector plugged in ceramic substrate (left)
and with pins trimmed and soldered to the metalized sub-
strate (right); (¢) Completed ceramic adapter with grinded
surface and isolated pads; (d) Assembled polyimide-based
electrode with epoxy-sealed ceramic adapter.

Results

Five adapters with a ceramic thickness of 330 pm and two
Omnetics connectors with 44 pins each and pitches of
635 um were fabricated. A polyimide-based thin-film
electrode was soldered to each of the adaptors. The elec-
trodes were characterized electrochemically to functionally
prove a stable electrical connection between the Omnetics
plugs and the electrode sites. Even after multiple plugging
of mating plugs over a year the connection was not af-
fected at all. Apart of the reliable electrical connection the
adapter enabled good handling of the 10 um thin flexible
electrode devices.

Discussion

The ceramic adapter offers a new possibility of assembling
flexible thin-film electrodes. The possibility of quasi simul-
taneously soldering the connector pads makes the assembly
uncomplicated and time-saving.

Plugging and unplugging Omnetics connectors require rela-
tively high forces in comparison to the small connector di-
mensions. The ceramic substrate, however, offers a stable
connection of the flexible thin-film electrodes to the con-
nectors. This allows testing of the electrical connection, i.e.
plugging mating connectors, even before the devices are
sealed with epoxy. Eventually, failed solder joints can be
detected and re-soldered to increase the yield of the device.

The design of the ceramics is adjustable to very different
connectors and thin-film devices. Furthermore it is possible
to integrate circuit paths in the ceramics and to structure it on
both sides. This makes the application field very expansible.
In near future, it is planned to realize a modular assembly of
an ECoG (electrocorticography) electrode (Figure 2). Thanks
to the ceramic adapter it is possible to minimize the width of
the cable by stacking various polyimide-based electrodes.

Figure 2: Sketch of a modular assembly of an ECoG elec-
trode. The ceramic adapter allows stacking of various thin-
film electrodes whereas holding the cable width very small.

Depending on the application, it is not obligatory to use
HTCC-technology. LTCC-technology (Low Temperature
Co-fired Ceramic-technology) might work as well and could
make the fabrication of the ceramic substrates more cost- and
time-saving.

Acknowledgement

This work was supported by the German Federal Ministry of
Education and research (BMBF grant 01GQ0830).

Bibliography

[1] Beutel, H. et. al.: Microflex: A New Technique for Hy-
brid Integration for Microsystems, Conf. Proc. IEEE
Micro Electro Mechanical Systems, pp. 306-311, 1998.

[2] Schuettler, M. et. al.. Multichannel neural cuff
electrodes with integrated multiplexer circuit, Conf.
Proc. IEEE Microtechnol. Med. Biol., pp. 624-629,
2000.

[3] Rubehn, B. et. al: A MEMS-based flexible
multichannel ECoG-electrode array, Journal of
Neural Engineering, vol. 6, 2009

[4] Ordonez, J. et. al.: A 232-channel retinal vision
prosthesis with a miniaturized hermetic package,
Conf. Proc. IEEE Eng. Med. Biol. Soc., pp. 2796-
2799, 2012

[5] Boretius, T. et. al.: A transverse intrafascicular multi-
channel electrode (TIME) to interface with the peripher-
al nerve, Biosens. Bioeletron, 26 (1), pp. 62—69, 2010




TOWARDS THE DEVELOPMENT OF IMPLANTABLE CONNECTORS
WITH HIGH CONTACT NUMBER

Schuettler M'%, Huegle S", Ordonez JS", Stieglitz T"

'Laboratory for Biomedical Microtechnology, Department of
Microsystem Engineering -IMTEK, University of Freiburg, Germany
*CorTec GmbH, Germany ’Z-Laser GmbH, Germany

schuettler@ieee.org

Abstract: A novel concept of fabrication electrical
connectors for joining implantable electrode arrays and
implantable electronic units is introduced. Although the
concept potentially permits the realisation of some

10 channels per connector, a simple prototype with only
5 channels was fabricated to begin with and its electro-
mechanical specifications were determined.

Keywords: Active implantable medical devices, connect-
or, lead, contact, fabrication process

Introduction

Modern active implantable devices such as spinal cord
stimulator for treatment of chronic pain provide up to 32
channels for electrical stimulation (e.g. Precision Spec-
tra™ by Boston Scientific). In order to ease the implanta-
tion procedure and to allow replacement of defective
components of the system, reversible connectors that
allow for joining electrode and implantable pulse genera-
tor (IPG) during surgery are widely used.

Today, the dominating technology for building connectors
with 4..8 channels utilizes a male connector part which is
located at the end section of the electrode lead and a fe-
male part which is located in the header of the IPG. The
male part consists of an array of metal rings of an outer
diameter very similar to the lead diameter. The female
part is an alternating arrangement of a ring-shaped guided
metal spring (electrical contact) and an elastomer gasket,
which insulating adjacent electrical contacts against each
other. The number of contacts is limited by the maximum
force that must be applied during insertion of the male
part. With each additional channel the friction during
insertion increases caused by the additional spring and
gasket. With increasing friction, the risk of kinking the
lead during insertion rises. A less tight gasket would lead
to reduced friction but would also compromise the elec-
trical insulation between two adjacent contacts and result
in increased cross talk at the electrodes. State of the art is
an insulation resistance of >250 kOhm (1.96 mm centre-
centre-distance of contacts) and insertion forces of <1.4 N
per channel for 1.3 mm diameter leads [1]. Note: Con-
nectors for implantable cardiac pacemakers (e.g. 1S-4) or
defibrillators (e.g. DF-4) are usually larger in diameter
and contact distance, require higher insertion forces while
providing a lower insulation resistance, e.g. >100 kOhm.
Usually, not more than 8 spring/gasket elements are used
per connector. As a consequence, a 16-channel lead re-
quires a 16 to 2x 8 adapter cable (splitter).

Future implanted devices might utilize electrode arrays
with a higher channel count. Currently, there are no con-
nector systems commercially available that can cope with
64+ electrical channels as required e.g. for the upcoming
devices class of implantable brain computer interfaces
(BCls). In the study presented here, we investigate a nov-
el connector technology with the potential of providing a
channel number sufficient for BCIs.

Methods

The male part of the connector is fabricated from a 96%
Al,O5 substrate (0.635 mm thick). Laser-milling is used to
give the substrate the shape of a comb. Weld pads, inte-
grated tracks and contact pads are deposited on the comb
by screen-printing and firing of 7.5 um thick PtAu. A
16.2 um layer of electrically insulating overglaze is de-
posited by screen printing, covering the tracks. By using a
thermosonic wire bonder loaded with 25 pm diameter
wire, the contact pads receive a number (~15) of gold
studs piling up to a height of 100 pm. A design sketch of
a five-channel male connector is shown figure 1.

weld pads

overglaze
contact pads 9

with Au studs

Figure 1: Sketch of 5-way connector (male part).
Note: Each contact pad is wired to two weld pads, permitting
a four wire contact resistance measurement.

The female part of the connector consists of silicone rub-
ber with integrated laser-patterned 12.5 pm thin platinum
foil [2]. The silicone rubber body is the counter-part to the
male comb-like connector, insulating the fingers against
each other and elastically supporting the platinum contact
foil. The body fabricated from three layers of laser-
patterned rubber foil, attached to each other by plasma-
bonding. The first layer is glued to a 0.635 mm ceramic
substrate as shown in figure 2. The prototype design of a
5-way connector had a centre-centre distance between
two adjacent fingers of 2.0 mm, a finger length of 4.5 mm
and a finger width of 1.0 mm. The female connector had a
total size of 13.5x 12.0 1.6 mm? (L x W x H).
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Figure 2: Sketch of 5-way connector (female part).
Note: Each contact pad is wired to two weld pads, permitting
a four wire contact resistance measurement.

A bond-pull tester was used to measure insertion and
extraction forces as well as the force to break-off a single
contact finger. Using 4-wire measurements, the contact
resistance was determined and in combination with mo-
torized mechanics, the durability (insertion/extraction
cycles without contact breakage) was investigated. The
maximum current per channel was verified using a cur-
rent-controlled laboratory power supply. While the meas-
urements described above were carried out in ambient
atmosphere, the AC-insulation resistance of the connector
was measured at 1 kHz in soaking tests, immersed in
saline at 37°C.

Figure 3: Left: Open connection and insertion step (male part
turned upside-down). Right: Inserted connector. Note: This
prototype does not allow for 4-wire measurements.

Results

Figure 3 shows a photograph of the connector prototype
with wires soldered to it. The results of the electrome-
chanical characterisation are listed in table 1.

individual channels
average value

10M ¢

insulation resistance in Q

100k

4 6 8 10 12 14

soaking time in days

0 2
Figure 4: Insulation resistance between two adjacent chan-
nels within a connector as function of soaking time.

The contact resistance is the resistance of the actual elec-
trical contact (gold studs pushing against platinum foil)
while the feed-through resistance is the electrical re-

sistance between weld pads of the male and female con-
nector parts. Practical aspects prevented us from success-
fully measuring the insertion force reliable, it is similar to
the extraction force, though. The insulation resistance be-
tween two adjacent contacts within a connector unfortunately
decreases with time of soaking in saline. Figure 4 provides
an impression on the nature of the resistance change.

Table 1: Specifications of implant connector prototype.

Specification Value
Number of channels 5
Max current / channel 2 A*
Contact resistance <4.5mQ
Feed-through resistance <500 mQ
Reliability > 500 000 cycles
Extraction force ~4N
Contact finger damage force > 8N
Size (L xW x H) 13.5x 12 x 1.6 mm?
Insulation resistance

dry >11 MQ

after 1 week soaking >3.1 MQ

after 2 weeks soaking > 166 kQ

* limited by power supply, not by connector

Discussion

Different to the state of the art, the new concept does not
utilize contacts in-line with the electrode lead. For the
sake of (potentially) more contacts per lead, a more bulky
connector was designed which still might be suitable for
common surgical techniques like subcutaneous tunnel-
ling. The prototype of our new connector concept has the
potential of being miniaturized without changing the
manufacturing technology to at least half of the size in
area. However, with shrinking contact finger width, the
risk of accidental mechanical damage rises. Furthermore,
the shorter the fingers are, the smaller the insulation re-
sistance is. The connector system can easily be stacked,
so that a 5-way connector (which takes about 1.6 mm in
height) can be extended to a 25-way connector with a
height of 5.6 mm (only one ceramic base is required).
Such a 25-way connector will provide an insertion force
of ~20 N. During insertion, we don’t expect kinking to be
a problem since all contacts of our design are inserted
simultaneously in contrast to the flexible rope-like con-
struction of in-line connectors that face an increasing
insertion force with every contact inserted serially. We
found that our design suffers from the insulation re-
sistance decreasing over time. Further developments need
to improve the seal between adjacent channels, preventing
water to form undesired conductive pathways.
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Abstract: This paper discusses the influence of fluxing mate-
rials on the properties of lead-free solder seals on screen-
printed metal thick films. Pull tests revealed a strong impact
on the layer adhesion if an aggressive flux is used. A milder
flux was able to improve the pull test results slightly. Investi-
gations on the hermeticity demonstrated the difficulty of
hermetic packaging with SnAg solder. None of the fluxes
under test allowed the manufacturing of hermetic packages
in the desired range of 10°mbar [ s or lower. Consequently
we came to the decision to use lead containing SnPb solder
compounds until further investigations on the processing of
lead-free materials are performed.

Keywords: hermetic packaging, lead-free soldering,
RoHS, flux, active implantable medical devices

Introduction

To ensure the functionality of complex electronic circuits
for active implantable medical devices (AIMDs) in moist
environments, the enclosure in hermetic packages is a
challenging and mandatory part. For a recently introduced
Brain-Computer-Interface (BCI) which is capable of
cortical stimulation and recording such a hermetic hous-
ing was developed [1]. The package is sealed by means of
manual soldering since former hermeticity investigations
where promising for this method [2]. The packaging con-
cept is realized in conventional thick-film technology,
implementing solderable metallization layers and lead-
free solder materials. However in comparison to the small
packages in [2] the relatively large size of the BCI pack-
age introduced new problems when it came to the process
of solder sealing. This paper deals with some practical
issues for the choice of applicable soldering methods and
materials to create highly reliable solder seals for hermet-
ic implants.

Methods

The BCI packages consist of three main parts. A laser
structured Al,O; substrate with several functional thick
film layers builds the base. A 2.5mm wide copper ribbon
is utilized as frame whereas the lid again consists of a
metalized alumina substrate. All three parts are arranged
as shown in Figure 1 and assembled by manual soldering.
For the sealing (Figure 1 - A) we used a tin silver solder
alloy, Sn96Ag4, which is applied on the screen-printed
PtAu solder frames on base and lid and on the copper
ribbon.

I - Assembly
_ —— T
7 i
é flocation for implant / % Frame
e L RIOCHONICS ) i
A Base
IT - Solder sealing
Al,O, substrate
Y cciiiriiiiies m— PiAY
f% /ocahon for Implanl c A === Dielectric layer
ot/ BISCHTONICS /(i gy 72 Copper frame
Sn96Ag4
B

Figure 1: A) simplified sketch of the sealing procedure;
B) image of sealed a hermetic BCI package.

We chose a lead-free compound to be prepared for poten-
tial future legislative changes that might prohibit the use
of lead-based solder in the fabrication of AIMDs (Euro-
pean RoHS Directive). The RoHS Directive applies for all
new electronic devices produced in the EU since 2006.
However for safety critical sectors such as medical devic-
es the Directive is not legally binding until 2014 and
furthermore AIMDs are still completely left out of the
scope until today [3]. In comparison to formerly popular
SnPb compounds, SnAg solder possesses a higher vis-
cosity in the liquid state and poor pad wettability. One
possibility to improve wettability and flowing behavior of
SnAg is the application of flux to the designated soldering
areas. To quantify the influence of flux on the soldering
process and on the package reliability two different inves-
tigations were performed.

Solder Adhesion / Pull Strength

The mechanical adhesion of solder on thickfilm structures
was tested by pull testing, utilizing a Dage 4000 multi-
purpose bond tester (Nordson DAGE, Buckinghamshire,
United Kingdom). On a hotplate at 120°C, pieces of
tinned copper wire (¢lmm, lcm long) were soldered to
PtAu pads (2x2mm?, 7.5um layer thickness) screen print-
ed on 96% Al,O; substrates. The solder iron was kept at
350°C and a large solder tip was used for optimized heat
transfer. The pads were treated with Kagerflux 330 (Ka-
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ger Industrieprodukt GmbH, Dietzenbach, Germany) or
Weller F-SW32 flux (Weller electronic, Auerbach, Ger-
many) prior to soldering. Kagerflux 330 is very aggres-
sive (DIN 8511: F-SW25 / EN29454: 2.1.2.A) and
strongly facilitates the solder wettability on thickfilms.
The Weller flux on the other hand is less aggressive
(DIN 8511: F-SW32 / EN 29454: 1.1.3.A) and less vola-
tile at 120°C, which made it particularly suitable for this
process. Since the printed PtAu paste tends to diffuse into
liquid solder, the pull strength in force/pad area was rec-
orded for soldering times ranging from 4s to 30s.

Hermeticity

Packages of the same size and screen printing layer se-
quence as utilized for the BCIs (Figure 1 — B) were fabri-
cated with and without application of flux and sealed
under helium atmosphere. Helium leakage rates as a
measure for the hermeticity were recorded with a fine
leak mass spectrometer (SmartTest HT570, Pfeiffer Vac-
uum Technologies, Asslar, Germany). Before that, all
packages were placed in a water bath and visually in-
spected for bubbles to avoid false positive leakage test
results caused by gross leaks.

Results
Pull Test

A prerequisite for high pull strengths and thus good solder
adhesion to the thick film is an entire covering of the pad
with solder. Figure 2 summarizes the measurements.

20

18 4 Expected adhesion according to PtAu paste datasheet

16 -

14 4

N>8 STD

12 4

—t—35n%6Agd 48-0.2

—a&—Sn96Ag4 (Kagerflux) 2.5-0.6

10 4

—@—5n96Ag4 (Weller)

Pull strengthin MPa

Soldering time in seconds

Figure 2: Pull test results for copper wires soldered to
differently fluxed PtAu pads with Sn96Ag4. The shaded
area marks the measuring limit of the pull tester.

Without applying flux, it took at least 7 seconds until the
pad was entirely wetted and the maximum pull strength
was achieved, i.e. 18 MPa. If the pad was only partly
covered, the pull strength was also reduced. Longer sol-
dering times rapidly diminished the pull strength until the
detection limit was reached after 30 seconds. When flux
was utilized the pads were immediately full-covered with
solder. Kagerflux 330 reduced the pad adhesion directly
after contact with the pad was established. Hence the full

adhesion was lost in less than 8 seconds. The Weller flux
enables high initial pull strengths of more than 19 MPa.
Successive values develop slightly above the unfluxed
measurements. Finally the detection limit was reached
after 40 seconds.

Hermeticity

Without applying any flux, a hermetic sealing of the
package was not possible as the value in Table 1 reveals.
With Kagerflux 330 the soldering was easy due to the
good wettability of the thick film structures. However the
leakage rate was not satisfying for long-term applications
where at least He leakage rates of three orders of magni-
tude higher are desired. The same holds true for the
Weller flux values. Furthermore, the sealing was more
difficult because of unsatisfactory solder joint formation
and flowing properties.

Table 1: Leak rates of differently soldered packages.

Solder material He leak rate / mbar 1s?

Sn96Ag4 (no flux) Gross leak: > 107

Sn96Ag4 (Kagerflux) 10°

Sn96Ag4 (Weller) 5x10°
Discussion

This paper clearly reveals the danger of aggressive fluxes.
An explanation might be the strongly reducing behavior
which most likely destroys the oxide-based bond between
paste and substrate. Since Kagerflux 330 severely (and
continuously) impairs the thick film layer adhesion, we
did not succeed in creating long-term hermetic packages
when this flux was applied. On the other hand our pack-
aging concept only worked when the PtAu frames are
properly wetted with solder. Without applying any flux or
even with the more gentle Weller flux this requirement
cannot be fulfilled, since the lead-free Ag96Sn4 possesses
poor flowing properties in the liquid state. So far, the
consequence for our BCI packages to achieve hermeticity
levels in the range of 10 mbar 1 s and lower is one step
back to SnPb solder sealing. Many SnPb solders allow
omitting additional flux due to good thick film wettabil-
ity. Because of the aforementioned exclusion of AIMDs
from the RoHS Directive, this decision is justifiable until
a lead-free solution has been found to reliably manufac-
ture BCI packages of high hermeticity.
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Abstract: The newest generation of retinal implants show
that restoration of vision for blind patients is generally pos-
sible. However, there are still many obstacles to overcome
to achieve a higher quality of artificial vision. A crucial
factor in the used micro-photodiode-arrays is the shape and
size of the stimulating elements. This study compares two
different electrode shapes and the outcome during subreti-
nal stimulation, respectively. Monopolar (disc) and dipo-
lar (ring) electrodes were modeled with a finite element ap-
proach. With the calculated electric potentials we simulated
the response of target cells to electric stimulation. Addition-
ally, we concentrated on power consumption/charge limit in
the modeled electrode configurations.

Keywords: retinal implant, electric stimulation, computer
simulation, compartment model, retinal bipolar cell

Introduction

Diseases like retinitis pigmentosa and age related macu-
lar degeneration affect the function of the retina. In both
cases prolonged photoreceptor loss leads to partial or total
blindness. If photoreceptors are damaged or not working
properly the remaining network is not able to provide ac-
curate signals to the brain. Fortunately, it seems that bipo-
lar cells and ganglion cells are not or only little affected
by these diseases. Retinal implants try to activate the re-
maining neurons by the means of electric stimulation using
micro-electrode arrays.

Several research groups are developing retinal implants to
restore vision to blind people suffering from diseases like
retinitis pigmentosa and age related macular degeneration
[1] [2] [3]. Two major approaches are currently in clinical
trials: (i) epiretinal prostheses which are located between
retina and vitreous body and (ii) subretinal implants which
are positioned between retina and sclera. In this study we
only examined subretinal electrode configurations which
are designed to take advantage of surviving retinal circuitry.

Methods

The calculation of transmembrane voltage during extracel-
lular stimulation requires quantitative knowledge on the
extracellular voltage which is generated by the stimulat-
ing elements in a subretinal location. Therefore, we re-
alized the computations in two separate steps. First, the
examined electrode configurations (disc, ring) were posi-
tioned into a spatial volume containing the electrode car-

Figure 1: Volume used to calculate the extracellular poten-
tial. Edge length = 2000pm. Electrode carrier (A, height
100pm), Retinal layer (B, height 3004m), Silcone tampon-
ade (C, height 30044m), The outer boundaries of the retinal
layer are set to either a freely floating or ground potential.

rier (2000x2000x100pm, Fig. 1A), a part of the retina
(2000x2000x300um, Fig. 1B) and a slice of the silicone
tamponade (2000x2000x300um, Fig. 1C) which replaces
the vitreous body in retinal implant patients after vitrectomy
[4]. The distant return electrode used in the retinal implant
[5] was simulated by setting the outer boundary conditions
of the retinal layer to ground potential (Fig. 1D) [6].
Furthermore, membrane voltage over time (dstm) was cal-
culated using a multi-compartment model with passive
membrane properties [7]. Finite element calculations were
performed in Comsol Multiphysics, all other calculations in
MatLab.

Results

We plotted the time course of the membrane voltage for
different electrode configurations and both cell types (see
Fig. 2) to compare the magnitude of de- and hyperpolar-
ization of various cell compartments. During monopolar
stimulation synaptic compartments of the ON type bipolar
cell were stronger depolarized at the end of the pulse than
OFF center synaptic compartments. To understand why this
was the case, we started to investigate morphological cell
properties. Doubling and halving of the axonal compart-
ment diameter, the synaptic end compartment diameter and
variation of the soma diameter by +-20% showed almost no
differences in activation. Shortening of the ON type cell to
the same over-all length as the OFF type resulted in a com-
parable membrane depolarization of both neurons.

The surface area of the outer dipolar electrode was mod-
eled to be equivalent to the surface area of the inner elec-
trode (25um in all calculations). So a larger radius of
the outer electrode corresponds to a thiner/narrower outer
electrode ring. The minimum outer ring radius had to be
38m. In this configuration a stimulation with 1V over 2ms
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Figure 2: A: Monopolar and dipolar stimulation for ON (left) and OFF (right) bipolar cells. In both cases the bold trace
(red) shows the time course of Vm for one synaptic compartment during monopolar stimulation (1V, 2ms). 38, 50 and
100m denote the radius of the outer ring electrode in the dipolar electrode configuration. The monopolar disc electrode
and the dipolar inner ring had a radius of 25um. B: Two model neurons, ON bipolar type (left) and OFF bipolar type

(right).

led to a maximum depolarization of approximately 65mV
(ON type) and 69mV (OFF type) above resting potential
(-56.7mV). With increasing outer ring electrode diameter
synaptic compartments were depolarized stronger (see Fig.
2). An outer electrode ring diameter of 100xm showed al-
most the same results as monopolar stimulation.

Since charge limit is a crucial parameter in functional elec-
tric stimulation we also examined the applied charge den-
sity. A stimulation with 1V results in a current density of
approximately 1000A /m? at the electrode surface. The cor-
responding charge per area is 0.2mC/cm? when delivering
a 2ms pulse. This is below but in the same order of mag-
nitude as the charge limit of Platinum-Iridium electrodes
04mC/ cm? [8]) that are commonly used in retinal im-
plants.

Discussion

Electrode design is an important factor in retinal implants
since selective stimulation of target neurons combined with
reduced power consumption can improve the quality of vi-
sion and prosthetic devices. The advantage of a ring elec-
trode configuration is that every ring on the micro-electrode
array has its own ground and so can work as a small iso-
lated electric unit. However, the dipolar configuration is
consuming more power than disc electrodes to achieve the
same magnitude of activation. The reason for this is that a
lot of current flows directly from the inner to the outer elec-
trode and therefore does not reach the stimulated neurons.
Furthermore, this study shows no advantages in selective
stimulation of ON and OFF type bipolar cells in contrast to
monopolar stimulation.

New electrode configurations like pillar electrodes that
‘penetrate’ the stimulated tissue may be a good option for
coming implant generations because the smaller distance
between stimulating elements and neural tissue will lower
activation thresholds and furthermore power consumption.
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Abstract: Home based training by using neuromuscular
electrical stimulation requires sufficient monitoring to guar-
antee optimal training results. In a clinical study elderly
subjects should follow a specific training of both anterior
thighs. The schedule consists of 24 training days within 9
weeks where each training session consists of 3 series of 6 or
10 minutes. The compliance of five subjects (4 females) were
evaluated based on an evaluation software programmed in
Visual Studio C#. The training device is a custom-built volt-
age-controlled stimulator where the stimulation parameters
are monitored. The average stimulation voltage of all sub-
Jjects was 18,81 V with an average current of 57,33 mA.

The monitoring of the training demonstrates the importance
for evaluation for the study success.

Trial Registration: ClinicalTrials.gov NCT01679977

Keywords: evaluation software, stimulator design, pulse
shape recordings

Introduction

Aging is associated with a significant decline in neuro-
muscular function. Reduction of muscle mass and
strength is often related to dysfunction of mobility and is
a predictor of future disabilities [1]. Cross sectional stud-
ies report a decrease in muscle strength of around 40%
between 25 and 80 years old subjects [1] under isometric
test conditions of the knee extensors. Muscle training can
dramatically improve the muscle strength, power and
functional abilities of elder individuals [2][3]. There is a
strong evidence that neuromuscular electrical stimulation
increases muscle strength especially in periods with re-
duced mobilization [4].

The aim of this study was to record the intensity of home
based training using electrical stimulation by monitoring
compliance data.

Methods

The home based electrical stimulation training targets the
anterior thigh muscles using a custom-built programma-
ble voltage-controlled stimulator [5]. The system has an
easily operable control unit and two stimulation channels.
Using a universal serial bus link the stimulation parame-
ters and the training protocol were programmed with a
custom-made software. A specific stimulation training for
both channels was stored on a secured digital (SD) card

of the control unit. During the stimulation the subject
could influence the amplitude and emergency shut-off.

The compliance monitoring was composed of the set
amplitude value and the pulse voltage shape and current
shape. Especially the current information, e.g. charge, is
an important parameter for monitoring muscle activation
[6] using voltage-controlled stimulators. Also basic in-
formation like date and number of successfully completed
training series are recorded. The evaluation software is
programmed in Visual Studio C# (Microsoft, Redmond,
USA). It allows the analysis of a specific training series
up to the whole training. The main measures of the com-
pliance were the average stimulation voltage amplitude
and current amplitude.

The compliance data of five subjects (4 females) were
evaluated from a current study. Stimulation training was
performed for 9 weeks, with 2 sessions per week in the
first two weeks and then increased to 3 sessions per week.
A training session consisted of 3 series of training sepa-
rated by 5 minutes breaks. A series took 6 minutes in the
first two weeks and then 10 minutes which consisted of
75 contractions of one thigh (stimulation time: 3.5 s; off
time: 4 s). The stimulation pulses were rectangular, bi-
phasic and voltage controlled with pulse width of
2x300us and a rate of 60 pulses per second.

Results

The output voltage amplitude of the stimulation training
was set over all subjects to 18,81 V with a corresponding
current amplitude of 57,33 mA (Table 1). The variability
over the whole training of subject A227 (Fig. 2) was +/-
12% and +/- 15% of the voltage and current, respectively.
For each burst one stimulation pulse (Fig. 1-B,C) is re-
corded. Figure 1-A shows the manually set amplitude of
each burst during one training series (6 min. training, 45
bursts).

Table 1: Average (avg.) voltage and current (standard
deviation) of all training sessions for each subject.

subject avg. voltage (V) avg. current (mA)
A227 22,22 (3,37) 48,59 (5,96)
FTVS028 19,05 (2,97) 61,61 (6,63)
FTVS026 16,62 (3,76) 58,89 (5,02)
FTVS029 20,22 (2,47) 62,80 (5,14)
FTVS024 15,93 (2,83) 54,75 (4,74)
mean value 18,81 (2,58) 57,33 (5,78)
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Figure 1: Stimulation current (A) and voltage (B), with
a sampling rate of 83,3 kS/s. Set amplitude value (C) of
one training series. Three impulses (Burst 1, Burst 22,
Burst 45 of a training series) are visualized. The data
refers to training series number 48 of subject A227.

Discussion

Monitoring of the training is important for evaluation of
the study success, especially concerning home based
training. It gives knowledge about the usage of the stimu-
lator at home. Therefore, electrode interface failure,
wrong or insufficient usage of stimulator can be detected.
This information makes it easier to interpret training re-
sults.
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Abstract: The use of Deep Brain Stimulation (DBS) sur-
gery is increasing as a treatment for movement related
disorders. One of the important areas of improvement is
the target selection procedure. To do so, we measured the
acceleration of tremor by sensors in 6 patients during
their DBS surgeries to evaluate the changes quantitative-
ly. The post-operative data analysis revealed that accel-
eration measurements are very sensitive to the changes in
tremor and that they can be used to identify clinically
effective stimulation amplitudes. With the aim to increase
objectivity in symptom evaluation, we intend to introduce
real-time analysis so as to provide more information to
the neurosurgeon to aid him in his target selection during
the surgery.

Keywords: movement related disorders, acceleration
measurements, tremor quantification, deep brain stimula-
tion

Introduction

The usage of Deep brain stimulation (DBS) of basal gan-
glia to treat neurological movement related disorders like
Parkinson's disease (PD) and Essential Tremor (ET) has
increased considerably in the recent years. However, due
to incomplete understanding of the mechanism of action
of DBS, optimal target definition is difficult. To over-
come this, intraoperative stimulation tests are performed
along the predetermined trajectories to  semi-
quantitatively evaluate the clinical effects on tremor while
gradually increasing the stimulation parameters (volt-
age/current), determining the thresholds for clinical ef-
fects (subjective threshold) and side effects at each ana-
tomical measurement position.

Various methods have been proposed to quantitatively
evaluate tremor using accelerometer ([1], [2]) as well as
other sensing techniques ([3], [4]), but not specifically
during DBS surgery. Methods to quantitatively evaluate
tremor intra-operatively ([5], [6]) using accelerometers
have been proposed, but they were not made a part of the
routine surgical protocol. Our aim is to measure the ac-
celeration of the patient's wrist before, during and after
the DBS surgery, to extract multiple parameters to quanti-
fy the changes in the tremor and use these parameters to
aid the neurosurgeons in optimizing the final target for
implanting the electrodes.

Methods

We have recorded acceleration data from 6 bilateral DBS
implantations for PD (n=2) and ET (n=4), under an on-
going clinical study at the University Hospital Clermont-
Ferrand, France. A 3-axis accelerometer is placed inside
an in-house developed plastic case and tied to the patient's
wrist (Fig. 1) to measure its acceleration during test stim-
ulations. Acceleration data is recorded at all the test stim-
ulation positions on all the planned trajectories. The ac-
celeration recording is performed by connecting the ac-
celerometer via a USB cable to a laptop using in-house
developed application. The acceleration recording is start-
ed earlier than the test stimulation and continues while the
stimulation amplitude is varied (Fig 2). No specific in-
structions are given to the neurosurgeon or the patient for
the posture of the arm or movements. The data is recorded
while the neurosurgeon performs his routine evaluation.
The data recorded without any test stimulation is used as
a baseline for comparison with data recorded during the
test stimulation. The amplitudes of stimulation at which
an effect is visually observed on the symptoms (subjec-
tive threshold) and at which side-effects occur (side-effect
threshold) are noted in the software.

Figure 1: The plastic case containing the accelerometer
tied to the patient's wrist.

The accelerometer data recorded is then post-operatively
analysed to extract statistical features to quantitatively
identify the changes in the symptoms. As a first step,
movements other than tremor are removed (detrending)
using the smoothness Priors method [7]. Then the data is
low pass filtered at 10 Hz to remove the noise. From this
data, statistical features (viz. standard deviation, energy,
entropy, main frequency component and main frequency
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amplitude) are extracted by moving a window of 2 se-
conds over it.

The extracted features are then normalized to the baseline
value and the normalized feature set is used to find effec-
tive stimulation amplitude (acceleration threshold). Based
on the normalized data, 3 different acceleration thresholds
are extracted: 1) more than 75% change compared to
baseline 2) more than 50% and less than 75% change
compared to baseline 3) more than 25% and less than
50% change compared to baseline.
The accelerometer thresholds and the side effect thresh-
olds are examined visually and a final implant location is
decided based on them to compare with the actual final
implant location.

Fig 3
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In order to have a statistically significant comparison, we
used Wilcoxon two-sided signed rank test to compare the
features 1) before the subjective threshold and at the sub-
jective threshold 2) before the acceleration threshold and
at the acceleration threshold.

Results

The Wilcoxon two-sided signed rank test has identified a
statistical significant change in tremor (p<0.01) for signal
energy, standard deviation and peak frequency amplitude.
The signal energy and peak frequency amplitude seem to be
the most sensitive statistical features showing a higher per-
centage change compared to baseline. The results also say
that, in most cases (>80%), the accelerometer threshold was
found at a lower stimulation amplitude than the subjective
threshold (Fig. 3). The final implant site decided based on
the acceleration measurements were not always consistent
with the ones decided subjectively during the surgery. In
some cases, the choices were on different trajectories. This
suggests that the use of acceleration measurements during
the surgery may improve the target selection for DBS sur-

gery.

Discussion

The present study describes a method to quantitatively eval-
uate tremor using statistical parameters extracted from the
acceleration signal of the wrist and the significance of the
results from 6 patients. Based on the results of this study we
can say that the use of such quantitative methods may im-
prove the target selection procedure for the DBS surgeries.
Such quantitative methods make the surgical treatment more

objective for individual patients. We also found that the
addition of acceleration measurement equipment in the OR
did not increase the duration of the surgery or interfere with
any other procedure.

Comparison of different Thresholds for one trajectory
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Figure 3: Comparison of different thresholds for one trajecto-
ry of a DBS patient.

The results of the study clearly suggest that acceleration
measurements in the OR are feasible. One of the main fac-
tors that affect the acceleration measurements is the record-
ing of the baseline data. It is important that during the base-
line recording, the patient shows high tremor symptoms. Our
next steps are to perform the data analysis in real-time during
the surgery so that the quantitative information is made
available to the neurosurgeon to aid in his decision. Further
analysis and research is also planned with the recorded data.
We intend to use the acceleration sensor to evaluate rigidity
during DBS surgery as well. We intend to correlate the data
with the anatomical brain structures stimulated during the
surgery and other electro-physiological information. This
might bring new information related to the mechanism of
action of DBS.

Bibliography

[1] Keijsers, N. L. (2006). "Ambulatory motor assessment
in Parkinson's disease." Mov Disord 21(1): 34-44

[2] Dunnewold, R. J. (1997). "Quantitative assessment of
bradykinesia in patients with Parkinson's disease." J
Neurosci Methods 74(1): 107-12

[3] Papapetropoulos, S. (2008). "Objective monitoring of
tremor and bradykinesia during DBS surgery for Parkin-
son disease." Neurology 70(15): 1244-9

[4] Koop, M. M. (2006). "Improvement in a quantitative
measure of bradykinesia after microelectrode recording
in patients with Parkinson's disease during deep brain
stimulation surgery." Mov Disord 21(5): 673-8

[5] Journee, H. L. (2007). "Intraoperative neurophysiologi-
cal assessment of disabling symptoms in DBS surgery."
Neurophysiol Clin 37(6): 467-75.

[6] Birdno, M. J. (2008). "Tremor varies as a function of the
temporal regularity of deep brain stimulation." Neu-
roreport 19(5): 599-602

[7] Tarvainen, M.P; Ranta-aho, P.O; Karjalainen, P.A. An
advanced detrending method with application to HRV
analysis.

18



Intraoperative optical flow based tremor evaluation - a feasibility study

Hemm-Ode S', Wettmann P', Kistler B!, Behm P', Schkommodau E', Coste J*, Lemaire J?, Shah A'

'Institute for Medical and Analytical Technologies, School of Life Sciences, University of Applied Sciences and
Arts Northwestern Switzerland, Switzerland
*Centre Hospitalier Universitaire de Clermont-Ferrand, Image-Guided Clinical Neurosciences and Connectomics
(EA 7292, IGCNC), Université d' Auvergne, France

Simone.hemm@thnw.ch

Abstract: Deep brain stimulation as treatment for movement
related disorders is a common neurosurgical procedure.
Nevertheless the targeting procedure can still be optimized
as the clinical outcome resulting from intraoperative test
stimulation is in general subjectively evaluated. The aim of
the present study was to analyse the feasibility of objective
tremor evaluation based on optical flow analysis in videos
and to compare the results with in parallel performed accel-
eration measurements. The results demonstrate the feasibil-
ity but as well limitations of the applied set-up. Solutions to
increase the quality in the future are proposed.

Keywords: optical flow, deep brain stimulation, accelera-
tion measurements, intraoperative tremor evaluation

Introduction

Deep brain stimulation (DBS) is a common neurosurgical
procedure for relieving movement related disorders such
as Parkinson’s disease. DBS extends uncertainties associ-
ated with suboptimal target selection. In order to refine
the target selected on the anatomical images, microelec-
trode recording and test stimulations are intraoperatively
performed and subjectively evaluated.

The idea to objectively analyse tremor via video record-
ing is not new. The motion between two image frames
can be estimated by optical flow methods. Uhrikova has
presented a tool for automatic detection and frequency
measurement of tremor [1]. A comparison with accel-
erometer measurements showed closely related frequen-
cies. Other authors used infrared LEDs attached to the
body which are tracked by a simple CCD camera [2]. To
our knowledge, no study has been published so far deal-
ing with optical flow analysis for evaluating tremor in the
operating room (OR). Consequently, the aim of the pre-
sent study was to investigate the feasibility to evaluate
tremor in the OR by optical flow analysis and to compare
the data with in parallel recorded acceleration.

Methods

Patients: Two patients referred for bilateral DBS-
implantation (1 Parkinson's Disease, 1 Essential Tremor)
were included in the study after having given informed
consent.

Surgical Procedure: Surgery was performed as de-
scribed in [3]. After preoperative stereotactic MRI and CT

acquisitions, the surgical planning was performed the day
before surgery. The final implantation site was deter-
mined the day of surgery based on intraoperative microe-
lectrode recording (MER) and test stimulation. Two tra-
jectories were tested for each hemisphere. While the in-
tensity of electric current used for stimulation was in-
creased, changes in tremor amplitude were analysed by
the neurosurgeon to determine the moment of and the
amplitude at tremor improvement (surgeon threshold).
During the evaluation, a 3-axis accelerometer (sampling
rate 400Hz) synchronized with the stimulation amplitude,
was fixed to the patient's wrist and the observed arm was
filmed with a digital video camera (Canon LEGRIA
FS200) on a tripod at a distance of approximately 2m.
Resolution and recording frequency were 720x576 pixels
and 25 frames/s respectively.

Data analysis: Synchronisation between video and accel-
eration data had to be performed manually. They were
both grouped according to stimulation amplitudes. Inter-
esting sequences were extracted from the video and soft-
ware was developed to analyse the movement of the arm
within a chosen region of interest (ROI) based on the
Lucas-Kanade algorithm [4] implemented in Java (Ja-
vaCV using OpenCV 2.4.2): a vector field was calculated
for the ROI based on the highest probability of movement
of a 5x5 mask from one frame to the next (Fig. 1).
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Figure 1: Top left: Scene with chosen analysis window
(blue); top right: vector field between two frames; bottom:
optical flow [arbitrary units] over time [s]

The absolute values of the vectors were determined. To
reduce camera specific noise, data were filtered with a
median filter. Statistical features (standard deviation,
energy, entropy) were extracted for each test stimulation
position using Matlab (MathWorks Inc., Bern, Switzer-
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land) (Fig. 2). An optical flow specific threshold for sig-
nificant clinical improvement was determined for each
position: the percentage change of all three mathematical
features compared to baseline recording without stimula-
tion had to be of 75% or, if no such high improvement
existed, of 50%. The three features were statistically
compared before and after this threshold (Wilcoxon
signed rank test). Their correlation with acceleration data
and the neurosurgeon's observations was performed visu-
ally and statistically (Spearman rank test).

Results

Synchronisation of acceleration and optical data could be
performed for both patients (+/- 0.5 - 2 seconds). Statistical
parameters were calculated for all positions and stimulation
amplitudes. Optical, acceleration and surgeon's thresholds
were compared. In all cases, tremor decrease corresponded
to a clear decrease in statistical parameters. The visual com-
parison of optical flow and acceleration thresholds showed
nearly similar trends for all trajectories (Fig. 2).
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Position distance to target

Figure 2: Threshold comparison - stimulation amplitude
[mA] over the distance to the exploration endpoint [mm].

The statistical comparison between accelerometer and opti-
cal flow data for each position separately showed mostly
high correlation in patient 1 and weaker correlation in patient
2. For patient 1 the optical flow thresholds were in general at
or even below the surgeon's thresholds (Fig. 2). In patient 2
the optical flow threshold was in many cases higher than the
surgeon's and the acceleration one.

Discussion

The aim of the present study was to analyse the feasibility
to intraoperatively use video recordings for tremor analy-
sis by comparing the results to accelerometer measure-
ments. The accelerometer has the advantage that no line
of sight problem exists but on the other hand it has to be
connected by USB for use in the OR. Another weakness
mentioned before [2] is that the sensors cannot satisfacto-
rily track slow or constant speed motion where some of
tremors may have significant spectral components.

The present study demonstrated the general feasibility of
using video recording for tremor evaluation in the OR as
a decrease in tremor is always visible as a decrease in the
statistical features. Even if correlation between the two
data types is not optimal, results are satisfying consider-
ing the fact that the analysis of video recording was not

pre-planned and in consequence recording conditions
have not been optimal. We propose different solutions for
the identified limitations of the current set-up (Tab. 1).

Table 1: Solutions to identified limitations

Limitation Possible solutions

Suboptimal camera posi- Positioning closer to the

tion patient or optimally at the
ceiling

Suboptimal ~ synchronisa- Synchronisation managed

tion by software

Fixed window for optical Optical flow recording

based on marker detection
and tracking
HD camera

flow analysis

Artefacts caused by the
low camera resolution

First experiments solving some of these issues have been
recently performed in the lab with a high definition cam-
era (Canon IXUS 220 HS) and based on marker tracking
within the image frames. The results show promising
correlation between acceleration and optical flow data
(Fig. 3). The next step will be to check its intraoperative
usability.

Statistics from AccelData

—— Energy

Entropy
—B5— Peak Freq ampltude
Std Dev

Statistics from Optical FlowData

Figure 3: Comparison of optical and accelerometer raw data
and extracted mathematical features over time [s]
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Abstract: This paper aims in determining the necessary
characteristics of a magnetic stimulator, capable to trig-
ger stimulation of the spinal cord in a healthy subject.
Our previous work showed that the magnetic stimulator
used in some preliminary experiments, performed in co-
operation with researchers from the Medical University
of Vienna, was unable to stimulate the spinal cord, and
only adjacent spinal nerves were activated during the
procedure.

Keywords: Spinal cord, magnetic stimulation, activation
function

Introduction

Severe injuries of the spinal cord can cause total or par-
tial loss of functions corresponding to motor tracts that
are responsible for lower limbs muscle activation. The
result is the loss of voluntary control of movement and
the ability to stand and walk. Recent studies in this field
are investigating non-invasive methods aiming to facili-
tate functional motor activities, including standing and
stepping in paralyzed people [1], [2]. One potential tech-
nique that could directly stimulate the spinal cord is mag-
netic stimulation, because the electromagnetic field can
pass layers of high resistivity, i.e. the vertebral bone.
Preliminary experiments [2], aimed to evaluate if
transcutaneous magnetic stimulation is able to directly
stimulate the spinal cord. To do so, we examined the
responses elicited in the leg muscles by stimulation. The
experimental results are explained by evaluating the elec-
trical field induced in the human body during magnetic
stimulation using a simplified computer model of the
thorax [3].

Experimental Method

Seven subjects (aged 20-35, 5 males, 2 females) with
intact nervous system participated in the study. Electro-
myography (EMG) signals were recorded from quadri-
ceps (QM), hamstrings (HM), tibialis anterior (TA) and
triceps surae (TS) muscles, with subjects in the prone
position. Magnetic stimulation was applied to several
stimulation sites, at maximum tolerable intensity. We
used a Magstim Rapid? (Magstim Co) magnetic stimula-
tor. The nervous impulses generated in this area are prop-
agated through nervous pathways to the lower limbs,
producing muscular contractions. The compound muscle
action potentials (CMAP) were recorded through EMG.
The established experimental protocol started by defining the
coil (we used the figure of eight coil) position with respect to
the vertebral column. The abbreviations we used are L for
left, R for right and M for middle, followed by the angle

between the spine and the handle of the stimulation coil, i.e.
MO90 means that the coil is placed centered above the verte-
bras and its handle is perpendicular to the spine [2].

The nature of muscles responses obtained experimentally
was demonstrated using the double stimulus paradigm. One
can notice that the CMAP response to the second stimulus
has much lower amplitudes or is completely suppressed,
which is usually an indication of the refractory period similar
to the posterior roots muscle (PRM) reflexes (Fig. 1).
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Figure 1: Leg muscles responses to a magnetic stimulus, with coil above T12
vertebra, position of the coil with respect to the spine R270

At a certain point of our investigations we concluded that
these kinds of responses are not PRM reflexes and formulat-
ed the hypothesis that they could be due to direct stimulation
of the cortical-spinal tract [2]. In the next section of the
paper we compute the electric field induced in the spinal
cord and the transmembrane potential in order to evaluate
if the field is strong enough to directly stimulate the spi-
nal cord, or only adjacent nervous structures can be acti-
vated using this technique.

Simulation Model and Results

To evaluate the response of the spinal cord to magnetic
stimulation, we imagined a simplified model of the spinal
cord, as a continuous cylinder, surrounded by concentric
interrupted cylinders, representing the vertebras. The
model is fully described in [3].

According to the electromagnetic field theory, the electric
field inside the tissue can be computed by means of the
vector magnetic potential and the scalar electric potential,
which depends on the geometry of the tissue-air interface
[4]. The electric potential, V, inside the domains (i) with
different electrical properties is numerically evaluated by
solving Laplace equation (A¢(i) = O) inside each domain.
The computations were performed using a Matlab routine,
based on the Finite Difference Method. The created sys-
tem of equations was solved using Gauss elimination

algorithm [3]. To describe the mechanism of magnetic
stimulation, we compute the response of the neuronal
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structures to the applied stimulus. We model the neuronal
structures in the form of a cable and the membrane re-
sponse can be computed by solving the equations describ-
ing the transmembrane potential across the membrane of
the cable in the presence of induced electric fields [3].
The coil used in our simultations has the same
constructive parameters as the coil used in experiments:
diameter equal to 70 [mm], and the total number of turns
was 18 - 9 turns on each of the two leafs [2]. The
inductivity of this coil is given by the manufacturer of the
magnetic stimulator and is L=16.35 [puH]. To use the
magnetic stimulator to 100% of its total power, the initial
voltage on the stimulator’s capacitor was set to Uy= 50
[V]. The maximum value of the stimulator’s current
derivative is 97/ar = UO/L [A/us]. It is known that the

magnetic stimulator circuit (RLC series) works in transi-
ent state (overdamped R =3 [Q] or underdamped regime
R =0.565 [Q] and C=200 [uF]). Considering the medical
application, the overdamped regime is used for single
pulse magnetic stimulation, while the underdamped oscil-
latory regime is more suitable for repetitive stimulation.

For every coil position considered (Fig. 2a, 3a), we first
computed the axial component of the E field induced by
the magnetic stimulation inside the spinal cord (Fig. 2b).

-50 100 180

vD[mMI z[mm]

a) b)

Figure 2: a) Position of coil with respect to the spinal cord (R270); b) Axial
component of the electric field induced in the spinal cord for Ug=1800 [V].
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Next, we compute the axial derivative of the E, compo-
nent of the electric field, the activation function (Fig. 3b).
To achieve stimulation, the nerve fiber must be located in
the area where the derivative of the electric field is nega-
0E; -
0z

minimum value in the active behavior model of the nerve
fiber, and then we check if it is sufficient to produce acti-
vation of the spinal cord. With the value of 50 [V] for the
initial capacitor’s voltage, we could only achive
stimulation of the spinal nerves, located outside the spine,
and not direct stimulation of the spinal cord. Therefore,
we increased the value of the initial voltage on the
capacitor until we achieved stimulation of the spinal cord
(an action potential is evoked). According to [5], the
maximum load that can be retained by a magnetic
stimulator’s capacitor must be smaler than 3 [kV].

The minimum negative value for the activation function
produces the activation of the spinal cord. This value is
about dE,/dz=-50 [mV/mm?] for both positions, sufficient
to achieve an action potential (Fig. 4 (a, b)).

From Fig. 4, one can see that using the appropriate values
of the capacitor’s initial voltage, the spinal cord is acti-
vated for both considered positions. For the overdamped

tive ( 0) [3]. Therefore, we introduce this negative

state, the first magnetic stimulation of the spinal cord
occurs at Ug=1750 [V] for MO, and for Uy=1800 [V] for
R270. These values are lower than those needed to trigger
activation for the underdamped state. If the same value of
the initial voltage is considered (Fig. 4), we get a larger
latency period for the underdamped regime than for the
overdamped one (2.25 [ms] compared to 1.65 [ms]).
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Figure 3: a) Position of coil with respect to the spinal cord (MO0);
b) Activation function for Uy=1750 [V].
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Figure 4: Variation of the transmembrane potential in time, 1—
overdamped and 2— underdamped regime. a) M0 position (U= 2000

[V]); b) R270 position (Ug= 2050 [V])

Conclusions

Even considering the limitations of our simplified model,
the simulation results emphasize that the spinal cord
could not have been directly stimulated during our exper-
iments, but activation can be triggered by the use of larger
values of the input voltage of the magnetic stimulator
(this requires a more powerful magnetic stimulator). Our
work suggests that to directly stimulate the spinal cord
tracts, a magnetic stimulator with a maximum initial volt-
age of the stimulator’s capacitor is required, that exceeds
available ones by a manifold (1800/50). The technical
feasibility and applicability of such a device will be dis-
cussed in a future paper.
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Abstract: Spinal cord stimulation (SCS) has been applied
for the treatment of chronic pain for decades. Recent
studies have shown that SCS may also reduce or prevent
epileptic seizures, but it is not known which stimulation
parameters may be effective. The objective of the present
study was to investigate the effect of several SCS frequen-
cies on seizures induced in rats by pentylenetetrazole
(PTZ) infusion. The effect was evaluated by analysing
electrocorticogram (ECoG) recordings. SCS using 0.3
and 0.8 mA biphasic 100/500 us pulses delivered at five
frequencies was administered in two rats in 60 s stimula-
tion sessions. The present results indicate that 130 and
180 Hz SCS may have anti-epileptic effects and 30 Hz
SCS may be pro-convulsive. Further data are needed to

validate these results to establish an effective SCS pattern.

Keywords: spinal cord stimulation, epilepsy, seizure,
pentylenetetrazole

Introduction

Epidural spinal cord stimulation has been applied for the
treatment of chronic pain for more than 40 years (1).
Schlaier et al. found decreased cortical excitability during
SCS in patients treated for pain (2). To the best of our
knowledge, there are only two studies where SCS has
been applied with the aim to investigate the effect on
epileptic seizures. In one of those studies, Ozelik et al.
showed that SCS (2 Hz) had an inhibitory effect on inter-
ictal spikes induced in rats (3). In the second study, Har-
reby et al. showed that low frequency SCS (4 Hz) was
epileptogenic whereas higher frequency SCS (54 Hz)
tended to reduce seizure susceptibility (4). Based on that
research, Harreby et al. suggested that seizures could be
inhibited by SCS if a suitable SCS pattern could be estab-
lished and indicated that further experiments are neces-
sary to establish such patterns.

The objective of the present work is to investigate the
effect of SCS on seizure susceptibility when performed at
five different stimulation frequencies ranging from 0 to
180 Hz.

Methods

All experimental procedures were approved by the Danish
Animal Welfare Committee. Two male Sprague Dawley

rats (250-350 g) were anesthetized using keta-
mine/xylazine (90/10 mg/kg). The rectal temperature was
monitored and maintained within 37.5£1°C using an
ATC1000 Animal Temperature Controller (WPI, USA).
The cervical and upper thoracic vertebrae of the animals
were exposed and a custom made SCS electrode was
inserted in the dorsal epidural space between C4 and C6.
The rats were then placed in a stereotaxic frame and their
skull was exposed through a midline incision. A hole was
drilled at 2.3 mm posterior and 2.6 lateral (right) from
bregma, and further extended using a rongeur. After re-
moval of the dura, a stainless steel electrode was placed
on the cortex to record the ECoG (pass — band filter = 1
Hz -4 kHz).

Spike-and-wave (SW) discharges indicative of absence
seizures were induced in those rats by 150 s infusion of an
initial dose of 10 mg/kg/min PTZ in the femoral vein and
maintained at a constant level until the end of experiments
by continuous infusion of 0.21 mg/kg/min PTZ.

Before PTZ administration, the SCS current was deter-
mined by gradually increasing the pulse amplitude until
muscle twitches were observed near the area of the SCS
electrode location. The SCS current was set immediately
below the muscle activation threshold, i.e. 0.3 mA in rat 1
and 0.8 mA in rat 2. SCS was performed using charge
balanced biphasic 100/500 ps pulses delivered at 0, 30,
80, 130 and 180 Hz in consecutive 60 s stimulation ses-
sions separated by 5 min stimulation off intervals. The
mentioned stimulation frequencies were randomly set by
a custom made Matlab program. Four stimulation loops
comprising 5 sequences of 60 s SCS with each frequen-
cy/5 min stimulation off were performed in each rat. SCS
was delivered after the rats have been brought to stable
SW activity by controlled PTZ infusion as described
above. To confirm stimulation of the dorsal columns, the
SCS-induced antidromic activation of the sural nerve was
recorded using a stainless steel hook electrode placed on
this nerve. At the end of the experiments, the animals
were sacrificed by an overdose of anaesthesia.

SCS was performed using a STG4008 stimulator (AD
Instruments, Australia). All signals were recorded (PCI
NIDAQ 6251, NI, USA) at 10 kHz using a custom made
Matlab program. The ECoG energy was calculated as
squared ECoG after filtering the raw signals (pass — band
filter = 1 — 200 Hz). The mean ECoG energy was calcu-
lated based on a 60 s interval and used as a measure of
SW activity.
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Results

In both stimulated rats, 30 Hz SCS was pro-convulsive,
i.e. increased the SW amplitude from 0.7 to 1.3 mV and
the SW frequency from 1.2 to 1.7 Hz. In contrast, 80 Hz
SCS induced mild anti-convulsive effects and 130 Hz
SCS stronger anti-convulsive effects, i.e. a decrease of the
SW amplitude from 0.7 to 0.3 mV and SW frequency
from 1.2 to 0.5 Hz (Fig. 1). 180 Hz SCS induced mild
effects in rat 1 and strong anti-convulsive effects in rat 2,
i.e. almost total inhibition of SW discharges (Fig. 1).
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Figure 1: ECoG in response to SCS in rat 2. The baseline
ECoG was recorded prior to PTZ administration.

ECoG energy analysis further supports the results men-
tioned above. Whereas 30 Hz SCS increased the ECoG
energy, the other stimulation frequencies reduced the
ECoG energy in a proportional manner and even almost
to baseline in the case of 180 Hz SCS in rat 2 (Fig. 2).
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Figure 2: ECoG energy comparison in rat 1 and rat 2.
Each number represents the mean ECoG energy calculat-
ed before PTZ administration (baseline), during SW ac-
tivity and within each 60 s stimulation interval from the
first stimulation loop.

Discussion

The present results indicate that epileptic SW discharges
can be influenced by SCS and that the effects of SCS on
SW seizures may depend on the stimulation parameters.
In our SW rat seizure model, 130 Hz and 180 Hz SCS
induced anti-convulsive effects and 30 Hz SCS worsened
the SW activity. In addition, 180 Hz SCS only slightly
influenced the SW activity when using 0.3 mA pulses, but
inhibited the SW discharges almost totally when using 0.8
mA pulses, which may indicate a trend towards more
effective seizure inhibition at higher current intensity.
These results are consistent with our previous studies,
which suggested that an SCS frequency higher than 54 Hz
may have anti-convulsive effects [4]. In addition, the
present results are consistent with studies investigating
deep brain stimulation for epilepsy which showed that
high frequency (130 Hz) stimulation of the sub-thalamic
nucleus suppresses absence seizures in rats [5].

Although the data available at this moment are limited
and cannot support a definitive conclusion, we consider
that the present results are positive and suggest that a
proper combination of SCS parameters may have antiepi-
leptic effects. Further studies are necessary to collect
more data with the investigated SCS frequencies and test
several combinations of stimulation parameters in order to
verify this possible outcome. If successful in acute studies,
the efficiency of the method and potential side effects
should be explored in a chronic animal model before
testing the methods in humans
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Abstract: Epidural spinal cord stimulation can produce
rhythmic motor output to the lower limbs of motor com-
plete spinal cord injury people. The electromyographi-
cally recorded activity consists of a series of modulated
stimulus time-related compound muscle action potentials
(CMAPs). Here, we investigate phase dependent modifica-
tion of the CMAP latencies and present a computer model
that mechanistically describes putative locomotor pattern
generating circuitries of the human lumbar spinal cord.
Thereby we gained insight into the organization of the hu-
man spinal pattern generating networks, revealed common
control characteristics with the central pattern generators
for locomotion described in animal experimental work and
highlighted specifities of the studied model.

Keywords: Locomotor pattern generators, human lumbar
spinal cord, spinal cord injury, epidural spinal cord stimu-
lation

Introduction

The existence of locomotor pattern generating neural net-
works in the human lumbar spinal cord is meanwhile well
accepted. Yet, little is known about their organization.
Epidural stimulation over the lumbar spinal cord can pro-
duce rhythmic activities in the paralyzed lower limbs [1, 2],
comprised of stimulus-triggered compound muscle action
potentials (CMAPs), the posterior root-muscle (PRM) re-
flexes [3, 4]. Their modulation gives insight into the opera-
tion of the neural circuits in the lumbar spinal cord.

Here, we present electrophysiological analyses of CMAP
modulation during rhythmical EMG activity in motor com-
plete spinal cord injured subjects during epidural spinal
cord stimulation as well as a computer model incorporat-
ing the findings of the electrophysiological study.

Methods

Electromyographic recordings of quadriceps, hamstrings,
tibialis anterior and triceps surae, bilaterally in response to
epidural stimulation at 2 Hz—42 Hz were analyzed in 10 in-
dividuals with motor complete posttraumatic SCI. Thrity-
nine segments (duration: 10 s) of rhythmical activities
found in all four-muscle groups of one lower limb were
identified in 7 subjects. Phases of bursting and suppressed
activities were identified. Latencies of PRM reflexes, com-

@tuwien.ac.at

Quadriceps (Q)
Hamstring (H)

Tibialis anterior (TA)
Triceps surae (TS)

Epidural electrode

Figure 1: Measurement set-up. The electrode was located
in the epidural space near the lumbar enlargement. The
electrode had 4 programmable contacts that can be set as
the cathode, anode or inactive. Charge balanced, pseudo-
monophasic pulses of 0.21 ms width at a set frequency and
intensity can be applied. Electromyographic signals were
recorded from four major lower limb muscle groups.

posing the bursts, were calculated. The measurement set-up
is described in figure 1.

The computer model consists of various classes of neurons
with Hodgkin-Huxley-like membrane dynamics, including
a pattern generating half-center model, Ia inhibitory in-
terneurons and Renshaw cells as well as motoneurons [5, 6].
Furthermore, presynaptic inhibition of the afferents synaps-
ing on the motoneurons and disinhibition of an additional
central pathway on the flexor half-center as well as conduc-
tion delays were incorporated. All model assumptions and
hypotheses followed the findings of the electrophysiologi-
cal part of this study and included: i) the pattern generating
networks are set into operation via large diameter afferents
and with input frequencies above 20 Hz, ii) the motor output
consists of stimulus-triggered responses, and iii) the flexor
half-center can prolong the PRM reflex latencies. Synapses
were modeled as exponential synapses. The simulation was
conducted with the software Brian [7] using an exponential
Euler method with a time-step of 0.1 ms.

Results

In all 10-s segments, rhythmical activities of all muscle
groups had the same cycle frequency. In-between muscles,
rhythmic activity occurred largely synchronous or alternat-
ing, in other words bursts were either co-active or reciprocal
between any two muscle groups. PRM reflexes constitut-
ing bursts during the extension phases had monosynaptic
latencies. These responses were predominantly suppressed
during flexion and were replaced by delayed, oligosynap-
tic PRM reflexes in quadriceps, tibialis anterior and triceps
surae (for an example see figure 2).
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Figure 2: Three sample traces of rhythmic activity in all four muscle groups (quadriceps, Q; hamstring, Ham; tibialis
anterior, TA; triceps surae, TS). Left: In the compound muscle action potentials (CMAPs; solid lines) recorded in the
extension phases (TA is not active; shaded phases) have similar latencies and shapes as their unconditioned counterparts
(controls, i.e. responses to a single stimulus; dotted line). Right: During flexion phase (TA is co-active; not shaded)
CMAP latency is markedly increased in comparison to the unconditioned ones, whereas the CMAP shape can be similar

(Q) or different (TA and TS).

The modeled pattern generating networks could be acti-
vated by pulsed stimulation. Their frequency-dependent
activation was strongly related to the time constant of per-
sistent Na channels. Rhythmic activity was produced by
bursting and non-bursting neurons of the pattern generating
half-centers. Stimulus-coupled responses as the only com-
ponents comprising the rhythmic activity can be explained
when the interneuronal network is only exerting subthresh-
old modifications of the motoneurons’ membrane potential
when activated by pulsed epidural stimulation, thus only
modifying their excitability. In the extension half-center,
direct afferent connections play a dominant role in excit-
ing motorneurons as suggested by constant CMAP laten-
cies. The existence of a mono- and a separate oligosy-
naptic pathway with presynaptic inhibition of the afferent
fibers of the flexor half-center synapsing on the motoneu-
rons and disinhibition of an oligosynaptic pathway explains
the substitution of the short latency CMAPs by prolonged
ones. Inhibition acting on the motoneurons through postsy-
naptic potentials would influence both pathways and would
not explain their independent regulation. Again, the timed
input from the afferents, here over the mono- or oligosy-
naptic path, are causative for the action potential generation
in the motoneurons, hence producing stimulus time-related
CMAPs.

Discussion

The pulsed nature of the stimulation, providing a causal re-
lation between input and output, along with the computer
simulation of the processing network revealed components
of the organization of the locomotor pattern generating net-
works in humans. Together, the electrophysiological data
and the computer model suggest a half-center organization
of the human locomotor pattern generating networks in the
lumbar spinal cord with asymmetric control of flexors and
extensors with common rhythm generating circuits.
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Abstract: Independent studies have shown that the human
lumbar spinal networks below a complete spinal cord injury
can produce rhythmic motor outputs in response to step-
related sensory feedback or sustained electrical spinal cord
stimulation (SCS). Here we present our current studies ap-
plying lumbar SCS in motor-complete spinal cord injured
(SCI) individuals in the supine and supported standing posi-
tion, and during assisted treadmill stepping, to explore the
mechanisms of spinal rhythm generation. SCS could pro-
duce rhythmic EMG activities without step-related sensory
feedback; in each case, all muscles were active with a com-
mon rhythm frequency. During SCS and passive treadmill
stepping, muscle activities were normally synchronized to
the imposed step frequency, but activities with an independ-
ent rhythm frequency were generated as well. The results
suggest rhythmic reflex actions and central spinal generation
as two different causes of rhythm generation.

Keywords: human, sensory feedback, spinal cord injury,
spinal cord stimulation, spinal rhythm generator

Introduction

One consequence of severe injury to the long tracts of the
spinal cord is the loss of voluntary control over lower
limb movement, including the ability to walk. Yet, neu-
ronal networks within the human lumbar spinal cord in-
volved in processing of sensory feedback signals and
generation of locomotion can remain largely intact caudal
to such injury [1]. Independent studies have shown that
these networks can be activated to generate rhythmic
motor outputs to the paralyzed lower limbs by two differ-
ent types of inputs: (i) by patterned sensory feedback
from the lower limbs produced by the mechanical events
during passive stepping movements on a treadmill [2],
and (i7) by a non-patterned sustained drive provided by
continuous electrical spinal cord stimulation (SCS) [3].
Little is known about the interaction of step-related sen-
sory feedback and multi-segmental tonic neural drive at
the lumbar spinal level in the generation of locomotion in
humans. First studies combining manually assisted tread-
mill-stepping with epidural lumbar SCS in a few spinal
cord injured (SCI) subjects have shown that the lumbar
spinal cord can integrate the two different types of inputs
to generate rhythmic activities that were not produced by
either type of stimulation alone [4,5,6].

Here, we present our current studies that explore the roles
of sustained inputs and step-related sensory feedback to
the human lumbosacral spinal cord in the generation of
rhythmic motor patterns. We applied epidural or transcu-
taneous lumbar SCS in motor-complete SCI individuals in
the supine position (preventing hip extension and axial
limb load that are otherwise critical for rhythm genera-
tion), in a supported standing positions with the lower
limbs being ‘mechanically immobilized” (preventing
movements at hip and knee), and during assisted and
body-weight supported (BWS) treadmill stepping.

Based on their characteristically different signal profiles,
the hypothesis was that the non-patterned and patterned
inputs to the spinal cord neural networks would reveal
different mechanisms of rhythm generation.

Methods

Epidural SCS in the supine position and during as-
sisted treadmill stepping: EMG data of 7 motor-
complete SCI subjects were studied who had been previ-
ously implanted with epidural electrodes over the lumbar
spinal cord for the control of lower limb spasticity [7]. 10-
second segments of stable rhythmical activities generated
by tonic stimulation (2-42 Hz) present in quadriceps (Q),
hamstrings (Ham), tibialis anterior (TA), and triceps surae
(TS) of one limb were extracted by a semiautomatic algo-
rithm for further analysis. Two subjects were tested dur-
ing passive treadmill stepping without and with 30-Hz
epidural lumbar SCS. Treadmill belt speed was 0.8 km/h,
60% BWS was provided, and stepping movements were
manually imposed by 2 therapists.

Transcutaneous SCS in the supported standing posi-
tion and during assisted treadmill stepping: In 4 mo-
tor-complete SCI subjects, transcutaneous SCS was com-
bined with a robotic-driven gait orthosis (DGO). Transcu-
taneous SCS was applied as described in [8], but here in a
continuous mode at a frequency of 30-Hz and an intensity
producing EMG responses in Q, Ham, TA, and TS bilat-
erally in a supported standing position. The DGO was
used to support a standing position of the subjects, as well
as to impose stepping-movements at speeds of 1.8 km/h
and 2.5 km/h. BWS was set to 60%.

The studies were approved by the Ethics Committee of
the City of Vienna, Austria, and the institutional human
use committee at the Shepherd Center, Atlanta, GA, USA.
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Results

Epidural SCS in the supine position: Four to nine ex-
amples of 10 seconds-EMG segments of stable rhythmic
activity expressed in all studied muscle groups of one
limb were identified in each subject. The effective stimu-
lation frequency to generate rhythmic activities was 29.5
+ 4.85 Hz, with a range of 22.5 Hz — 42 Hz (the latter
being the highest frequencies considered). Stable EMG
patterns ranged from locomotor-like, with reciprocal
relation between antagonists, to patterns of co-activation
between all muscle groups. Regarding rhythmicity, within
each given EMG segment, the activities of all studied
muscles had the same, common rhythm cycle frequency
(0.71 £ 0.41 Hz; min=0.27 Hz, max=1.84 Hz).

Epidural SCS during manually assisted treadmill
stepping: Assisted passive stepping movements without
epidural SCS generated low-amplitude, gait-phase syn-
chronized EMG activity in some muscles. The most re-
sponsive muscle groups were Ham, activated during the
hip-flexion and concomitant knee-extension segment of
the swing phases, and TS activated during the late flexion
phases and throughout the stance phases. Each muscle
responded with a single activation per step cycle — the
rhythm frequency of all EMG activities was equal to the
manually imposed step frequency. Application of SCS
immediately augmented the EMG activities as generated
by passive stepping alone, as well as activated muscles
that did not respond otherwise. Both, EMG activities with
a rthythm equal to the step frequency, as well as ones with
an independent thythm frequency were observed. Differ-
ent lower limb muscles could be rhythmically active with
either of these two frequencies during the same recording
segment. One example was the generation of rhythmic
activities occurring in-phase in bilateral TA with a rhythm
frequency of 0.38 Hz during epidural SCS while step
frequency was 0.18 Hz.

Transcutaneous SCS during supported standing:
Rhythmic EMG activities could be generated in the para-
lyzed lower limb muscles by continuous 30-Hz transcuta-
neous SCS in the absence of step-related sensory feed-
back. Examples were found in 6 of 32 cases (4 subjects
tested x 8 muscles) in Q, Ham, and TA. One example was
the generation of rhythmic activities occurring in-phase in
the bilateral Hams with a rhythm frequency 0.41 Hz.

Transcutaneous SCS during manually assisted tread-
mill stepping: EMG activities as produced by imposed
stepping motions alone could be augmented or suppressed
when transcutaneous SCS was supplied, and rhythmic
activity could be generated in muscles that were not ac-
tive in the SCS-off condition. These various modifica-
tions could be all found concomitantly in the muscles of a
single subject. In most cases, the rhythm cycle frequency
of the generated activities was equal to the step-cycle
frequency given by the DGO. Yet, similarly as with epi-
dural SCS, there were examples with independent rhythm
cycle frequencies, e.g. unilateral synchronous rhythmic

activities of Q and TA with a rhythm frequency of 0.38
Hz were found in one subject, that did not synchronize to
the step frequency of 0.56 Hz.

Discussion

There are several theories for the generation of patterned
EMG activity in paralyzed lower limbs in response to
step-related patterned sensory input to the human spinal
cord during passive treadmill stepping [9]. Suggested
mechanisms range from cyclically entrained stretch re-
flexes generated by the imposed movements [10] to the
direct activation of human spinal cord pattern generators
for locomotion by the sensory feedback input [11]. Our
data suggest that the observed rhythmic muscle activities
during passive stepping alone are directly related to me-
chanical events rhythmically occurring at specific times
of the gait cycle. We propose that inhibitory and excita-
tory spinal reflex pathways to the motoneurons re-act in a
time-dependent way to the sequential activation of affer-
ents of multiple sensory modalities, including afferents
signalling muscle-tendon stretch, velocity of muscle-
tendon stretch and extensor-load during the step cycle.
The rhythm frequencies are given by rhythmic reflex
actions rather than by central spinal generation.

Both, epidural SCS applied in the supine position, as well
as transcutaneous SCS in a supported standing position,
could produce rhythmic activities in the paralyzed lower
limb muscles. While the influence of some rhythmic pro-
prioceptive feedback cannot be ruled out, the rhythmic
muscle activities were generated without step-related
sensory information critical for rhythm-generation. The
constant phase relation of the rhythmic activities pro-
duced in one limb suggests rhythm generation by a com-
mon source. The spinal neural networks that were acti-
vated by the rather unspecific neural drive with a pre-
dominantly tonic signal profile to produce rhythmic effer-
ent activity can be viewed as a central spinal rhythm gen-
erator [12].

Essentially, there were two temporarily stable types of
rhythmic muscle activities generated by the combined
application of SCS and externally guided stepping, one
with a rhythm frequency equal to the imposed step fre-
quency observed in the majority of cases and another
oscillating with an independent frequency. This finding
suggests two different causes of rhythm generation. In
cases where both rhythms were observed in different
muscles of the lower limb, neural circuits of the lumbar
spinal cord must have been active rhythmically with dif-
ferent frequencies, one given by the central spinal thythm
generator and the other imposed by the rhythmic me-
chanical events related to stepping.

One could speculate that a relatively autonomous rhythm
generating network that is ‘coupled’ but not ‘hard wired’
to the periphery would be essential in the neural control
of locomotion to achieve a target rhythm frequency
planned and set by supraspinal neural structures. Through
coupling of separate mechanisms of rhythm generation,
one centrally generated and causative, the second im-
posed by peripheral conditions and regulative, the differ-
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ent thythms would tend to synchronize and ensure effec-
tive locomotor behaviour.
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Abstract: Non-patterned electrical spinal cord stimulation
(SCS) via epidural electrodes can activate neural circuits
involved in lower-limb motor control in individuals with
spinal cord injury (SCI), and generate automatic, rhythmic
flexion-extension movements in the paralyzed lower limbs.
Here, we studied whether SCS can increase the excitability
of locomotor circuits in a motor-incomplete SCI individual
capable of voluntary treadmill stepping without support and
whether this augmentation can be integrated into the residu-
al voluntary motor control. SCS was applied through skin
electrodes during active treadmill stepping. Sub-motor stim-
ulation enhanced the voluntary lower limb EMG activities in
a step-phase appropriate manner as well as reproducibly
modified the coordination of hip and knee movements during
stepping. Further study in a larger population is warranted.

Keywords: locomotor activity, non-invasive, spinal cord
injury, spinal cord stimulation, treadmill stepping

Introduction

Non-patterned, continuous electrical stimulation of the
lumbar spinal cord via implanted electrodes can produce
various motor outputs to the lower limb muscles of indi-
viduals with motor complete SCI depending on the ap-
plied stimulation parameters [1,2]. The motor effects
range from the generation of bilateral extension (effective
stimulation frequencies 5—15 Hz) to automatic rhythmic
lower-limb movements (25—60 Hz) [1,3]. Further, epidur-
al SCS at 20-50 Hz augmented the rhythmic EMG activi-
ties produced by passive, body-weight supported tread-
mill stepping in subjects with chronic, motor-complete
SCI [2.,4,5]. Thus, the locomotor circuits within the lum-
bar spinal cord below the lesion can be activated by non-
patterned SCS and integrate step-related sensory feedback
in the generation of rhythmic motor outputs. Here, we
studied whether the non-patterned input provided by SCS
along with step-related sensory feedback could be inte-
grated into the voluntary motor task of active treadmill
stepping. The rationale was to test whether the combina-
tion of these inputs would augment functional motor
outputs in a motor-incomplete SCI subject capable of
voluntary treadmill stepping without support.

We applied a previously described skin-electrode based
method of SCS that consistently stimulates (a subset of)
the same neural structures as epidural lumbar SCS, i.e.
afferent fibers within the L2—S2 posterior roots in humans

[6,7,8]. When applied in a continuous mode, this
transcutaneous SCS (tSCS) was suggested to modify the
central state of excitability of lumbar circuits in SCI indi-
viduals [7,9,10,11]. Here, the immediate effects of 30-Hz
tSCS at intensities below the motor threshold of the lower
limbs in a motor-incomplete SCI person actively stepping
on a treadmill without manual assistance and body-weight
support will be elaborated.

Methods

Subject: Data were derived from a female (age 29 y) with
sensory- and motor-incomplete SCI (neurological level: T9),
11 years post-injury, classified as grade D on the American
Spinal Injury Association impairment scale. The subject had
spastic muscle hypertonia and clonus in the lower limbs. She
could complete the 10-meter walk test with two crutches.
The study was approved by the local Ethics Committee.
Transcutaneous spinal cord stimulation: tSCS was ap-
plied using a pair of self-adhesive stimulating electrodes (@ 5
cm, Schwa-medico GmbH, Germany) placed over the
T11/T12 spinous processes and a pair of rectangular refer-
ence electrodes (8 x 13 cm each) over the lower anterior
abdomen. A constant-voltage stimulator delivered charge-
balanced, symmetric, biphasic rectangular pulses of 2 ms
width (1 ms per phase). Electrode placement over the lumbar
spinal cord was confirmed by the elicitation of posterior root-
muscle reflexes in the lower limb muscles [6,7,8].

Treadmill stepping: The subject actively stepped on the
treadmill without braces, manual assistance, or body-
weight support at 1.6 km/h and 0.8 km/h.

Data acquisition: EMG recordings from quadriceps (Q),
hamstrings (Ham), tibialis anterior (TA), and triceps surae
(TS) muscles bilaterally were acquired using pairs of silver-
silver chloride recording electrodes (Intec Medizintechnik
GmbH, Austria) [12]. EMG signals were amplified (EMS-
Handels GmbH, Austria) with a gain of 502, filtered to a
bandwidth of 10-500 Hz and digitized at 2048 samples per
second per channel. Data recorded by electro-goniometers
(Penny & Giles Biometrics, Ltd., UK), used to measure knee
and ankle movements, and by four pressure-sensitive switch-
es (strain gauges, RS Components, Germany) distributed
over each foot sole, detecting stance phases, were synchro-
nized to the EMG, bandpass-filtered between 0—100 Hz and
sampled at 2048 Hz.

Stimulation and study protocol, data analysis: The ses-
sions started with a recording of treadmill stepping without
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tSCS, followed by a recording done with the same treadmill ~ Ham featured a single EMG burst per cycle, starting at the
parameters and tSCS at 30 Hz and 18 V, an intensity produc-  transition from swing to stance, and lasting up to mid-
ing paraesthesias in most of the lower-limb dermatomes, yet  stance. RTA activity occurred at the stance-to-swing
below motor threshold for the lower-limb muscles. This transitions, while in LTA, no gait-phase appropriate EMG
procedure was repeated for both treadmill speeds. activity was observed. Clonus-like EMG activities in both
A fourth-order band-pass Butterworth filter was used to filter =~ TS occurred during the respective stance phases. The
EMG data (10-700 Hz) and goniometers data of hips and EMG patterns were immediately modified when 30-Hz
knees (0-15 Hz). Foot switch recordings were used to define  tSCS was supplied (Fig. 1, right). The stretch-like activity
gait cycle durations and to distinguish between stance and  in LQ appeared less frequently. A second burst of activity
swing phases. Goniometric data averaged from ten consecu-  emerged in both Ham during the concentric contraction-
tive gait cycles were utilized to produce hip-knee cyclo- like activity preceding the maximum hip and knee flexion

grams. during swing. A burst of activity emerged in LTA during
left swing. The clonus-like EMG patterns in TS were not
Results modified. Regarding the amount of EMG activity, Q-

activity was augmented during swing and Ham-activity
Without tSCS (Fig. 1, left), the EMG activity during ac-  during stance when tSCS was applied. TA-activity was
tive treadmill stepping of bilateral Q was characterized by  increased during swing while TS-activity was decreased.
two bursts per gait cycle, one occurring during the early  During stance, TA-activity was reduced and TS-activity
stance phase and a second one of smaller amplitude and  augmented.
shorter duration at the stance-to-swing transition. In LQ,
stretch-like EMG activities emerged at heel strike. Both
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Figure 1. EMG activity of left (L) and right (R) quadriceps (Q), hamstrings (Ham), tibialis anterior (TA), and triceps surae
(TS) along with hip and knee goniometric data and foot switches (FS) marking stance phases. Displayed are ten step cycles of
voluntary treadmill stepping at 1.6 km/h without (left) and during (right) the application of 30-Hz sub-motor stimulation.
EMG patterns and amount of activities were immediately modified by the stimulation.

During tSCS, stride length changed from 1.13 m to 1.32 m,  knee increased significantly (p < 0.01), and the coordina-
on average, and cycle duration increased from 2.6 s to 3.0 s,  tion between hip- and knee-movements changed charac-
while only the swing phases were prolonged (p < 0.01). The teristically during tSCS. These modifications were repro-
goniometric data in Fig. 1 also clearly show changes of ducible at both treadmill speeds tested (cf. cyclogram
the gait kinematics by tSCS. Figure 2 summarizes these labelled as rep. in Fig. 2). Generally, tSCS facilitated a
stimulation-related modifications of the hip-knee move- more fluid multi-joint movement with an exaggerated
ment coordination. The range of movement of hip and flexion component and augmented foot clearance.
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Figure 2. Hip-knee cyclograms calculated for right hip and
knee during average gait cycles at 0.8 km/h (upper trace) and
1.6 km/h (lower trace) without (left) and with (right) 30-Hz
stimulation (stim.). The stimulation considerably increased
the range of movement of hip and knee and augmented the
flexion component of the movement. These modifications
were reproducibly observed at both treadmill speeds (rep.).

Discussion

Non-patterned 30-Hz tSCS applied over the lumbosacral
spinal cord in a person with a chronic, motor-incomplete
SCI during voluntary treadmill stepping caused immedi-
ate effects on the lower-limb EMG activities and repro-
ducibly modified the gait kinematics. TSCS was applied
at an intensity below the threshold of the lower limb mus-
cles at a level producing paraesthesias in the lower limb
dermatomes. The observed stimulation-induced effects
were not due to the direct activation of spinal motor
pools. Specifically, during tSCS alone, i.e. without the
subject’s voluntary attempt to step, no EMG activities
were produced in the lower limbs. It is thus plausible that
the continuous tSCS elevated the physiological state of
the lumbar locomotor circuits that in turn became more
responsive to the supraspinal commands via the residual
descending pathways [4,5]. The gait-phase appropriate
manner of the stimulation-induced EMG modifications
further hints on the capability of the involved neural cir-
cuits to efficiently integrate the non-patterned input deliv-
ered by tSCS and the step-related proprioceptive feedback
into the voluntary execution of coordinated multi-
segmental movements. The present findings suggest that
tSCS can be used to facilitate residual voluntary locomo-
tor control in motor-incomplete SCI individuals. Further
study in a larger subject population is warranted.
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Abstract— Most studies so far have not compared the effects of peroneal
FES with the effects of conventional orthotic treatment. The implantable
system ActiGait is a treatment for drop foot that improves walking speed,
endurance and ankle joint movements during the gait cycle. This study is the
first to show that even compared to AFO the implantable system was more
physiological under the different conditions tested during the gait cycle at
prominent points of the gait cycle. Thus the ActiGait drop foot stimulator is
an alternative way of correcting drop foot in chronic stroke patients. The
implantable neuroprosthesis does add an almost physiological range of ankle
joint movements.

I. INTRODUCTION

Drop foot is a major disability, which often remains after a
stroke. Reduced ankle excursions during the swing phase of
walking due to weak anterior tibial muscles, calf spasticity or
ankle stiffness is among the persistent gait abnormalities
contributing to a poor or inefficient lifting of the toes during
the swing phase. Drop foot leads to decreased speed, limited
endurance and increases the risk of falls. These factors limit
mobility, independence and reduce the quality of life [1].
20%- 30% of patients entering neurologic rehabilitation
suffer from drop foot [2]. The conventional way to improve
insufficient ankle dorsiflexion during the swing phase is the
prescription of an ankle foot orthosis (AFO). An AFO holds
the foot in a fixed position to assist in lifting it during
walking [3].

An alternative is to electrically stimulate the muscles used
for ankle dorsiflexion and eversion. Since Liberson et al. in
1961 [4], several studies have tested the benefits of peroneal
nerve stimulation [5-17]. Most of the stimulation systems
used in these studies have been external and transcutanous.
The main drawbacks of a surface drop foot stimulator are the
awkwardness in handling the external parts [8].

Implantable systems as the ActiGait system solve the above-
mentioned problems. Burridge et al. [9] demonstrated that
the partly implantable 4-channel drop foot stimulator
ActiGait safely improves walking speed and endurance.
Recently, a case report [17] pointed to the positive effects of
the same system on knee and hip motion angles, as well as
on gait symmetry and variability.

To further evaluate the beneficial effects of the ActiGait
system on functional gait parameters, the present study
focused first on ankle joint movements during the gait cycle
in addition to walking parameters like walking speed and
endurance. We explored whether the implantable system may
represent a competitive alternative treatment of drop foot to
conservative orthotic treatment.

II. METHODS

The ActiGait system is a partly implantable 4-channel drop
foot stimulator, which selectively and directly stimulates via
a cuff electrode the common peroneal nerve. The heel switch
(HES) is worn externally and sensitive to pressure, thus

controlling wireless the time point of the stimulation (bipolar
pulse shape, 1.2 mA amplitude, pulse width 0-255 ps; 5-50
Hz, interpulse interval 20-200ms; detailled explanation of the
system and the surgical procedure in [9]).

Walking speed (10 meter gait test, [m/s]) and endurance (6
minutes gait test [m/ 6 min]) of 5 patients suffering drop foot
due to a cerebro-vascular accident (CVA) were tested prior
to, as well as 6 and 12 weeks after the implantation of the
ActiGait. During the activation visit, 3 weeks after
implantation, the patients were instructed to use the system
during the 1st week one hour daily, during the 2nd week 2-3
hours daily, building up to 4-6 hours by the 3rd week.
Reaching week 4 there was no more recommended
restriction in using the system. This instruction was given to
avoid excessive use of dorsiflexion muscles leading to
muscle soreness.

In addition to walking tests, ankle joint gait kinematics were
assessed at baseline and 12 weeks after implantation (Vicon,
optoelectronic six camera system). Three different scenarios
were compared: walking without walking aid, with AFO and
walking with the implantable drop foot stimulator ActiGait.
Passive reflective markers fixed to anatomical reference
points were used. Seven markers were attached to each side
of the body (acromioclavicular joint, lateral epicondyle of
elbow, wrist, greater trochanter, lateral femoral condyle,
lateral malleolus, and fifth metatarsal head).

The following selected parameters refer to gait analysis by
Perry (1992) [18] and were calculated from each trial:
walking speed [m/s], initiation angle of the ankle joint [°]
(IA), initial plantar flexion of the ankle joint [°] (IPF),
maximum dorsiflexion [°] during mid-stance phase (DF), as
well as final plantar flexion of the ankle joint [°] at the end of
the stance phase (FPF).

The initiation angle (IA) results by a line through the lateral
femoral condyle marker and the lateral malleolus marker and
a second line through the lateral malleolus marker and fifth
metatarsal head marker. The IA represents an absolute angle
measured at the time point of initial heel contact of the foot
to the ground. This is identical to the term “Initial Contact”
of Perry [18]. We refer to an absolute physiological IA of
115°, in the ankle joint measured in a healthy control group
[19]. The angles of IPF, DF and FPF are given relative to the
physiological IA.

III. RESULTS

After 6 weeks, gait speed increased (ActiGait ON vs. OFF:
0.55 vs. 0.77 m/s) as had walking endurance (211 vs. 260 m).
After 12 weeks, improvements in gait speed (ActiGait ON
vs. OFF: 0.55 vs. 0.77 m/s) and endurance (ActiGait ON vs.
OFF: 214 vs. 248 m) while walking assisted by the the
ActiGait system were still present. In addition, gait analysis
after 12 weeks revealed a towards physiological range
restored initiation angle (IA) (ActiGait ON vs. walking
without a walking aid: 113° vs. 122°, FIG. 1, 2A) and an
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increase in the initial plantar flexion in the early stance phase
(ActiGait ON vs. walking without a walking aid: 7° vs. 0°,
FIG.2B).
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Fig.1 Improvements of specific gait parameters when walking with ankle
foot orthosis (AFO) or drop foot stimulator. Data are degrees of flexion-
extension movements in the ankle joint of the affected side during the gait
cycle. The flexion-extension curve without walking aid (n=5) is compared to
the condition with AFO (n=5) and with the ActiGait drop foot stimulator
(n=5). The green curve shows the standard physiological gait cycle
measured in a healthy control group (n=15) in a gait laboratory. Please note
the initiation angle (IA) as a marker for the level of DF during the swing
phase, which is specifically improved by the drop foot stimulator as
compared to the rigid AFO or to no walking aid. DF= dorsiflexion; FPF=
final plantar flexion; GC= gait cycle; IPF= initial plantar flexion.
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Fig. 2 Evaluation of the effects of the different walking aids on characteristic gait parameters. Based
on an assessment of the flexion-extension movement in the ankle joint at several points of the gait
cycle, different walking aid conditions were compared to a healthy control group (Waldmann, 2006,
n=15) for IA, and as physiological set values measured by Perry, J. (1992) for comparison of IPF, DF
and FPF. Fig. 2A shows, that the initiation angle (IA) in the ankle joint of the affected leg is
significantly improved by the drop foot stimulator as compared to no walking aid (* p=0.047). (B)
The drop foot stimulator produces a much more normal physiological initial plantar flexion as
compared to no walking aid or AFO (* p=0.005, ** p=0.019).

IV. DISCUSSION

The parallel curve progression for walking with the
implantable system (n=5) to that of a healthy control group

(green, n=15) revealed the physiology of gait produced by
the implantable system compared to the different conditions
tested during the gait cycle (Fig.1). However this effect was
not accompanied by significantly different ankle joint
movements at all defined time points during the gait cycles.
Particularly the active correction of the IA in contrast to the
rigid AFO demonstrated that this system is as an alternative
treatment of drop foot due to a cerebrovascular accident.
Different factors contributed these results. Further
investigations will now explore additional effects on gait
parameters, such as stability, balance and improved ground
clearance as well as possible limitations of the system.

V. CONCLUSION

ActiGait system is a more natural way to actively lift the foot
clear of the ground. In contrast to the conventional treatment
of a drop foot this system based on FES activates muscles
during the swing phase. Especially the resulting restoration
of the IA at the beginning of stance phase as it represents a
well-suited parameter for adequate pre-positioning of the
foot at the beginning of the stance phase this being necessary
to prevent stumbling and falling, revealed that the
implantable system is an alternative treatment of drop foot
due to CVA with a strong tendency to physiological ankle
movements during the gait cycle.

ANNOTATION

J. Kaus and T. Schmalz are employed by the Otto Bock
Company, which provided the stimulator unit.
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Abstract: This is a single case report about the possibility
to recover tetanic contractility in a peripherally denervat-
ed and atrophic tibialis anterior muscle (TA). We per-
formed a first electrostimulation test (ETI) to assess the
muscular reactivity to electrical stimulation and meas-
ured TA thickness by US. Based on the parameters ob-
tained during ETI, we suggested home-based surface
electrostimulation training for 2 months and then we
performed a second electrostimulation test (ET2). In ET2
there was an evident reduction of the impulse length nec-
essary to evoke a twitch response, reflecting the fact that
there was a recovered excitability of the muscle.

Lowering duration of the impulse it could possible to use
a higher frequency of stimulation to obtain tetanic con-
tractility, that could represent the best muscular training
to avoid atrophy and to use electrical stimulation as walk-
ing aid in peripheral denervation.

Keywords: electrostimulation, peripheral denervation,
denervated muscle, echomyography, walking-aid

Introduction

Electrostimulation of denervated muscle is still a contro-
versial issue with lack of clinical studies based on patients
with peripheral nerve lesions.

We report on a case of a 26 years old man with a com-
plete sciatic nerve injury related to a subtrochanteric frac-
ture of the right femur caused by car accident in 2010.
Femur fracture was correctly fixed with a long gamma
nail but clinically, patient has still presented a complete
anesthesia under his right knee and some pain on the
gluteal region. The strength of the hamstrings was almost
spared, but flexion and extension of the ankle were im-
possible, with a severe impaired deambulation. In 2011
the patient underwent a surgery of neurolysis of sciatic
nerve with removal of a voluminous neuroma and posi-
tioning of an 8 cm contralateral sural nerve graft. One
year after the surgery the patient refers disappearance of
gluteal pain, strengthening of the hamstrings but no im-
provement in the muscles of the shank.

Methods

We performed a first electrostimulation test (ET1) to
verify the response of tibialis anterior (TA) and tricep
suraec muscles. Using a Neuroton (Philips) stimulator, we
applied a current of 10 to 30 mA with triangular monoph-
asic waves, impulse length from 5 to 150 msec with a
pause of 1 or 2 sec. The best muscular response was eval-
uated by clinical examination and by echomyographic
scans during the electrostimulation [1,2]. We also meas-
ured the TA thicknesses in three points of the muscle
(proximal, middle and distal 1/3™ of muscular belly). At
home, the patient applied similar electrostimulation pa-
rameters using the electro stimulator SM1 (Demitalia,
Medical Technology S.r.L., Torino, Italy) with the sched-
ule: 2 sessions (lasting 30 minutes each) per day for the
first month, then 5 sessions per week. This schedule was
applied for 2 months, then the patient underwent a second
electrostimulation test (ET2) and the muscular responses
were evaluated again by clinical examination and echo-
myographic scans. Moreover, to assess the reliability of
echomyographic measurements, the patient underwent an
MRI scan of the lower legs and the TA thicknesses were
compared to those obtained by echomyographic scans.

Results

During the ET1 we found that the best muscular response
was a single twitch and was evident using an impulse
length of 150 msec and pause for 2 seconds.

After 2 months, in the ET2 we still used a 20-25 mA
current with pause of 2 seconds, but we found that there
was the same twitch response using only 50 msec impulse
length. At the ET2 we also compared the echomyographic
measurements with those obtained at the ET1 (Tab.1) and
with those obtained with the MRI scan (Tab. 2).

As seen in Table 1, there is a reduction in diameters of the
left TA, reflecting the fact that 2 months of “twitch train-
ing” were not able to stop atrophy process [3-5]. There is
also a misleading discordance in measurements of the
proximal third of the not affected right leg, probably due
to a technical difficulty to measure in this specific site of
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the muscle [2]. In Fig. 1 the effects of atrophy process on
TA muscle are well visualized on a 3D reconstruction of
the MRI scan [6].

The comparison of TA thickness measurements using
MRI or echomyographic scans reveals that there is a good
reproducibility between the two methods.

Table 1: TA thickness compared in ET1 and ET2

ET1 ET2
Muscle Leftleg | Rightleg | Leftleg | Right leg
level (mm) (mm) (mm) (mm)
Proximal  |13.1 21.3 10.3 17.1
third
Middle 19.6 26.8 16.5 24.8
third
Distal third [22 26.9 13.5 27

Table 2: comparison of TA thickness measurements using
MRI or Echo scans

MRI Echo
Muscle Leftleg | Rightleg | Leftleg | Rightleg
level (mm) (mm) (mm) (mm)
Proximal |10 20 103 17.1
third
Middle 17 31 16.5 24.8
third
Distal third |17 29 135 27

Figure 1: 3D reconstruction of TA muscles at MRI scans,
revealing severe atrophy of right TA

Discussion

This case report shows how a correct home-based electrost-
imulation protocol is the right training to recover contractility
in a peripherally denervated muscle. Lowering the dura-
tion of the impulse it could possible to use a higher fre-
quency of stimulation to obtain tetanic contractility.
"Tetanising" protocol may be attained, despite the fact
that the twitch-training did not hampered the process of
atrophy or improved kinetics of contraction/relaxation of
the twitch, induced by home-based surface Functional
Electrical Stimulation (h-b FES) [4,5].

The next step in the process of functional recovery will be
to recover mass and force of TA with "tetanic" training
(series of impulse trains of 2-3 seconds duration at inter-
vals of 3 sec) against increasing resistance to dorsiflexion
of the foot (by acting a "spring device" opposing foot
dorsiflexion). In conclusion the patient improved in two
months of twitch-stimulation so much the excitability of
the persistently denervated TA that a tetanising protocol,
with its therapeutic potential to be used in a “walking aid
for denervated muscle”, would be the next “step” in the
rehabilitation program.
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Abstract: Functional electrical stimulation (FES) can restore
motor function in individuals with spinal cord injury (SCI).
Neuroprostheses based on FES apply electric stimuli to
induce muscle contractions and the corresponding joint
movements. The goal of this study was to design a novel
FES controller, and the attention is focused on the feedback
control of the knee-joint movements induced by electrical
stimulation of the quadriceps muscle group. Ant colony
optimization algorithm is employed to modulate the propor-
tional, integral and derivative values of PID controller. The
promising results showed the ACO-PID controller func-
tioned as expected and performed better than the GA-PID
controller. This method for a knee-joint movement resulted
in decrease of the tracking error and shortened delay in the
response, which may be applied in walking-assisted FES.

Keywords: feedback control, FES, PID, ACO, GA

Introduction

The spinal cord acts as the main pathway for information
connecting the brain and peripheral nervous system, but it
cannot currently be repaired even by modern medical
technology as it lacks of capability of self-regeneration.
The restoration of walking function following severe
paralysis due to spinal cord injury (SCI) is of importance
to both clinicians and patients [1]. Functional Electrical
Stimulation (FES) can provide the missing electrical
stimuli in order to induce muscle contraction and the
corresponding joint movement, which is an advancing
technology for restoring paralyzed motor functions
caused by a SCI [2]. One important research subject on
FES is the development of adequate controllers for gener-
ating appropriate electrical stimulation patterns, which is
necessary to induce functional movements. In the last
decade, neural networks have been incorporated into the
control schemes as they are able to learn complex nonlin-
ear mapping. Moreover, fuzzy logic method and the feed-
back error learning scheme have been modified and ap-
plied for FES controllers. Several groups have recently
developed and tested some modern control approaches to
control lower extremity movement in paraplegia. Their
application yielded better tracking performance than the
open-loop controlled FES devices, but still did not
achieve very good performance for both tracking accu-
racy and response time and unable to guarantee stability.

The goal of this study was to address the closed-loop FES
control design for the realization of effective neuroprosth-
eses for the lower extremities. In particular, the attention
is focused on the feedback control of the knee-joint
movements induced by electrical stimulation of the quad-
riceps muscle group. Ant colony optimization algorithm
(ACO) was employed to modulate the proportional, inte-
gral and derivative values of PID controller separately
and its performances was evaluated.

Methods

A. Experimental protocol

Twelve healthy subjects, six males and six females, par-
ticipated in this experiment. All experiments were carried
out subjected to the regulations and approval of the ap-
propriate Institutional Review Board, and after obtaining
informed consent. In this study, the subjects sat on the
platform with relaxed calf and the knee extensors (quadri-
ceps muscle group) were stimulated by a pair of surface
electrodes (Sigmedics, US). The cathode was placed on
the motor point of rectus femora’s and the anode was
placed distally at the quadriceps tendon. The knee joint
angle was controlled by changing the amplitude of the
stimulation pulse. The NAXMAX muscle model was
applied in this study.

B. ACO tuning PID

PID controller attempts to minimize the error between a
measured variable and a desired setpoint through close
loop feedback using the proportional, integral and
derivative mechanism. The discrete-form of the PID algo-
rithm, with input e(k) and output y (k) is given as

utk)=K, {e(k)+;ie(i)+];‘f[e(k)—e(k—l)]} (1

i i=l
where, K ) is the proportional value; K ,=K,T /T,
is the integral value; K . =K,T, /T is the derivative val-

ue; e(k) is the difference between desired and measured

output.

ACO includes two basic stages: adaptive stage and coop-
eration stage. At the adaptive stage, every candidate solu-
tion will adjust structures themselves based on accumu-
lated pheromone. The more ants pass through the way, the
more pheromone, then this path will be chosen easily;
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whereas the pheromone will be smaller if the time last too
long. At the cooperation stage, all the can date solutions
expect a better solution through the information commu-
nication [4]. There are three parameters about PID con-
troller need to be determined, and the issues about the
parameter tuning is to determine the best combination of
K ) T, and T e which can make some performance index

best in control system.

Results

The step response from GA-PID controller and ACO-PID
controller was compared with the sampling period of 1-
ms. With a particular joint angle preset as input signal, the
rising interval of signal changing from a specified low
value (i.e., 10% of the height value) to a specified high
(i.e., 90% of the height value) value was 0.521 and 0.777
for GA-PID controller and GA-PID, respectively. Note
that the ACO-PID controller has the better performance
on robustness, time efficiency, and overshoot restriction.

The tracing results of the knee joint position by GA-PID
controller and ACO-PID from twelve subjects were also
compared. It showed clearly that the presented algorithm
significantly reduced the error rate and improved the
performance of PID to control the knee joint position
dramatically with strong robustness Relevant parameters
of PID controller were controlled by ant colony optimiza-
tion (ACO) algorithm to accurately control the current
modes of FES system. According to the simulation results,
the error between the preinstalled angle and the feedback
signal was less than 5.6° with root-mean-square error
(RMS error) at 3.7° and correlation coefficient at 0.97. As
displayed in Fig. 1, with two experimental controllers and
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Figure 1. The comparison chart of the twelve subjects’
max errors

the muscle model, the max absolute errors are less than
10°, verifying that the stimulation current mode control of
FES is more reliable with the PID parameters optimized
by ACO.

Discussion

The presented study proposed a FES-PID system modu-
lated by ACO control knee joint position during quadri-
ceps stimulation to solve the problem of control for FES
in paraplegic patients. Our results showed that FES-PID
system modulated by ACO was superior to GA to make
the knee joint angle track the preset-trajectory. Theoreti-
cal analysis and simulation examples also demonstrated

that parameters optimization strategy design of PID con-
troller based on ant colony algorithms is effective and
feasible. It does not rely on the accurate mathematical
models, but could effectively overcome the complex
optimization problems. Therefore, a PID controller based
on ACO is an effective approach to improve the perform-
ance of the FES system.

With the effective controller, ant algorithm converges on
the optimization path through information pheromone
accumulation and renewal. It has the ability of parallel
processing and global searching. With low speed for ant
colony optimization algorithm, there is little information
pheromone on the path early. Recently, a new hybrid
algorithm combining ant colony system (ACS) with ge-
netic algorithm (GA) was proposed. The proposed algo-
rithm adds GA to ACS’ every generation. Making use of
GA’s advantage of whole efficient convergence, ACS’
convergence speed would be improved. It would be of
great application to modulate FES-PID system modulated
ACO and GA algorithm to control knee joint position
during quadriceps stimulation. Meanwhile, further work
to assess such control system on other trajectories or other
joints should be done to get more accurate evaluation.
Extension of the controller and the experimental setup for
controlling multiple and multiple joint movements would
be the main concerns in the following study. Considering
the real application, evaluation of the controller with
actual patients is necessary as well.
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Abstract: The recording and interpretation of surface elec-
tromyography (SEMG) under functional electrical stimula-
tion (FES) is a useful technique for diagnostic, prognostic
and therapeutic purposes. However, the stimulus arti-
fact(SA) is a particularly troublesome form of interfer-
ence. The paper developed a software-based two-level
peak detection technique for SA removal. The results
showed by repeatedly changing the values of the peak
threshold, the entire SA was removed as expectation leav-
ing the uncontaminated SEMG remaining.

Keywords: SEMG, FES, artifact, high threshold, low
threshold

Introduction

The recording and interpretation of surface electromyog-
raphy (SEMG) under functional electrical stimulation
(FES) is a useful technique for understanding muscle
activity for diagnostic, prognostic and therapeutic pur-
poses. While FES evokes the contractions in paralyzed
muscles for spinal cord injury (SCI), it also results in an
interfering potential referred to as the stimulus artifact
(SA) [1].Due to some factors, the SA is a particularly
troublesome form of interference. First, the amplitude of
the SA is typically orders of magnitude larger than the
SEMG [2]. Second, the SA is synchronous or coherent
with the SEMG and thus cannot be reduced by ensemble
averaging--the common method for reducing other forms
of interference. Third, in most cases the SA overlaps the
SEMG in both the time and frequency domains, such that
conventional time windowing and frequency filtering are
not capable of removing the SA without distortion of the
SEMG [3]. Fourth, due to the non-linearities of the stimu-
lation procedure, most techniques suffer from an inability
to adapt to the dynamic nature of SA, and hence suffer
residual artifact.

This paper proposed a new approach for the dynamic SA
removal based on a fundamental characteristic of the
recorded signal. When recording an SEMG, the recorded
artifact signal was usually several orders of magnitude
greater than the pure SEMG. Using a two-level peak
detection algorithm, the data matrix was scanned until a
peak was detected and using two levels of amplitude
threshold, the entire SA was removed leaving the uncon-
taminated SEMG remaining.

Methods
1 Algorithm

The artifact removal program was written in MATLAB.
The program set high threshold (HT) and low threshold
(LT) values to identify the SA and removed the total
artifact including both positive and negative spikes.

The program control flow was as follows:

(1) The recorded composite (stimulus artifact and SEMG)
data was inputted to the program. The low-frequency drift
(20Hz) and the influence of 50Hz as well as other har-
monic wave disturbances were removed firstly.

(2) The program then scanned through the absolute data
matrix of the composite signal and calculated the maxi-
mum value in the array. This value was exactly the peak
artifact amplitude. Then the program initially set two
threshold values: a high threshold (HT) that was the same
as the half of the peak artifact amplitude and a low
threshold (LT) corresponded to 1/20 times the peak value.
By using the absolute matrix both positive and negative
polarities were processed with the same HT/LT values.

(3) The program then scanned the matrix until it reached
an amplitude value that passed the LT level in an ascend-
ing trend. This maybe indicated a stimulation artifact
peak, so the initial LT index point was marked. If the
amplitude continued to go up and passed the HT value,
the program marked this sequence which started at the
passing of the initial LT value as a valid stimulation arti-
fact. The program continued to monitor the progress of
the data when it passed the HT and then the LT in decline.
The program then marked and recorded the length of the
artifact array (from the matrix index of the initial LT
point to the matrix index of the final LT point as a de-
tected valid peak). The program then replaced this stimu-
lation artifact with baseline of SEMG data.

(4)On the other hand, if after passing the initial LT value
upward, the data dropped back to the LT value again, then
it was not an artifact and was either an SEMG or sporadic
noise, therefore, the program would ignore it and went on
scanning the matrix for artifacts .

2. Data Collection

Six healthy students (4 men and 2 women, age 22-25
years) in lab volunteered for the study. The subjects were
seated comfortably in the adjustable chair with leg natu-
rally falling. A portable stimulator (University of Illinois
at Chicago & Sigmedics Company, USA) was used to
deliver biphasic symmetric pulses to quadricep femoris
with the following characteristics: Pulse frequen-
cy:25Hz;Maximum output current:300mA ; Maximum
open-loop output voltage: 225V.
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Surface ME signals were obtained from rectus femoris.
The signals were detected by two surface electrodes (Ag-
AgCl) 10 mm in diameter, with 20 mm centre-to-centre
distance. The electrodes were attached parallel to the
muscle fibers on the longitudinal midline of the muscle
belly. A reference electrode was attached to the knee.

The SEMG signals were recorded by a bipolar isolated
amplifier with a gain of 5000 and CMMR> 120db. A
computer with Labview software for raw data acquisition,
associated with an A/D converter, permitted to sample the
whole SEMG signals (sampling frequency 1000 Hz).

Results

The collected experimental data was analyzed at the base
of the method mentioned in this paper. The SA amplitude
differed with different stimulus levels, so the HT/LT
could be adjusted to detect the entire artifact. The raw
data were equally divided into a number of pieces of data
of 1 s and proceeded batch processing. The table 1 dis-
played the processing procedure of a piece of data. After
setting up the HT and LT with initial conditions, the first
iteration found 16 SA. Over the next few iterations, the
program continued to lower its threshold values until,
iteration four, when it found all of the 25 SA waveforms.
After batch processing, it was apparent that the SEMG
signal of 60s was almost overwhelmed by the huge SA
wave in the figure 1(a). After the two-level peak detection
program, the entire SA was removed leaving the uncon-
taminated SEMG remaining showed in the figure 1(b).

Table 1: The processing procedure of a piece of data

iteration detect/expectation LT HT
1 16/25 (64%) 0.173 1.73
2 20/25 (80%) 0.173 1.60
3 22/25 (88%) 0.172 1.51
4 25/25 (100%) 0.171 1.48

(a) The Composite signal

Amplitude/V

Time/s

(b)The pure SEMG after SA removal
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Figure 1. The composite signal and the pure SEMG

Discussion

The method also assumed that the SEMG and artifact
were non-overlapping. The stimulation electrode location
strongly influenced the effect of artifact on the SEMG
signal features. The artifact amplitude was almost linearly
decreasing with increasing distance between the stimula-
tion electrode and recording electrode [4]. In this paper
the recording electrode locations far from the stimulation
point (60mm) insured that the artifact was almost com-
pletely separated from the SEMG.

The main advantage of the technique was that the tech-
nique could dynamically adapt to different stimulation
artifact wave-forms with diverse amplitude and length. It
was important to note that if only the stimulation artifact
spike would be removed with SEMG unaffected. The
effectiveness of artifact removal was checked. If the pulse
frequency was A, the time length of composite signal was
B, the expected peak artifact number is A*B. If the num-
ber of artifacts detected was within 5% tolerance of that
expected number, then the artifact detection process was
considered successful. If the number of stimulation arti-
facts detected is outside of this 5% tolerance, then the
program automatically changed the values of the HT and
LT appropriately and performed iterations.
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Abstract: A cortico-muscular analysis using EEG and
SEMG could elicit a new research idea in the field of
sports medicine and rehabilitation engineering. The cor-
relation between motion and brain would be further un-
derstood by the comparative analysis of inner relevance
of EEG and EMG in diverse motion modes. To this end,
we designed 3 motion modes at long and short intervals
under the neuromuscular activity of finger flexion to in-
vestigate the independent variation mechanisms between
EEG and EMG. Our results demonstrate that there is
high causality in the short time interval and stimulation
mode. The research may provide a reference for clinical
and rehabilitative treatment protocol in the future.

Keywords: Cortico-muscular coherence, neuromuscular
activity, median nerve, Partial Directed Coherence

Introduction

Cortico-muscular coherence (CMC) analysis is greatly
concerned in recent years as it can provide some ad-
vantage in neuromuscular research. Since the early 1990s,
extensive studies of cortico-muscular interpreted that
EEG-EMG coherence is diverse among alpha-, beta-, and
gamma-range [1]. Over the last decade, the CMC research
mainly concentrated on specific tasks. As revealed by
Hashimoto (2010), the task-related EEG power increasing
during motor execution and motor imagery grow with the
EEG-EMG coherence peaks [2]. In respect of clinic, it
was found that a wide range of cortical regions may influ-

ence EMG activity in the affected muscles after stroke [3].

Here, the authors analyze the EEG from C3/C4 channels
and the sSEMG from flexor digitorum superficialis in dif-
ferent motion modes (voluntary, median nerve stimulated
and imaginary motion) and intervals to demonstrate inter-
nal relation and mechanism of coupling fluctuation be-
tween central and muscular systems.

Methods

Experimental Design: Ten right handed healthy volun-
teers were recruited to participate in this research aging
between 23 -27 years. All subjects were fully rested. Each
subject was seated in a chair with a straight back. The
experiment collected EEG from C3/C4 channels using
A1/A2 as reference. Attached to the subject’s arm, two
FES electrodes outputted pulses in the median nerve

stimulation mode. During the experiment, subjects were
asked to perform four modes of tasks under each interval
(2s and 10s): (1) remain in a resting state (2) be stimulat-
ed median nerve with a pulse of 100uS width and 0.5Hz
at an increasing current which begins with 5SmA (3) twist
the middle finger of right hand briskly (4) imagine twist-
ing the middle finger of right hand. In each task, EEG and
SEMG were sampled for 60s.
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Figure 1: An example of the PDC analysis of subject S1
under short-interval stimulated motion mode. The horizontal
axis represents the source of PDC, while the vertical repre-
sents the target which has a rage from 0 to 1. Diagrams on
diagonal were auto power spectrums of EEG or sSEMG.

Signal Processing: To get pure EEG and sEMG signals,
band-pass filters are adopted (EEG: 0.5Hz-40Hz, sEMG:
5Hz-200Hz). In the stimulation mode sEMG signal
should be treated with a different process since the FES
electrodes are quite close to the recording electrodes. To
this end, a two-point peak threshold detection algorithm is
used in pre-processing in order to eliminate the stimulus
artifact of FES. Partial Directed Coherence (PDC) is an
approach to describe the concept of Grange causality in
the frequency-domain. PDC is applied in data analysis as
a means of estimating the relevancy between multivariate
neural systems [4]. A PDC diagram (see Fig. 1) can give a
visually description of the causal analysis result. An im-
proved cross-correlation coefficient which overcomes the
limitation of 40Hz is also applied to evaluate the correla-
tion using the following formulae:
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here Scl,c2(f1f2) is the cross-spectrum for cl at a fre-
quency fl and c2 at a frequency f2. With improved cross-
correlation algorithm, we can calculate the coefficient of
the 0-40Hz EEG and the 0-200Hz EMG. The top 5%
cross-correlation coefficients were chosen to be the ex-
treme points of coherence that were divided to alpha-,
beta-, and gamma-range. The extreme points of each band
range were summed as an evaluating index. Following
comparative experiments were discussed under each
interval (2s and 10s): (1) voluntary motion (2) stimulated
motion (3) imaginary motion.

COhc‘I,cZ(

Results

The EEG-EMG correlation can be measured by the PDC
coefficient which is shown in Figure 2. In order to be
more reliable, a statistical average of subjects was used as
final comprehensive assessment indicator.
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Figure 2: A comparison of the PDC coefficient under
different motion modes and intervals.
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In voluntary motion, an opposite brain activity was the
cause of SEMG, and sEMG was the cause in stimulated
motion which had a higher EEG-sEMG PDC coefficient.
There were no significant relationships between EEG and
sEMG signals in imaginary motion mode, which could
possibly be explained that SEMG signal was weak with-
out a motion. In all three modes, we found that there was
a communication between left and right brain, while ipsi-
lateral EEG was not associated with sSEMG. When the
time interval was considered as a variable, short-interval

PDC coefficient performed more dramatically than the
long-interval one. One possible reason is that the neurons
in the brain are activated all the time in the short-interval
mode; however, neurons had enough time to be calm and
adequate rest in the long-interval mode.
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Figure 3: The number of coherence extreme points under
long-interval mode.

stimulated motion

For the comparison of extreme points of coherence, beta-
range gained the most points (see Fig. 3). The analysis
result under the stimulated demonstrated the same ten-
dency with the PDC analysis.

Discussion

The purpose of this research is to explore the correlation
between EEG and sEMG in different time intervals and
different movement modes. Through the combination
analysis, it was found that there was high causality under
the short time and stimulation mode, which may be rele-
vant to the EEG information overlapping under short time
interval movement and more excited brain neutrons and
higher domination for limbs movement. The research
conclusion may contribute to a better understanding of
motor and coordination abilities of human neuromuscular
system and may provide a reference for the clinical reha-
bilitation treatment protocol in the future.
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Abstract: For electrical stimulation of biological tissue
the field distribution around the electrode could be used
to understand the effects of different electrode geometries
and stimulation parameters on the biological system. This
paper presents the comparison two methods for determi-
nation of the electrical field. The comparison were per-
formed on a simple in vitro configuration with homoge-
nous field distribution. Further the influence of the meas-
urement probe on the field distribution was investigated.
It could be shown that measurement and simulation has
similar results that fit to the theoretically expected values.

Keywords: electrical field measurement, electrical stimu-
lation, FEM simulation

Introduction

Electrical stimulation is used in different applications
including active implants. The efficiency and selectivity
of the stimulations depends on the electric field at the
target structure e.g. nerves. For the estimation of the elec-
trical field around the stimulation electrode finite element
method (FEM) was used. Nevertheless the quality of the
simulation depends on the available model of the tissue
and the electrode. For evaluation of the field simulation
we have designed a measurement setup to measure 3
dimensional field distribution [1]. This paper focus on the
comparison of electric field distribution between FEM-
simulation results and measurements on simple electrode
setups.

Methods

The configuration of the stimulation electrodes was a
simple cubic chamber. Microscope glass slides were used
as bottom as well as two of the walls of the chamber.
Stainless steel was used for the two front walls as stimula-
tion electrodes. The top of the chamber was open to allow
the measurement with a field probe. The length and the
width of the chamber was 76 mm and 26 mm respective-
ly. The chamber was filled up to a height of 21 mm with
0.9 % sodium chloride solution at 23 °C. The electrical
current source with an amplitude of 100 pA and a fre-
quency of 1kHz was connected to the stainless steel
walls.

Measurement: For the measurement a field probe was
moved by a 3D positioning system (Physik Instrumente,
M-404.4PD) in length, width and height of 16.55 mm,
20.7 mm and 9 mm with step size of 3.31 mm, 2.3 mm

and 2.25 mm respectively. As measurement probe the
recording area of an EMG needle electrode (Schuler,
320050) was used. The needle was used in standard con-
figuration (orthogonal to electrical field). For the meas-
urement with differential amplifier the cannula of two
additional needle electrodes (Schuler, 320050) were
placed in the solution near to one of the front walls as
ground and reference electrode. The output signal of the
custom made differential amplifier with a selected ampli-
fication of 100 was recorded by an analog to digital con-
verter card (National Instruments, NI PCI 6259). The
complete setup was controlled by software programmed
under Labview (National Instruments, Labview 2011). As
post processing the numerical gradient of the electrical
potential was calculated as electrical field strength
(Matlab R2012b).

Simulation: The FEM simulation in COMSOL4.3a was
performed in stationary conditions with a conductivity of
the NaCl solution of 1,408 S/m (25°C) [2] and a conduc-
tivity of the cannula of 4.03 MS/m. For comparison of the
results the evaluated position in the simulation was in the
middle of the opening of the cannula similar to the posi-
tion of the recording area of the EMG needle (Figure 1).

Figure 1: tip of EMG needle: red square evaluated point

The needle position was simulated at y =13 mm and
z=10.5 mm and different positions in x direction from
20 mm to 50 mm in 2 mm steps. The needle was simulat-
ed in standard configuration (orthogonal to electrical
field) and with 10 mm of the tip bended in 90 ° (parallel
to electrical field). The electrical field was defined as
difference between the voltages divided by the step size.

Results

Measurement: The electrical field of the measured area was
in a range from 0.125 V/m to 0.135 V/m (Figure 2).
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Figure 2: Measured electrical field with orthogonal needle
positions

Simulation: The electrical potential as well as the electrical
field strength of simulations with measurement probe in
different directions and without measurement probe were
compared. The electrical potential was increased by the
measurement probe (Figure 2).
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Figure 3: Simulated electrical potential at different needle
positions and configurations

Also the electrical field was not influenced by the measure-
ment probe (Figure 3).
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Figure 4: Simulated electrical field at different needle posi-
tions and configurations

The influence on the electrical potential is mainly for the
probe that is placed parallel to the main field direction in
comparison to the probe. The probe that is placed orthogonal
to the main field show no significant influence on the electri-
cal field. No significant influence on the evaluated electrical
field could be observed for both probe configurations.

Discussion

The needle in parallel to the main electrical field influences
the electrical potential by the short circuiting of to a higher
potential region. As the needle tip (recording point) was at
the lower potential side, the potential at that point was influ-
enced by the complete surface of the cannula. As the electri-
cal field is a relative measurement the influence on the elec-
trical potential not influence the electrical field. The move-
ment of the needle crease regular steps in the value of the
electrical potential. In this configuration the electrical poten-
tial is mainly defined by the current density and the conduc-
tivity of the solution. Therefore no influence on the simulat-
ed electrical field can be observed with different needle
configurations. For other configurations with inhomogene-
ous field distribution this could be critical. Even the model
does not consider the phase boundary, the influence of the
needle needs to be evaluated in more detail. Therefor meas-
urement probes with insulated cannula is recommended for
future measurements.

The results of the field measurement had a range of 5%
around the expected value by the calculation. This is related
to noise in the non-shielded measurement setup. For future
versions of the measurement setup this needs to be im-
proved. Nevertheless the results show that the measurements
and simulation have the same outcome.
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Abstract: A comparison between current control (CC) and
voltage control (VC) techniques for functional electrical
stimulation (FES) with different electrodes was done. A
dependency on current of the ohmic resistance of the skin-
electrode interface was found. A controllability study shows
that the CC offers more controllability since both amplitude
and pulse width (PW) of stimulation are suitable parameters
for control, unlike VC, where only the amplitude is able to
control the output for PWs bigger than 200us. An efficiency
study shows that large PWs are electrically inefficient since
not all the applied energy is use for neuromuscular or mus-
cular excitation and up to 50% of the energy is absorbed by
the tissue. Based on these, basic suggestions for parameter
selection are given to minimize the risk of tissue damage and
improve electric efficiency at least for our specific set-up.

Keywords: Current-control, voltage-control, skin-
electrode interface impedance, efficiency

Introduction

Neuromuscular electrical stimulation is well established
for rehabilitation and diagnostics. The stimulator design is
in most cases based on voltage controlled (VC) or current
controlled (CC) output stages. VC devices are considered
to be safer than CC for transcutaneous applications, be-
cause loss electrode contact surface does not lead to dan-
gerous high current density. On the other hand, motor unit
recruitment under CC stimulation is more reliable, most
likely due to the fact that the delivered current is more or
less independent from electrode impedance.

However, many studies demonstrate that the skin-
electrode interface impedance plays an important role in
the stimulation dynamics, and several models have been
proposed as equivalent circuits [1], [2]. It is aimed that
this impedance variations indirectly affect both kinds of
stimulation in effectiveness and controllability.

An important aim of this work was to identify the differ-
ences in the control dynamics of both stimulation control
techniques and the effects of electrode selection.

Methods

Multivariable measurements were done in order to inves-
tigate the dynamics of the stimulation. CC and VC stimu-
lation were applied to 6 subjects using two different sur-
face electrode types of 8x13cm (self-adhesive STIMEX,
Schwa-Medico GmbH and custom-made conductive rub-
ber electrode). For the CC stimulation a Stimulette
DEN2X (Schuhfried Medizintechnik GmbH, Austria) and

for VC stimulation a custom-made device were used. The
neuromuscular stimulation was applied transcutaneously
on the anterior thigh. The output force was measured with
a custom-build dynamometer chair detecting isometric
force in three dimensions. Each stimulus was monitored
in both voltage and current. Finally, evoked myoelectric
signals (M-wave) were recorded from rectus femoris and
hamstrings. The EMG electrodes were placed in a trans-
versal disposition instead longitudinally to reduce exces-
sive stimulus artefacts and amplifier overdrive in the
EMG recordings.
The whole protocol was divided in four stages: (1) CC
with self-adhesive hydrogel electrodes (ETD), (2) VC
with ETD, (3) CC with conductive rubber electrodes
(ETR) and, (4) VC with ETR.
Stimulation sweeps with pulse widths (PW) modulation
from 2x50us to 2x1000us were done. The stimulations
amplitudes were varied from the sensory threshold until
+120mA (in steps of SmA) and +60V (in steps of 5V) for
CC and VC respectively. All stimulation impulses were
rectangular charge-balanced biphasic pulses.
In order to compare both stimulation techniques the elec-
trical energy applied and the current injection during the
whole pulse were considered as parameters. The detected
forces were transformed to a 3D vector and only the mag-
nitude was considered for analysis. The selected equiva-
lent electric circuit for the skin-electrode interface is
shown in Fig. 1. The impedance was estimated fitting the
curves to the equations that govern this circuit. For the
estimation, R, R, and C were considered constant within
each pulse, but not between pulses.
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[

e
Figure 1: Equivalent model proposed for the skin-
electrode interface.
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Results

The impedance approximation was only valid for CC
stimulation, since VC didn’t follow the exponential be-
haviour of the circuit. The impedance results are shown in
Fig. 2, only for CC. The recruitment curve is shown in
Fig. 3, for both electrodes and techniques. A comparison
between charge and energy is shown in Fig. 4, for isoton-
ic curves (10N and 20N).
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Discussion

The high dependence (up to 5 times the saturation value)
of R, to the stimulation intensity was congruent with
other studies [2—4]. R, and C variation due the stimulation
amplitude were neglectable. Such dependency was ad-
dressed to the current amplitude since only CC stimula-
tion was well-described by the proposed circuit, and sys-
tem response at a given amplitude and different PWs
shows no significant difference.
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Figure 2: Impedance parameter estimation for CC
stimulation with the ETR (upper part) and ETD (lower

part) electrodes
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Important differences on CC and VC techniques were
found by means of its controllability. Both techniques
were able to reach similar output force ranges. However,
CC showed better characteristics since both stimulation
amplitude and PW are suitable control parameters, unlike
VC, were only the amplitude affect the output force sig-
nificantly on PWs bigger than 200us. This is visible in
Fig. 3 for an induced contraction force of 50N, where it is
evident that CC provides more freedom in control by
either PW or amplitude variation than VC, where PW
related traces bigger than 200us for ETR and 100us for
ETD overlap, and only the variation of the amplitude can
lead to the desired output force.

The electric efficiency in both techniques had the same
behaviour as seen in Fig. 4. Beyond differences in the
magnitude between techniques, it can be observed that, in
general, huge PWs require more energy and inject more
charge during the stimulus than smaller PWs. This means

that energy was absorbed by mechanisms different to
neuromuscular stimulation. This absorption leads to a
difference of up to 50% for CC and 35% for VC on ener-
gy required for obtain the same output force. On the other
hand, smaller PWs showed a tendency to require more
electric energy to be delivered. For our set-up PW of
200ps showed a better performance by means of charge
and electric energy delivered, it means a reduction of risk
of tissue damage and an improvement in the power effi-
ciency of the device.
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Figure 4: Comparison between necessary charge and
energy to generate the stimulation impulse able to induce
contraction force of 10N (continuous line) and 20N
(dashed line) with CC (red) and VC (blue). Triangle
indicate a duration impulse of 1000us, and the square a
duration impulse of 200pus. APW arrow indicates
direction of PW increasing
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Regardless the current dependency of the impedance, it
was observed different variation ranges of it for the two
different electrodes. These differences due the material
and construction of the electrodes were also reflected in
the recruitment curve, showing that both CC and VC are
dependent on electrode configuration.

Although these results are also valid for our set-up and
further research is necessary to generalize these results,
the methodology may be useful to optimizing stimulation
parameters in various application scenarios.
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Abstract: A system for wireless electrical stimulation was
designed and the feasibility evaluated. The Bluetooth com-
munication standard and two different microcontroller sys-
tems provided the basis of the system design. The prototype
allows four channels of stimulation whereby each stimula-
tor unit contained two channels. The design permitted the
possibility of generating voltage controlled biphasic stim-
ulation patterns for muscle activation. The accuracy of
stimulation parameters including pulse width, inter-pulse
time, baud rate, latency, range, stimulator power consump-
tion and also muscle stimulation were evaluated and fea-
siblity thereby established. Further research should solve
the problem of latency in wireless communication and ex-
tend the system with sensors to design closed-loop control
strategies.

Keywords: wireless, Bluetooth, Real-Time Operating Sys-
tem, four-channel FES, applications

Introduction

Functional Electrical Stimulation (FES) provides various
approaches for rehabilitation of patients who suffer paraple-
gia or stroke. FES allows restoring and maintaining motion,
and activities of daily living (ADL) can be performed. This
gives disabled people the opportunity for independence.
These facts served as the motivation to implement a novel
wireless device for FES. The aim of this research project
was the development of a complete system to demonstrate
the feasibility of wireless stimulation with four channels.
A key design requirement was that each remote stimulation
unit had two channels, purposely allowing activation locally
of a pair of agonist-antagonist muscle groups at a given
joint. The scope was defined by the requirement to eval-
uate feasibility. The literature shows one provisional paper
regarding a wireless FES solution [1]. Most commercially
available products for FES in sport and rehabilitation are
not currently wireless (an exception is the COMPEX Wire-
less system from Compex) but the technology is promising
for a range of products and applications.

Methods

The wireless FES system consists of two stimulators each
with two channels to stimulate an antagonistic pair of mus-
cles (Fig. 1) and one coordinator controlling the stimula-
tors. The basis for the coordinator was a microcontroller
evaluation board (MCBSTM32EXL, Keil). The coordina-

Figure 1: One stimulator with two channels.

tor ran with a real-time operating system (Keil RTX) which
allowed adjustment of stimulation patterns and Bluetooth
configuration via a joystick. For data transmission, Blue-
tooth modules were connected to the microcontrollers. For
mobility, the stimulator was supplied by a 7.4 V Li-Po bat-
tery and enclosed in a 70 x 52 x 35 mm portable case fitted
with a belt to mount the stimulator to the limbs. The stim-
ulator was voltage regulated and generated biphasic pulses
of 30V or 50V using a boost converter. An 8-Bit micro-
controller (Atmega328 Mini RS, Arduino) was used to con-
trol the stimulation patterns. The code was written with
Arduino’s integrated development environment (IDE). To
display communication and stimulation status, LEDs were
mounted on the board. For muscle stimulation, surface elec-
trodes were used, connected to the board via USB connec-
tors. The stimulator algorithm interpreted received data
and generated desired pulses. Several modes were pro-
grammed to select the number of activated channels and
pulse patterns. The pattern (Fig. 2), was defined by pa-
rameters Mode, PulseTime, InterPulseTime, RestOfPeriod,
Repetitions, Drift and OverallRepetitions, thus determining
a desired stimulation frequency.

Results

A prototype for wireless stimulation with four channels was
developed. The use of Bluetooth modules enabled a com-
munication range of 45 m indoors. Boost converter output
voltage was reliable and stable and had a deviation to the
calculated output voltage of 2.2 % for the stimulator with
30V and 1.2% for the stimulator with 50 V. Modulation
time of signals with respect to baud rate was calculated to
be maximally 9.8 % with respect to measured modulation
time. Therefore measurements with different amounts of
data were made.

Additionally, it was demonstrated that latency for data
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Figure 2: Two channel stimulation patterns with drift-time, the delay between antagonistic muscles.

transmission was 16.82 ms, 20.57 ms and 41.76 ms for baud
rates of 115200 Baud, 57600 Baud, and 9600 Baud, respec-
tively. Within this measurement series (n = 20) the amount
of data remained constant (190 Bits). A second measure-
ment concerning latency used the same baud rate (115200
bits per second) but varied the amount of data (10 Bits to
54000 Bits averaged over a series of 10 measurements).
This showed a trend towards increased latency with increas-
ing amounts of data.

Stimulation was as expected for different loads. For a pure
resistive load the current followed the specified biphasic
rectangular shape. For loads with capacitive elements (tis-
sue and muscle) the current had an exponentially decreas-
ing shape. Considering adjusted pattern parameters, 20 %
of the parameters tested deviated more than the specified
10%. Fig. 3 shows an acceptable pulse width deviation.
Performance of the new voltage-driven muscle stimulator
was further evaluated by comparing its waveform with that
of a commercial current-controlled stimulator (RehaStim,
Hasomed GmbH, Germany). Typical behavioural charac-
teristics are shown in Fig. 4.
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Figure 3: Measured (256 pus) vs. specified (250 us) pulse
width.

Discussion

The objective of a mobile stimulation unit with four chan-
nels, i.e. two pairs of two channels, was fulfilled. The mea-
sured output voltage of the booster corresponded with spec-
ifications given in the datasheet. The required time for data
modulation was determined analytically and coincided with
the measurements. Handling Bluetooth latency is a chal-
lenge for further development as a consequence of its in-
consistency. It was observed that latency correlated with
baud rate and with the amount of data. Further research in

the details of the Bluetooth standard may allow optimisa-
tion of latency problems.

We conclude that the successful implementation and evalu-
ation of a wireless FES system with four channels was tech-
nically feasible. The decision to implement a system based
on a microcontroller was justified by the demand for mobil-
ity. Despite the limitations of Bluetooth, the presented work
has potential for further technical development towards ef-
fective wireless stimulation solutions.

Future research should address the challenges of wireless
communication including latency, where low-power radio
technology (e.g. ANT+) could be an alternative approach.
Furthermore the number of channels must be increased for
an application like FES-cycling [2]. Additional topics for
further development include pulse pattern waveforms, vari-
able frequency trains and advanced wireless-based and local
closed-loop control of induced muscle contractions [3], thus
aiming towards more physiological stimulation to overcome
rapid muscle fatigue.
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Figure 4: Voltage- vs. current-controlled muscle stimula-
tion.
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Abstract: In this paper, we developed and tested a novel
sensing and processing method for the potential to recognize
the active step side direction using handle reaction forces
(HRF) during walker-assisted FES-activated walking. The
HRF were collected from a dynamometer system based on
12-strain gauge bridges instrumented on the walker frame.
The features of active step side direction were extracted from
the HRF through k-means clustering analytical method,
recognized by support vector machine and finally evaluated
by k-fold cross-validation. The results showed that the mean
recognition rate was 79.3% for a group of 10 subjects while
the highest recognition rate reached 96.8% for the individual.
Additionally, the recognition rate cross subjects reached
nearly 80.0%. This favourable performance indicated an
attractive possibility of HRF as a natural command source
to improve the intelligence control of FES system.

Keywords: Functional Electrical Stimulation, Handle
Reaction Forces, Clustering, Support Vector Machine

Introduction

Functional electrical stimulation (FES) provides an op-
portunity for wheelchair-dependent individuals with spi-
nal cord injuries (SCI) to achieve brace-free ambulation.
In FES systems, sensing technologies can reliably distin-
guish the active step side direction of stimulated move-
ment. In previous studies, Kevin L. Kilgore et al estab-
lished a second-generation FES neuroprosthesis that users
controlled their stimulated function through EMG signals
[1]. Another study explored the pathological applications
of EMG in FES control, indicating that the surface EMG
(sEMQ) from partially paralyzed muscles in an individual
with motor incomplete injuries could be used by a linear
classifier to detect the intent to initiate a step during walk-
ing and trigger electrical stimulation [2] . Actually, the
application of these EMG signals for paralyzed patients
was limited. Therefore, we suggested step side direction
information of individual’s moving coming from handle
reaction forces (HRF) which were extracted from walker
dynamometer system.

The goal of our study was to introduce a novel operation
based on HRF for step side recognition, and to validate
that HRF was potential to predict side step information
for the FES automatic control during assisted walking.
This could provide a stable solution to prediction of FES
side control and give help to the advanced motor neuro-
prostheses system design for lower limbs.

Methods

Experiment: The experiment was recruited, which consisted
of 10 healthy subjects (5 male and 5 female, mean age of
24.1+ 1.4 years, range 22-26), without known neurological
disorders and serious cardiopulmonary ailments. They were
required to step only under FES with the walker.

Walker Dynamometer System: The instability of pa-
tients” walking was transferred from patient to walker by
the force of upper extremities, in other words handle
reaction forces (HRF) [3], can be defined as

HRF =[HRF,,HRE.] =|F,.F,.F, . F F, F.J (1)

oS ly>T Iz o ry?
where F, , F, , and F, are the forces applied on the left

handle of the walker in x-, y- and z-direction respectively,
and F,_, F_, and F, are the forces exerted on the right

handle.

K-means Clustering Algorithm: The i-means clustering
algorithm was used here to extract feature values from
HRF. There were three user-specified parameters in the .-
means algorithm, including number of clusters £, cluster
centre initialization, and distance metric. The number of
clusters & was the number of groups which the data finally
would be divided into. So k& was set to 2 in order to get
two eigenvalues during one gait cycle. The cluster initial-
ization was very important for the method was sensitive
to initial positions of cluster centres. Here we randomly
select two samples of the force instance as the centre
initializations. Distance metric was shown in Eq. 2.

d; =|f,—c| @)

Support Vector Machine: Our problem could be regard-
ed as a 2-class problem, which was the fundamental prob-
lem in classification methodologies. And the two classes
were Class L (meaning stepping left via FES) and Class R
(meaning stepping right via FES) respectively.

In the training session, the inputs were 12-dimentional
feature vectors (shown in Eq. 3) belonging to Class L or

Class R with the associated label ), =1 for Class L and
¥, = -1for Class R.

T
xi:[cil Ci» Cilz] ,i=1--M (3)
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where M was the number of vectors in training set X
and ¢, to ¢;, were the 12 cluster centers of 6 forces in

the ith gait cycle obtained by k-means clustering.

SVM was a kind of learning method based on kernel
functions. Four kernel functions which had been com-
monly used in SVM included Polynomial (homogeneous),
Polynomial (inhomogeneous), Radial Basis Function,
Hyperbolic tangent. Different kernel functions led to
different results of SVM classification. So it was neces-
sary to choose proper kernel function when solving dif-
ferent problems. In our study, we investigated these four
kernel functions for classification, and chose the best for
subsequent research.

Results

To demonstrate the efficiency of features extracted by
clustering algorithms, the support vector machine with 5-
fold cross-validation was adopted to classification. The
method of cross-validation means that part of data is used
in training sessions, and the remaining data is used for
evaluating the performance of the algorithm [4]. To re-
duce variability, multiple rounds of cross-validation are
performed using different partitions, and the validation
results are averaged over the rounds.

The recognition rates of SVM with different kernel func-
tions were similar, so we took the result with Radial Basis
Function as an example (shown in figure 1). The highest
rate is 96.8% of Subject 8, the lowest is 55.8% of Subject
6, and the average of 10 subjects is 79.6%.
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Figure 1: Recognition result of SVM with Radial Basis
Function for individual.

In our study, the eigenvalues were extracted from HRF of
the mixed 50 samples of 10 subjects using clustering
arithmetic and recognized by support vector machines
with the different kernel functions. The recognition rate of
k-fold cross-validation (k=2, 3, 4, 5), is shown in figure 2,
in which the recognition rate is between 63% and 80%

with the highest 79.3%.
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Figure 2: Recognition rate of the eigenvalues that were
extracted from HRF by k-means clustering arithmetic
used SVM with different kernel functions and k-fold
cross-validation.

We can tell from the figure that SVM with Hyperbolic
Tangent Function, which is robust to different folds of
cross validation, is the best fit method.

Discussion

The feasibility of this HRF based features was tested through
SVM. For single subject, the recognition rate of SVM was
high enough to make two legs differentiable. But there were
still some subjects with low recognition rates, which may
have a relationship with the prophase of training they were
subjected to and the instability of their walking. As to group
recognition, the results were no doubt worse than the best
individual result because of the differences in weights,
strengths, and et al between different subjects. However, a
proper classification method with nearly 80% recognition
rate across individuals showed great potential for the step
side direction control method proposed in this study. And
necessarily, excess efforts should be taken in order to elimi-
nate inter-individual differences and enhance the universality
of FES system.

Our work on step side recognition laid the foundation of side
prediction, which was the previous work for practical appli-
cation of FES. The recognition rate in our study can reach
above 85%. Hence, the method to extract features used in
this paper is feasible. In future work, more subjects including
patients will be recruited and the difference between healthy
subjects and patients need to be analyzed.
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Abstract: This paper describes an improved setup for the
perfusion of an isolated equine larynx under constant
pressure conditions. Aim is to provide a reliable and
standardized model for measurements of the three-
dimensional electrical field distribution of implanted
electrodes into the laryngeal muscles for the future treat-
ment of hemiplegia laryngis in horses.

The basic findings which are reported here provide an
overview on the technical devices and show data of an
exemplary case study.

Measurements were first performed to determine perfu-
sion flow. Through increasing and decreasing the perfu-
sion pressure and application of adrenalin it could be
shown that the tissue reacted in its anticipated physiolog-
ical function by adjusting the perfusion flow.

Keywords: Horse, hemiplegia laryngis, functional electric
stimulation (FES), ex-vivo model, perfusion

Introduction

Hemiplegia laryngis, in horses also referred to as whist-
ling or roaring, is caused by a dysfunction of the recurrent
laryngeal nerve. The reported prevalence has an extreme-
ly wide range from 1.2-42% in different horse breeds [1].
Different surgical methods for the treatment of this disor-
der have been described. Laryngeal hemiplegia causes a
relative upper airway obstruction because the recurrent
laryngeal nerve shows a loss in its function to innervate
the dorsal cricoarytenoid muscle (CAD). An electrical
stimulation of the CAD leads to an opening of the upper
airways [1].

One therapy option is called functional electric stimula-
tion (FES). FES for this application was first described in
1977 [2]. In order to improve the outcome of this method,
one approach is the measurement of the 3D distribution of
the electric field around implanted stimulation electrodes
[3].

The objective of this case study was to improve the ex-
vivo model for the equine larynx used by Martini et al. [3]
and to create a model which is intended to closely mimic
the physiological in-vivo situation. Specific aims of our
improved model were:

-reduction of swelling due to tissue edema

-examination of the myogenic autoregulation

-monitoring of the vessels” physiological response
through the application of adrenalin

The methodology for the perfusion in our ex-vivo model
of the equine isolated larynx is outlined in this report.

Methods

One horse was euthanized in consent with the national
council’s guidelines of animal care (protocol number:
T66/13).

Reportedly, the horse had no hemiplegia laryngis and
there were no signs of hemiplegia laryngis during our
clinical examination. Via intravenous (i.v.) application of
Xylazine (1 mg/kg) the horse was sedated and general
anaesthesia was induced by i.v. application of Diazepam
(0.08 mg/kg) and Ketamine (2.2 mg/kg). Finally the horse
was euthanized with Pentobarbital (80 mg/kg).

The larynx was separated and both cranial thyroid arteries
were catheterised for flushing the organ with a modified
Tyrode’s solution at 4°C. Subsequently, the larynx was
immersed in the aforementioned solution. It was then
transferred to the laboratory within half an hour.

Fig. 1 gives an overview of the experimental setup. The
larynx was placed in an acrylic glass tub filled with pre-
warmed perfusion solution (33°C) and was fixed at the
bottom and the sides with elastomeric impression material
(Eurosil Max 2, HENRY SCHEIN®, Langen). The above
mentioned arterial vessels were connected to a closed
constant pressure perfusion system. The perfusion solu-
tion was gassed with Carbogen (95% O,, 5% CO,,
LINDE GAS, UnterschleiBheim). The larynx was per-
fused with warmed perfusion solution (37°C) and con-
stant perfusion pressure of 9.81 kPa for 2 hours.
Subsequently, perfusion flow was determined based on
the difference between the influx and overflow (AQ) of
the medium tank (Tab. 1). In order to achieve a constant
influx rate a pump was used (Masterflex© Model
170100A, RADNOTI LLC, CA, USA). The overflow was
measured by using a standardized glass cylinder. The
perfusion pressure was increased to 10.89 kPa and the
perfusion flow was measured again (Tab. 2). Afterwards,
perfusion pressure was reset to the onset and measure-
ment of perfusion flow was repeated (Tab. 3). Finally, 0.5
mg Adrenaline was injected into each cranial thyroid
artery and perfusion flow was measured (Tab. 4).

Heath bath

e

Warm water

Medium tank 1

Carbogen |

’- Perfusion solution

J

I&___I_..

Medium tank 2

=

Waste container Perfusion tub

Hydrostatic pressure .81 kP
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Figure 1: Diagram of the experimental setup
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Results

The baseline flow after 2 hours of perfusion is shown in
Tab. 1.

Table 1: Baseline perfusion flow at 9.81 kPa perfusion
pressure

time (min) 1 2 3 4 5
AQ (ml/min) | 30 28 30 30 26
calculated

flow (ml/min) 70 72 70 70 74

Perfusion flow increased 2 minutes after the perfusion
pressure was increased by 1.08 kPa and then decreased to
the baseline perfusion flow after 5 minutes as shown in
Tab. 2.

Table 2: Perfusion flow at 10.89 kPa perfusion pressure

time (min) 1 2 3 4 5
AQ (ml/min) | 28 22 22 24 26
calculated

flow (ml/min) 72 78 78 76 74

Perfusion flow decreased in relation to the initial perfu-
sion flow 2 minutes after the perfusion pressure was reset
to 9.81 kPa and then increased to the baseline perfusion
flow (Tab. 3).

Table 3: Perfusion flow after perfusion pressure was reset
to 9.81 kPa

time (min) 1 2 3 4 5
AQ (ml/min) | 36 34 28 32 30
calculated

flow (ml/min) 64 66 72 68 70

Finally the perfusion flow decreased markedly compared
to all other measured perfusion flows after 0.5 mg Adren-
aline had been administered via each cranial thyroid ar-
tery (Tab. 4).

Table 4: Perfusion flow after injection of 0.5 mg Adrena-
line into each cranial thyroid artery

time (min) 1 2 3
AQ (ml/min) 54 62 60
calculated

flow (ml/min) 46 38 40

The larynx visually showed no significant signs of tissue
swelling.

Discussion

In this experiment, we developed a new approach of a
pressure constant perfused ex-vivo model of the equine
larynx and provide preliminary data on flow and myogen-
ic response. To our knowledge, no data regarding the
physiological perfusion flow of the equine larynx have
been published.

Ex-vivo organs can be perfused in a flow constant or
pressure constant model [4], [5]. When using a constant
flow model, the knowledge of the physiological perfusion
flow of the used organ is important in order to avoid an
excessive perfusion of the organ.

The myogenic response (Bayliss effect) is a special effect
in smooth vascular cells that helps to sustain a constant
capillary flow independent of changes in arterial blood
pressure [6]. Adrenaline is a typical al-adrenoceptor
agonist that causes vasoconstriction which in term leads
to an increase of resistance and decrease of flow in ves-
sels (Hagen-Poiseuille’s law). We could show that after 2
hours of perfusion in our model the tissue of the larynx
was still able to react properly in its anticipated physio-
logical function by adjusting the perfusion flow showing
maintained myogenic autoregulation. We were also able
to minimize the swelling effects described by Martini et
al. [3].

Using a larger number of animals would lead to more
stable results. Also the use of histological methods and to
weigh the used organ before and after perfusion could
show the degree of tissue swelling more accurately.

Our model very closely mimics the in-vivo situation. It
provides a reliable platform for further studies on the
three-dimensional distribution of the electrical field of
multipolar intra-muscular FES stimulation electrodes.
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Abstract: Dysphagia has a huge impact on the quality of
life. Especially, the ability to elevate larynx and hyoid
in order to guarantee airway protection is decreased in
dysphagia during swallowing. In this contribution, EMG
and Bioimpedance (BI) measurements at the neck are used
for triggering functional electrical stimulation (FES) of the
submental muscles at the transition from the oral phase to
the pharyngeal phase of swallowing. It was demonstrated
on a first patient that airway closure and elevating speed
are improved using swallowing-triggered FES.

Keywords: FES, Bioimpedance, EMG, Dysphagia

Introduction

An important part of therapeutic measures aims at improv-
ing airway protection in patients who are prone to aspi-
rating during swallowing. Methods applied are conserva-
tive measures (e.g. dietary adaptation of food consisten-
cies, muscle strengthening), compensatory measures (e.g.
posture changes during swallowing) and sensory measures
in which stimulation (cold stimuli, electrical stimulation,
etc.) is used to improve sensitivity of the swallowing reflex.
An additional method, by which a sensory feedback and a
strengthening of the muscles could be obtained, is surface
stimulation of swallowing related muscles. If the stimula-
tion is applied in phase with the voluntary swallowing, im-
proved airway protection may be achieved due to improved
hyoid and larynx elevation.

Surface stimulation was firstly introduced in the study by
Freed et al. [1] in which a fixed swallowing-independent
electrical stimulation pattern was applied to patients 60
min per day. In the following years, a lot of studies,
which used such swallowing-independent stimulation pat-
tern, have been carried out with contradicting results. Lee-
laminit et al. [2] were stimulating the thyrohyoid muscle
with surface electrodes synchronized to EMG from the pos-
terior tongue in patients with reduced laryngeal elevation.
The study showed promising results, however, the patients
had to be treated for 4 h per day and submental EMG, which
is only an unspecific indicator for the pharyngeal phase, was
used to trigger the stimulation.

In our previous work [3], we have shown that swallows can
automatically be detected using EMG and Bioimpedance
(BI) measurements at the neck. This offline approach is
converted in this work to an online detection method which
is able to detect swallowing at the very beginning and is
able to trigger FES for supporting swallowing.

Methods

The stimulation is triggered by the combination of a de-
tected EMG activity at the submental and subrahyodial
musculature and a swallowing related drop in the BI signal.
The electrodes of the current source were placed on both
sides of the onset of the sternocleidomastoid. The voltage
measurement electrodes were placed laterally between the
hyoid bone and the thyroid cartilage [4]. The measuring
system PHYSIOSENSE has been used for measuring BI and
EMG [3]. For electrical stimulation of the submental mus-
cles, the RehaStim device (HASOMED GmbH, Germany)
is used with one channel, by which the electrodes are placed
on the left and right side of the digastric muscle above the
hyoid bone [5].

Periods of muscle activation are detected by using a modi-
fied double-threshold detector which is able to detect EMG
activity online with a fixed delay defined by the window
length and the size of the onset-offset smoother.

The modified double-threshold detector consists of a slid-
ing window noise variance estimator that continuously cal-
culates the variance o2 in the signal. The window length
is 0.25s (i.e. 1000 samples at 4 kHz sampling rate), which
was chosen assuming that the rest period between muscle
contractions is longer than the window length. In such rest
periods without EMG activity, the sliding window will con-
tain only noise. Thus, the noise variance o2 is estimated by
taking the all-time smallest value of o2.

The second sliding window of length m = 60 samples is
updated every second sample. The muscle is considered ac-
tive if ro = 8 values within the sliding window are above
the threshold ¢. The threshold ( is recalculated whenever
the noise variance changes, according to [6] dependent on
the estimated noise variance o2. Onset-offset-onset and
Offset-onset-offset transitions which are shorter than 15 ms
(120 samples) are rejected. This results in a delay of 15 ms
for the online EMG activity detection.

In order to detect changes in the BI signal which are caused
by swallowing, a piecewise linear approximation method
(PLA) [7] is applied to the BI signal. For approximation, a
modified sliding window algorithm is used. According to
[7], the starting point of an approximating line is set to the
first data point in the window. The line is then extended
until the error between the line and the signal reaches the
threshold max E or the difference between the last and first
value exceeds mazD.

The stimulation of the submental muscle is activated when
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Figure 1: Assessment of a swallow with and without (w.o.)
stimulation support. BI values for one patient are reported
in comparison to mean values observed in healthy subjects.

slope and difference between start and end point of last and
second to last approximated line of the BI signal are within
a certain range. The stimulation is stopped when the slope
of the approximated BI signal changes its sign. The thresh-
olds (including maz E and maz D) are extracted from a ref-
erence swallow without stimulation.

Results

In a first case study on a single patient, 13 swallows were
recorded and the measured BI signal was compared to the
normative values of healthy people in Tab. 1. Using the
same measurement system, it was shown in [4] that BI
correlates to the movement of hyoid and larynx and there-
fore correlates with airway closure. The patient was fed
with thickened liquid while the stimulation triggering was
switched off. After the patient had prepared the bolus and
was ready to swallow, the stimulation triggering was acti-
vated. The stimulation support was then automatically ac-
tivated as soon as EMG activity was present and the BI be-
gan to decrease until the BI was rising again. In Fig. 1,
a swallow with stimulation support is compared to swal-
low without stimulation. The bipolar stimulation pattern
with doublets (inter-pulse-interval of 5ms) was set to a
pulse width of 200us and a stimulation frequency of 20
Hz. Round hydro-gel stimulation electrodes () 32 mm,
KRAUTH+TIMMERMANN GmbH, Germany) were used.

Table 1: Effect of electrical stimulation on swallowing per-
formance assessed by airway closure and corresponding
speed (time to maximal airway closure after start of a swal-
low). Mean values for one patient are reported in compari-
son to mean values observed in healthy people. A - without
stimulation; B - with stimulation support (I = 9.45 mA); C
- with stimulation support (I = 11.81 mA).

A B C
Number of swallows 5 9 4
Airway closure 37% 51% 74%
Elevation Speed 29% 44% 47%

Discussion

In a case study with one patient it has been shown, that the
presented system is able to detect the beginning of a vol-
untary swallow early enough in order to stimulate the sub-
mental musculature for achieving a positive effect regard-
ing elevation and acceleration of hyoid and larynx. The pa-
tient easily adapted to the stimulation system. The BI sig-
nals indicated that airway closure and closure speed were
increased using FES.

These preliminary results have to be confirmed on a larger
patient population in comparison to videofluoroscopy. A
possible carryover effect, by which swallowing in patients
may also be improved without stimulation should be exam-
ined in a long-term study.
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Abstract: The importance of FES (functional
electrical stimulation) with hooked wire electrodes
increases in the diagnostic and therapy methods in the
last years. These new potential approaches make it
necessary to impale the target muscle and stimulate
them. In our pilot experiments we determine how
intense the target muscle was injured by repeated
impalement with hooked wire electrodes and
subsequent electrical stimulation. The triceps brachii
muscles of 10 female rats were investigated. Typical
signs of mechanical muscle injury and subsequent
regeneration can be observed. We can assume that the
stimulation protocol had no undesired side effects on
muscle structure and function.

Keywords: muscle, injuries, stimulation, hooked
wire, rat

Introduction:

FES with needle EMG (electromyogram) electrodes
becomes more and more important (Cheetham et al.
2011). The information outcome of the EMG
technique by itself is limited (Kim et al. 2012). Just
the activity of a small area of the muscle can be
registered. Because of the many necessary changes
of the needle position by the investigator the muscle
is injured with each trial to analyze its operational
capability. The FES is an additional diagnostic tool
and increases the possibilities to describe the paretic
dysfunction. It supports the differentiation between
intact and paretic parts. This is important if muscle
compartments are able to fulfill different functions,
like the PCA muscle (M. cricoarytenoideus
posterior) of the larynx (2 or 3 different
compartments Sander et al. 1993, 1994). Therapies
to reduce aberrant patterns of muscle recruitment
and, thus, improve muscle function (Colton et al.
2006) are another wide field for FES with needle
electrodes. It can help to relax spasm, restore the
natural muscle function (facial nerve paresis) or
reduce symptoms of phantom pain. The target
muscle will be impaled and stimulated often by all
these techniques. In our pilot experiments we

determine how intense the target muscle was
injured by the insertion of hooked wire electrodes
and subsequent electrical stimulation with prevalent
parameters.

Material & Methods:

The left and right triceps brachii muscles of 10
female rats (Han Wistar) were impaled with
monopolar hooked wire electrodes (CareFusion
Injection Needle @ 0.51 mm) and a third electrode
was placed subcutaneously into the back. The left
triceps muscle was stimulated with a Neurosign 100
for 1, 3 or 5 hours with 30 Hz and 1 mA
(rectangular, monophasic pulses with 200 ps
duration) under isoflurane anesthesia (Table 1).
Slightly contractions of the muscle were visible at
the beginning. The right muscle was not stimulated
and served as a control. The animals were
euthanized one or four days after the last
stimulation. The muscles were dissected and frozen
in isopentane pre-cooled in liquid nitrogen. Serial
cross sections (20 um thick) of the muscles were
prepared using a cryostat (CM1850, Leica
Microsystems) and stained with toluidine blue or
haematoxylin-eosin.

Table 1: Stimulation protocol.

Animal Total Stimu- Survival
dura- lation after last
No. tion of dura- stimulation

Stimu- tion (days)
lation
(days) (h/day)

1 1 5 1

2 1 5 4

3 5 3 4

4 5 3 4

5 5 1 4

6 5 1 4

7 5 3 1

8 5 3 1

9 5 1 1

10 5 1 1
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Results:

In all investigated triceps muscles we observed
circumscribed areas containing small basophilic
(regenerating) muscle fiber profiles (Fig. 1 A, B, C)
and, less commonly, necrotic fibers surrounded by
moderate cellular infiltration. These are typical
signs of mechanical muscle injury and subsequent
regeneration (Irintchev & Wernig 1987). The
damaged areas could be traced in serial sections
over distances of many millimeters (5- 10 mm) and
apparently represented penetrating wounds caused
by the wire electrodes. Single injury tracks were
seen in muscles impaled only once (animals 1 and 2
in Table 1) and multiple (3-5) tracks were found in
the rest of the muscles. The extent of muscle
damage was small. Injury tracks in single sections
were restricted to 10 — 20 fibers and the overall
volume of tissue injury was certainly well below
1% of the muscle volume. Outside damaged areas,
the muscle fibers had normal appearance and no
cellular infiltrates were visible. No differences were
detected between stimulated (left) and non-

stimulated (right) muscles.

Fig.1: Lesion tracks stained in toluidine blue (black
arrow), 5 days of stimulation, 3 h per day,
magnification A) 5x, B) 40x

Discussion:

The results of this pilot study indicate that repeated
impalement of muscles with wire electrodes causes
minimal mechanical damage and the extent of this
damage is similar independent of whether electrical

current has been applied via the electrodes or not.
We can assume that our stimulation protocol did
not have undesired side effects on muscle structure
and function. This notion is supported by previous
observations on muscle injuries after voluntary
running in wheels (Irintchev & Wernig 1987).
Daily running episodes cause necrosis and
regeneration of muscle fibers within the first two
weeks of wheel exercise. Although the extent of
damage may reach 25% of all muscles fibers, tissue
repair is very successful and no functional deficits
are observed even after numerous cycles of muscle
damage and repair (Irintchev & Wernig 1987;
Wernig et al., 1990).
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Abstract:  This is a review of key studies that have
investigated whether FES-evoked leg exercise possesses
sufficient intensity to meet the Exercise is Medicine™
guidelines for cardiovascular health. The American
College of Sports Medicine and similar professional
organisations have aligned their recommendations about
what is sufficient physical activity or exercise to maintain
good health. These key recommendations are: (i)
moderate-intensity  cardiorespiratory  exercise 150
min/week,  (ii)  vigorous-intensity  cardiorespiratory
exercise for 75 min/week, or (iii) a combination of
moderate-intensity and vigorous intensity-exercise to
achieve a total energy expenditure of at least 500-1000
Met-minutes/week. However, for FES-evoked exercise
there is uncertainty whether “moderate” or ‘“‘vigorous”
intensity can be achieved. Evidence 1is presented
supporting or refuting the notion that FES-exercise
achieves the Exercise is Medicine™ guidelines for
aerobic  fitness promotion and cardiovascular risk
reduction

Keywords: FES-evoked leg exercise, cardiovascular
health, aerobic fitness

Introduction

Exercise is beneficial not only for the able-bodied
population, but also for people affected by spinal
cord injury (SCI). The negative sequelae after SCI
can include moderate-severe muscle paralysis, loss
of lower limb functionality and usually results in
reduced levels of aerobic fitness. Since the 1960’s,
functional electrical stimulation (FES) — induced leg
exercise has been widely used in post-traumatic
rehabilitation or as exercise regimen for the
paralysed lower-limbs of people with SCI.

ExeRcis >

isMedicin

Exercisels Mediclne

The Guidelines for Aerobic
Exercise

e “Moderate-intensity” cardiorespiratory
exercise > 30 minutes/day on > 5 days/week
= 150 min/week

e “Vigorous-intensity” cardiorespiratory
exercise > 20 min/day on > 3 days/week
= 75 min/week

e A combination of moderate- and vigorous-
intensity exercise to achieve a total energy
expenditure of > 500 -1000 MET*minswk-1.

Fig 1. The ACSM Guidelines [1]

Recently, The American College of Sports Medicine
and similar professional organisations have aligned
their recommendations about what is sufficient
physical activity or exercise to improve aerobic
fitness and maintain good health [1]. Those
guidelines (Fig. 1), have come to form the bases for
the Exercise is Medicine™ Global Initiative.
However, these is some mounting evidence that
terms for exercise intensity such as “moderate” and
“vigorous” may not apply well to an exercise
modality that is artificially induced, such as FES.

The purpose of this study was review key studies
that either support or refute the concept FES
exercise can improve aerobic fitness and reduce
cardiovascular risk.

Methods

A systematic search of published sources was
performed in common electronic databases within
the date range 1900-February 2012. In addition,
relevant English language journal and conference
proceedings were hand searched. The collective
conclusions of the obtained RCTs and quasi-RCTs
were not sufficient to position the status of the topic
under question. The author included other non-
randomised or controlled studies, mainly clinical
trials, to encompass all available scientific evidence
pertaining to FES-induced exercise.

Results — Evidence Supporting FES exercise

FES leg metabolism might be

high enough to probably iz
increase aerobic fithess
e N=8 C5- L1

e FES-cycling

e 19 weeks
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e 3x weekly

e Up to 45 min
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Fig 2. FES-cycling increased aerobic fitness [2]
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Hooker and co-workers [2] originally observed that
sedentary paraplegics and tetraplegics increased
their peak oxygen uptake after only twice-weekly
FES-cycling over 19 weeks (Fig.2). An important
fact pertinent to the current review is that the 10%
increase of leg VO,peak, was above 70% of the arm
cranking peak aerobic fitness. Thus, leg cycling was
of sufficient intensity to achieve moderate-vigorous
exercise intensity meeting the ACSM guidelines.
Other studies reported in Hamzaid and Davis [3]
supported these early findings.

Evidence that FES leg
exercise can reduce CV
risk

e 18 SCI

e 2x-3x weekly for 10 weeks
FES cycle training

e Power output: 0.3W= 3.1 W
e Cycle time: 14 min = 26 min

e After 10 weeks, improved
glucose response during an
oral glucose tolerance test

e Betterinsulin response
Griffin, 2009

Fig 3. FES-cycling improves oral glucose tolerance and
insulin responsiveness, both important factors to lower
cardiovascular risk [4].

Griffin and colleagues [4] observed that 30 minutes
of FES cycling per day, thrice weekly for 10 weeks
significantly improved lean muscle mass, cycling
power output, glucose tolerance, insulin levels, and
inflammatory biomarkers (Fig. 3). This finding
supported by a similar outcome by Chillibeck and
colleagues (1998) strongly suggests that FES-
cycling protects against certain “lifestyle diseases”
associated with cardiovascular disease

Results — Evidence Refuting FES exercise
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Fig. 4. Arm + FES-leg exercise increases arm and leg peak
metabolism, but leg peak is only 32% of whole body aerobic
fitness [5]

A recent study by Brorok and colleagues [5]
demonstrated that 8-weeks of high-intensity arm+leg
(“hybrid) interval training increased arm, leg and
hybrid peak aerobic fitness by 24-26% (Fig. 4).
However, closer examination of these findings showed
that the highest leg VO,peak after training achieved
only 32% of the peak arm+leg value — too low to be
considered even “moderate” intensity.

Hettinga and Andrews [6] undertook a thematic
review of FES studies containing 171 observations
and the authors observed that arm+leg cycling or
FES-rowing produced greater aerobic metabolism
that leg exercise alone. When this author inspected
their data, it became apparent that peak FES-leg
exercise achieved only 50-60% of whole-body
aerobic fitness — and rarely is this leg exercise
intensity deployed due to high fatigue rates (Fig.5)

Evidence supporting the case against
FES leg metabolism being high enough
to increase aerobic fithess

e Thematic review of 12
published studies of
FES-cycling before

2008
e 171 observations of
peak VO, data
e Peak FES-cycling at
100% “effort” only
yields 50%-60% of
peak VO, achievable during arm + leg exercise

Fig 5. Thematic review suggesting that leg exercise alone is
less ‘dose-potent’ to improve aerobic fitness than arm+tleg
hybrid exercise

Discussion

This study reviewed key studies that either supported
or refuted the notion that FES exercise can improve
aerobic fitness and reduce cardiovascular risk. Some
key findings of this review were that randomized,
controlled, or quasi-experimental evidence of
different modes of FES-evoked exercise cautiously
support the view that FES leg exercise promotes
positive leg metabolic responses during exercise but
rarely by itself enhances peak aerobic fitness in
people with SCL

For FES-evoked leg exercise to be clinically
effective to promote peak aerobic fitness by itself:

e Intensive FES cycling training must achieve
sufficient  ‘dose-potency’ of at least
“moderate” exercise intensity evidenced by
greater than 40% heart rate reserve for at
least 150 minutes per week.
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e The beneficial effects of the FES cycling to
promote aerobic fitness and reduce the risk of
cardiovascular disease become more evident
with increased intensity and duration of
training.

e The beneficial cardiovascular effects from the
adoption of exercise diminish once the FES
cycling has ceased.

However, longer durations of FES cycling than 150
min per week, may have an important role to control
weight gain, improve blood glucose tolerance and
insulin resistance and reduce obesity in the SCI
population. These are a separate cardiovascular risk
factors than low aerobic fitness. It is recommended that
when exercise intensities below “moderate” are
achieved during FES cycling, that at least 240 min of
such exercise per week be achieved.
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Abstract:  This study investigated the effect of high-
intensity arm and FES-leg cycle training in a virtual
reality environment on power output, aerobic fitness and
blood biochemistry in persons with spinal cord injury
(SCI). Eight individuals with chronic SCI undertook 6
weeks of high-intensity (80-90% HRpeak) interval
training using an arm+FES-leg tricycle. As a result of the
virtual reality interval training program, subjects
increased their peak aerobic fitness by 20% (p<0.05).
Their body mass-adjusted VO, peak also significantly
increased from 19.3£3.4 mLvkg " smin to from 23.2+3.4
mLekg emin”.  Arm+ leg peak power output during
“hybrid” exercise was raised from 52.5+10.4 W to
70£12.0 W (P<0.05). Total cholesterol, HDL, LDL and
oral glucose tolerance results were unchanged after
training.

Keywords: arm+leg exercise, virtual reality, hybrid
exercise

Introduction

Upper body exercise (e.g. wheelchair propulsion, arm
cranking) is often recommended for people with spinal
cord injury (SCI) to maintain or enhance their aerobic
fitness and upper-body muscular endurance, but due to
the relatively small muscle mass in their arms such
exercise may not be as beneficial as leg exercise.
However, FES-evoked leg exercise (e.g. cycling,
stepping) is by itself not sufficient stimulus to promote
cardiorespiratory fitness if the leg muscles are atrophic
and de-trained [1].

Recently, Hasnan and colleagues [2] have demonstrated
that combined voluntary arm and FES-evoked leg
exercise (“hybrid”) elicited a higher oxygen uptake and
greater cardiovascular demand compared to arm exercise
or FES cycling alone. Commercially-available hybrid
exercise devices have enabled outdoor arm+leg cycling as
well as indoor virtual reality (VR) hybrid exercise for
people with SCI. VR-enhanced exercise (Fig. 1) allows
the participant to interact within a virtual environment
mimicking outdoor overground cycling, and may provide
a sense of participation and exercise motivation. Hasnan
and co-workers [3] demonstrated that mean oxygen
uptake and energy expenditure of indoor virtual reality
hybrid exercise were no different from outdoor
overground arm+leg exercise, even though “steering” and
“gearing” differences contributed to different limb
movements over 30-min of exercise.

The purpose of this study was to investigate the effect of
high-intensity “hybrid” (arm and FES-leg cycling)
interval training in a virtual reality environment on
aerobic fitness, power output, lipid profiles and glucose
tolerance in persons with SCI.

Methods

Eight individuals with chronic SCI undertook 6 weeks of
hybrid high-intensity interval training (HIT) using an
arm+FES-leg tricycle. Training sessions were either 32
min, three times per week or 48 min, two times per week.
For the thrice-weekly programme, the subjects were
instructed to perform four 8-min exercise intervals of high
intensity training (80-90% of predicted HRmax)

interspersed with four 8-min intervals of low intensity
training (LIT; FES-stimulated legs only at 40% of
predicted HRmax). For the twice-weekly programme, the
subjects were instructed to undertake six 8-min intervals
of HIT interspersed with six intervals of LIT. For both
training regimes, all subjects completed 96 min of HIT
and 96 min of LIT per week.

Fig 1: ‘Hybrid’ Virtual Reality Indoor Exercise

The recumbent tricycle (BerkelBike®) was positioned on
Tacx i-Magic VR Trainer®, indoors in front of a flat
panel monitor displaying simulated outdoor overground
cycling.  All training incorporated VR technology
whereby the subjects trained to a pre-selected VR
programme. Voluntary arm cranking was at a cadence
selected by the subjects to achieve their desired exercise
intensity. Computer-controlled electrical stimulation was
applied bilaterally to the quadriceps, hamstrings and
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glutei to evoke leg cycling. The subjects were encouraged
to cycle to their best effort within safety limits and
increase/ramp up their leg stimulation intensities based on
their comfort and tolerance level to a maximum
stimulation intensity of 150 mA at 35Hz.

The participants were assessed for their peak
cardiorespiratory responses and power output before and
following completion of the six-week training
programme. Heart rate and cardiorespiratory parameters
were measured continuously breath-by-breath by open-
circuit spirometry with a metabolic gas analysis system at
rest and during the maximal effort assessments. Lipid
profiles, cholesterols and oral glucose tolerance were also
measured before and after the training.

Analysis of variance was utilised to investigate pre-
training versus post-training differences of all variables,
whereby the level of statistical significance was set to the
95% confidence limit (p<0.05). Data are presented as
mean =+ standard deviation. Statistical analyses were
performed using the SPSS 21 statistical package.

Results

As a result of the hybrid HIT program, the subjects
increased their armtleg peak power output from
52.5£10.4 W to 70£12.0 W (P<0.05). Their peak aerobic
fitness was increased by 20% (Fig. 2; p<0.05). Their body
mass-adjusted VO,peak also increased from 19.3+3.4
mLekg'emin” to 23.2+3.4 mLekg'emin” p<0.05). No
other resting or peak exercise cardiorespiratory variables
were changed as a result of hybrid HIT training. Leg
girths and volumes were also unchanged after hybrid HIT.
Blood biochemistry markers of cardiovascular risk,
including total cholesterol, HDL, LDL and oral glucose
tolerance results were unchanged after training, although
modest improvements were observed in some subjects.

Pre HIT
1.5 - % B rostnir 200
T
T - 150
1.0
- 100
0.5 4
- 50
0.0 )
VO,peak HRpeak
(Lemin™) (bemin™)

Fig. 2. Changes of Aerobic Fitness following 6-weeks of
hybrid HIT. * denotes p<0.05. Data and mean + SD
Discussion

This study investigated indoor virtual-reality “hybrid”
exercise training in individuals with SCI. Traditionally,

FES cycling has been clinically recommended to individuals
with SCI for its ability to recruit the large musculature of the
legs. Yet, Vrellen and co-workers [1] and Hasnan et al [2]
have shown that the metabolic responses during an acute bout
of leg cycling exercise alone may not be sufficient to promote
cardiorespiratory fitness in this population.

Numerous authors have recommended “hybrid” (e.g.
arm+leg) exercise during rehabilitation as potentially
more dose-potent to induce physiological adaptations
within the cardiorespiratory system after SCI. Our 20%
increase of aerobic fitness and 33% higher peak power
output was more than twice that observed by Heesterbeek
and colleagues [4] for a similar BerkelBike® training
program. The larger increases of the current study were
likely due to a longer training period and our use of high-
intensity interval training (HIT) for this relatively de-
conditioned population.

There are no previous studies that have investigated
changes of lipid profile and oral glucose tolerance
following “hybrid” exercise training in SCI. The lack of
changes in these biochemical measures suggests that six
weeks of twice- or thrice-weekly training, even at a high
intensity, may be too short to modify these biochemical
markers of cardiovascular risk in the SCI population.
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Abstract:

The impact of three different types of electric stimulation
(ES) (ES of the abdominal muscles versus ES of lower
limb muscles versus simultaneously ES of abdominal and
lower limb muscles versus control) on blood pressure
stabilization and verticalisation-degrees between 0° and
70° in nine patients with acute spinal cord injury posi-
tioned in a tilt-table was investigated. Data analysis re-
vealed that blood pressure did not differ significantly
between the types of ES and the control at any verticalisa-
tion-degree (p>0.05). Although statistical significance
was missed, a clear tendency towards a stabilization of
blood pressure using any type of ES up to a verticalisa-
tion-degree of thirty was found.

Keywords: orthostatic hypotension, spinal cord injury,
Sfunctional electrical stimulation, tilt-table, redistribution
of blood volume

Introduction

The Consensus Committee of the American Autonomic
Society and the American Academy of Neurology defined
orthostatic hypotension (OH) as a decrease in systolic
blood pressure of at least 20mmHg, or a reduction in
diastolic blood pressure of at least 10mmHg, upon the
change in body position from a supine position to an
upright posture, regardless of the presence of symptoms.
The presence of OH as a consequence of blood volume
redistribution during verticalisation in persons with spinal
cord injury (SCI) is a common condition that affects 74%
of these patients [1,2]. An OH may discourage SCI indi-
viduals from participating in the early stage of rehabilita-
tion [3]. The management of OH in the early stage of SCI
using electric stimulation (ES) of lower limb muscles was
found to be effective in stabilizing blood pressure during
verticalisation [4,5,6]. However, the impact of ES of the
abdominal muscles on blood pressure during verticalisa-
tion in patients with SCI is unknown. Therefore, the aim
of the present study was to compare the impact of three
different types of ES methods on blood pressure stabiliza-
tion and on the incidence of OH.

Methods

Design: Prospective interventional study.

Setting: Swiss Paraplegic Centre, Nottwil (Switzerland).
Patients: Women and men, at least 18 years of age, follow-
ing an acute and traumatic SCI, with a lesion level above T6,
an American Spinal Injury Association (ASIA) Impairment

Scale A/B/C and a diagnosis of OH (by tilt table test) were
eligible for the study.

Intervention: Each patient underwent randomly three dif-
ferent types of ES sessions while being positioned on a tilt-
table. The following sessions were planned within 10 con-
secutive days:
A) ES of the abdominal muscles
B) ES of the lower limb muscles (Mm. gastrocnemii, ham-
strings, Mm. quadriceps,)
C) Combination of A and B
D) Control session (=diagnostic session)
For the ES session “B” lower limb muscles were stimulated
to produce a milking mechanism from the distal to proximal
part of the limb to pump the venous blood from the peripher-
al to the central part of the body [7]. ES was applied with
surface electrodes and fixed stimulation parameters (biphasic
rectangular, 35Hz, 300us pulse width) with individual mA,
depending on each patients’ sensibility. In each session,
tilting progressed in 15° increments every three minutes,
from 0° to 70°, except from 60° to 70°. Therefore, the pa-
tients were verticalised on a tilt table to 0°, 15°, 30°, 45°, 60°
and 70°. Within each interval, blood pressure (systolic, dias-
tolic, mean arterial pressure) was measured and the Per-
ceived Presyncope Scale ( 0=no symptoms, 1=mild symp-
toms, 2=moderate symptoms, 3=severe symptoms,
4=syncope) was collected to assess the patient’s well-being.
If the PPS was > 3 the tilting trial was discontinued and the
patient returned to supine position (0°).

Table 1: Characteristics of the patients.

Gender Age Time post Level AIS
[years] injury SCI score
[days]

F 46.9 112 C4 A
M 31.2 135 C8 A

F 242 34 C6 C

F 26.7 53 C4 B
M 20.5 45 T2 A
M 31.0 30 T4 A
M 18.1 33 C4 A
M 57.6 28 C6 A
M 30.1 20 Cs A
Median 30.1 34

25;75 Quartile 22.3;39.1 29.0;82.5

Abbreviations: M, male; F, female; SCI, spinal cord injury;
AIS, American Spinal Injury Association Scale
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Results

A total of nine patients (three women, six men, median
age: 30.1 years [22.3;39.1], median lesion duration: 34.0
d [29.0;82.5] and a lesion level between C4 and T4 were
recruited (Tab.1).

Blood pressure (systolic, diastolic, mean arterial pressure)
did not differ significantly between the interventions A,
B, C or D at any verticalisation-degree (p>0.05). Alt-
hough statistical significance was missed, blood pressure
was more stable (up to 30% at a verticalisation-degree of
30°) within the sessions A, B, or C compared to D (Fig.
1). In addition, independent of the type of stimulation, i.e.
A, B or C, patients reached a higher degree of verticalisa-
tion with ES compared to the intervention D.
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Figure 1: Median a) systolic and b) diastolic blood pressure
for each verticalisation-degree and type of ES session (A, B,
C) and control session (D).

Discussion

There seems to be a tendency to a clinical benefit of ES
for the treatment of OH in individuals with SCI. With
respect to limited time resources in clinical daily routine,
ES of the abdominal muscles might be most feasible.
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Abstract: Functional electrical stimulation (FES) has
clinical evidence in the rehabilitation of patients with
spinal cord injury. Nevertheless, looking into daily clini-
cal practice, the use of FES is poor. Expenditure of time,
complexity of technical equipment and compliance and
acceptance of therapists and patients should be discussed
as limiting factors.
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Introduction

Functional electrical stimulation (FES) is an inherent part
of rehabilitation in spinal cord injury. It is amongst others
used for preserving and increasing muscle mass [1,2,3],
contracture prophylaxis [4], treating and preventing pres-
sure ulcers [5,6,7,8] neuromodulation [9], motor-learning
[10,11] improve and support coughing [12], improve and
support function of upper and lower extremities [13,14] as
well as reducing spasticity [15,16,17]. However, the find-
ings of the above-mentioned effects were proved in re-
search settings. Therefore, the aim of this study was to
verify the evidence, acceptance and feasibility of FES in
clinical and domestic setting.

Methods

Design: Retrospective observational study

Setting: Swiss Paraplegic Centre Nottwil (Switzerland)
Patients: Woman and men aged at least 16 years, follow-
ing an upper or lower motor neuron lesion due to a trau-
matic or non-traumatic spinal cord lesion with an Ameri-
can Spinal Injury Association (ASIA) Impairment Scale
A/B/C/D.

Data extraction: Number of patients, focus as well as amount
of stimulation in either a clinical or a domestic setting were
extracted from patient charts of the years 2011 and 2012.
Data of stimulation sessions focused on preserving and
increasing muscle mass, contracture prophylaxis of upper
and lower limbs, treating pressure ulcers, preventing pres-
sure ulcers, neuromodulation, motor learning, support
coughing, improve and support function of upper limbs,
improve and support function of lower limbs and man-
agement of spasticity by using FES were included. The
number of patients who continued stimulation after reha-
bilitation in domestic setting was separately evaluated.
Assessments: 6 min. walking test, WISCI 11, British med-
ical council scale, Canadian occupational performance
measure (COPM), Goal attainment scale (GAS), Ash-

worth scale, Spasm frequency scale, power output meas-
ure of the MotionMaker® .

Tab. 1: Number of patients and amount of stimulation

2011 2012
Number of IN Patients 113 153
Number of Stimulation ses- 2941 2071
sions for IN Patients
Number of OUT Patients 29 32

Results

Data of a total of 266 inpatients and 61 outpatients were
extracted (Tab. 1). In the clinical setting, EMG-triggered
FES with visual or acoustic feedback for motor learning
and the stimulation of single muscles or muscle groups to
improve function was mostly used. The number of pa-
tients using FES for treating and preventing pressure
sources increased in the last year. Only a few number of
spinal cord injured patients used stimulation for preserv-
ing muscle mass, coughing and reducing spasticity
(Tab.2). Clinical relevant improvements following FES
interventions were found in 6 min. walking test, WISCI
II, British medical council scale, (COPM) and power
output measure of the MotionMaker®. Individual different
effects were observed in the Ashworth and Spasm fre-
quency scale.

Table 2: Number of patients and focus of stimulation

Number of Patients
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

muscle mass 12

contracture prophlaxis —

11
. 5T
treating pressure ulcers 12
preventing pressure ulcers >
neuromodulation 67

motor learning ) § } : : _ - . | =

coughing -0 2

reason for stimulation

B . I
improve function 20

o4y

reducing spasticity -2 6

® patients 2011: 113 patients 2012: 153

Discussion

FES seems to be accepted by the patients as an inherent
part of rehabilitation. Furthermore, FES interventions




seem to be implementable in daily clinical practice. In
persons with spinal cord injury the main focus lies on
motor learning. Regarding outpatients, FES-interventions
are much less conducted. It is assumed that the time con-
suming aspect might be one reason to discontinue FES-
interventions at home. The expenditure of time for each
training is about 30 min to one hour, including prepara-
tion. Indeed, stimulation should be done regularly in order
to benefit from its effect [18]. A noticeable effect is not
always seen after the first treatment and the impact is not
long lasting. To reach long term effects treatment needs to
be continued over weeks and months. Unfortunately
Swiss insurances do not pay for the equipment although
some patients would effort the expenditure of time.
Coughing, in case of tetraplegia with surface electrodes
seems to be an easy method to cough efficiently. It would
be easily possible to integrate into daily physiotherapy
treatment.

Success of FES is limited by expenditure of time, complex-
ity of technical equipment, acceptance of therapists and
financing.
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Abstract: This work provides a model to estimate stimula-
tion level required for hemiplegic patient to achieve foot
dorsiflexion using BCI approach. The model’s input is
EEG from motor cortex of hemiplegic patient. The mod-
el’s output is estimation of stimulation strength. The delta
mean and alpha peak frequencies are found to be suitable
as EEG features to establish the relationship between
EEG parameters and stimulus strength for this model.
This model is self-adaptive in nature. As therapeutic pro-
cedure continues, the model uses a feedback loop, so that
it can fine tune the stimulus strength to optimum value for
individual patients. The model is prepared by using anal-
ysis of EEG feature from all the frequency bands and
stimulus strength as observed clinically in 15 stroke pa-
tients while achieving dorsiflexion.

Keywords: BCI, Foot drop, Modelling, Functional Elec-
trical stimulation, Stimulation strength

Introduction

Conventional approach used for setting functional electri-
cal stimulation (FES) therapy parameters in neuro-
rehabilitation of stroke survivors is to adjust it by a
trained physiotherapist. Brain-computer interface (BCI)
technology in association with assistive devices has al-
ready shown the potential to restore lost motor function in
stroke survivors. However use of BCI for estimating the
amount of stimulus needed by stroke patient is limited.
There is need to correlate the manually set stimulus
strength and information obtained through bio-signals
such as EEG. Work in this area is lacking. We tried to
work in direction of using BCI approaches to actually
understand the condition of patient for accessing the pos-
sibility of subjective treatment to each patient to achieve
desirable movement. BCI system based on EEG feedback
for training stimulator device could improve efficacy of
stimulation therapy through optimized feedback [1].

We evaluated the model for BCI based estimation of
strength of stimulation required for stroke patient to
achieve foot dorsiflexion suitable for comfortable walk-
ing. Our system adapts itself as therapeutic use of FES
continues. Patient needs the new level of stimulation due
to plasticity of the brain. We used EEG from Cz point of
motor cortex as a decision making parameter for estimat-
ing approximate value of stimulation current necessary
for the particular hemiplegic patient [2]. The system ex-

tracts information from EEG signal for controlling the
stimulator device[3].

Methods

Recording of EEG signal and stimulation strength
EEG data from 15 hemiplegic patients was acquired from
Cz point of motor cortex of stroke subjects. EEG signal
was recorded using EEG acquisition device (Thought
Technology; Biograph Infiniti; Canada). Subjects per-
formed foot dorsiflexion at interval of every 5 seconds.
for five minutes. Then EEG data was processed to get
temporal and spectral information about all EEG bands.
For each subject, stimulation was applied using single
channel stimulator (Cefar Compex;Step 1I; UK) and value
of stimulation intensity was recorded for which appropri-
ate dorsiflexion was attained. Then regression analysis
was done to find correlation between features from differ-
ent EEG bands (alpha, beta, delta, gamma, sensorimotor
rhythm band information) and stimulation requirement of
each patient.

Stimulus strength estimation model using BCI:

Figurel shows our BCI based model for calculating opti-
mal stimulus strength to achieve appropriate foot drop
dorsiflexion. For this, model used prior data from the pool
of subjects recorded at clinical setup. The model was
prepared by analysing actual clinical data (EEG and stim-
ulation strength requirement) of 15 subjects. Model com-
prised of the following steps:

e Acquiring a person’s EEG signal and Processing it
Extraction of important features from EEG signal for
estimation of stimulus strength

Subject dependent model relating important EEG
features with stimulation strength requirements
Feedback module for calibrating the estimation mod-
el which detects motor execution ability of patient
Stimulation element for providing stimulation to the
person according to the BCI feedback information
Sample EEG of stroke patients motor cortex and the fea-
tures selected after analysis of EEG are presented in the
Figure 2. We have designed low weight, miniaturized,
portable embedded system (Figure 3) for implementing
the proposed model. It consists of microprocessor (Texas
Instruments Inc.; USA) in association with integrated
analog front end. For acquisition of the EEG data, pro-
cessing it and implementing the relation presented in this
paper. The hardware will be tested in future work as per
the model proposed in this paper.
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Figure2. EEG Feature selection for modelling stimulation strength requirement of individual stroke patient (a) EEG signal acquired
from motor cortex by positioning electrode at Cz location according to 10-20 electrode placement system and IFCN standard (b)
Relation between Delta mean amplitude and stimulus intensity levels ( Level 1 corresponds to 50mA, 2> 40mA, 3->35mA and
4->30mA) applied to 15 subjects (c) Relation between Alpha peak frequency and stimulus intensity levels ( Level 1 corresponds to

50mA, 2-> 40mA, 3->35mA and 4->30mA) applied to 15 subjects.

[ Delta mean was computed using cumulative average of

amplitude values throughout the recording and alpha peak frequency was computed using frequency value of the highest frequency

bin in the alpha range (8-12 Hz) of the FFT spectrum.]
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Figure3: Embedded system (Microprocessor and analog front end)
for acquisition and processing of EEG data to produce decision
about stimulation requirements.

Results

We found that the delta mean amplitude and the alpha peak
frequency are the best features for estimating the stimulus
strength. Regression model for these parameters and stimula-
tion strength could be expressed by 2™ degree polynomial as
shown in Figure 2.These features correlate moderately with
stimulation strength and having coefficient of determination
(R?) up to 0.34 and 0.31 respectively for these features. The
R? values are seems to be quite lower and suggest moderate
correlation. Reason 1is, features correlations were evaluated
independently and noise prone nature of EEG signal. Better
correlation could be obtained if multiple features are used
simultaneously. All other EEG band amplitudes and
frequency parameters are not found significant (R* <0.1) and
hence are not used in estimating the required current strength
in this model.

Discussion

We suggested a BCI model and provided the relationship
for estimating stimulus strength required for individual
stroke subject using delta mean amplitude and alpha peak
frequency from their EEG recordings. This BCI model is
suitable to be implemented using low cost, portable em-
bedded system and could act as important point of care
(POC) technique to derive the command signal to control
the stimulator device. We provided the suitable EEG
features and mathematical relationship to achieve this.
This is an intelligent system developed for identifying
individual stroke patient’s stimulus strength requirement
without the assistance of the physiotherapist. Future work
could be attempted to study the combination of EEG
features towards better estimation model and testing it on
more number of patients.
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Abstract: In thyroid surgery cuff-electrodes for stimulation
of the vagal nerve are used in order to prevent recurrent
laryngeal nerve damage. The aim of this study was to illus-
trate resulting forces at application of cuff-electrodes at the
vagal nerve as well as to determine electrical characteristics
with impedance spectroscopy and simulation of the electri-
cal field of cuff- electrodes. The final goal is to assure save
application of cuff-electrodes at the vagal nerve for con-
tinuous stimulation by describing the physical parameters
with the suggested in vitro model.

Keywords: cuff electrode, vagal nerve stimulation, mechanical charac-
terization, electrical characterization

Introduction

For continuous intraoperative neuromonitoring in thyroid
surgery, surgeons often use cuff-electrodes for stimulation
in order to notice physical stress to the nerve that is
responsible for the voice (Recurrent laryngeal nerve) [1,
2]. The investigated cuff-electrodes consist of a
biocompatible silicone shape and stainless steel electrode
contacts in varied forms and compositions. Requirements
of such electrodes are a stable electrical contact to the
tissue while at the same time sudden tearing forces may
not result in nerve stretching. This paper describes and
compares different geometries and materials for such
cuff-electrodes (see Fig. 1). A mechanical model was
established, which simulates the vagal nerve within the
operation field to determine acting forces. Additionally,

>

4
v

Figure 1: Characterized electrodes: V3-electrode (left), C-
electrode (middle) and polyimide electrode (right)
stimulation electrodes were studied by an impedance
spectroscopy and the electrical field distributions of the
different electrodes were simulated. Experiences of the
mechanical model and the electrical characterization for
safe application of cuff eclectrodes in humans were
transferred to the designs.

Methods

Mechanical properties

For mechanical characterization of the stimulation cuff-
electrodes, we built up a measurement setup simulating
the operation field of the vagal nerve. As an artificial
nerve, silicone copper cables (3868-9017, Sab Brockskes

Gmbh & Co.Kg, Viersen
and comparable cables)
with different diameters
(A) were hold between two

Plexiglas  columns by
alligator clips (B). The
spring scale (C) was

attached to an aluminium
cube (D) which is also
bolted in the middle of the
aluminium plate (E). The
electrode (F) is fixed with a
string to the attached spring
scale (see Fig. 2). For
measurement the electrode
was applied to the artificial nerve and the electrode was
raised by means of a microdrive (G) until the electrode
slipped off. The measurement series were performed in a
dry environment. For investigation of the mechanical
properties of the electrode we determined the remove
force of the electrode, measured the stretch length of the
nerve (H) and the opening angle of the electrode (I).
Additionally we analyzed the reproducibility. The aim of
this measurement was to examine the application of
varied electrode types and designs at different nerve
diameters.

Electrochemical measurement

For electrochemical characterization we performed an
impedance spectroscopy of different electrode types with
an electrochemical interface (Solartron 1287, Farnbor-
ough Hampshire, UK) and a frequency response analyzer
(Solartron 1260, Farnborough Hampshire, UK). We used
a three-electrode configuration with a platinum electrode
as counter electrode, a silver-silver chloride electrode as
reference electrode and the cuff-electrodes as working
electrodes. We measured electrodes in a ringer solution
over a frequency range from 1 Hz until 10° Hz with an
amplitude of 10 mV. Collected data were analysed in the
software ZView (Farnborough Hampshire, UK).

Field distribution simulation

For electrical characterization of the cuff-electrodes we
simulated the electrical field distribution of varied
spherical electrode compositions. The 3D simulations
were performed with FlexPDE 5.0.8 Professional Version
(PDE Solutions Inc, Spokane Valley, WA 99206, USA), a
partial differential equation solver software based on the
finite element method. For obtaining meaningful results
we simulated the polyimide electrode of the IKONA
project [4] form with spherical contacts and mono-, bi-

Figure 2: Description of the
mechanical model
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and tripolar electrode compositions. The electrode metal
stainless steel was simulated with 1.4 - 10°(Qmm)™". For a
surrounding medium we chose a 0.9% NaCl solution and
simulated it with a conductivity of 0.0033 (Qmm)™". The
insulation material of the electrode consists of silicone
and was simulated with 4.2 (Qmm)"'. The simulation
current was 1 mA.

Results

Based on the mechanical model we could measure the result-
ing forces, which appeared at the application of the different
cuff-electrodes at the vagal nerve. The simplest cuff elec-
trode, the C-electrode (inomed Medizintechnik GmbH,
EW0023/EWPJ09-11), showed the lowest maximal remove
force at every nerve diameter and its highest remove force is
325 mN at a nerve diameter of @ 2.5 mm. While the more
complex designs of the polyimide electrode [4] produced
higher remove forces. The highest maximal median remove
force were measured at the polyimide electrode with a broad
silicone body and has the value 1040 mN at a nerve diameter
of @ 0.6 mm. The analysis of the parameter nerve diameter
resulted in the fact that the maximal remove force was inde-
pendent of the nerve diameter. The evaluation of the opening
angle of different electrode types and the stretch length of the
artificial nerve increased with larger nerve diameter, but at
the thickest nerve the opening angle and the stretch length
decreased again. The polyimide electrode with a narrow
silicone form exhibited the maximal opened angle at 96° at a
nerve diameter of @ 2.5mm. The reproducibility of the C-
electrode was lower in contrary to evident higher reproduci-
bility of the designs of the polyimide electrode.

For the electrochemical characterization the real (resistive)
component of the impedance response and the imaginary
(mainly capacitive) component of the impedance response
were plotted for each frequency. The V3-electrode (inomed
Medizintechnik GmbH, P/N 522 200, [3]) with its ring con-
tacts shows the lowest impedance modulus |Z| across all
frequencies (100 Q at 1 kHz) and the electrodes of the poly-
imide electrode with its spherical and cylindrical electrode
form has the highest impedance modulus |Z| across all fre-
quencies (2 kQ at 1 kHz). While the spherical electrode
contact of the C-electrode has an impedance modulus |Z|
across all frequencies between the ring contact and the cylin-
drical electrodes (1 kQ at 1 kHz). The simulation of the
electrical field distribution is presented of a mono-, bi- and
tripolar polyimide electrode. The simulation of the monopo-
lar electrode could be characterized by an unselective electri-
cal field. Until a bipolar electrode composition the electrical
field showed a selective spatial resolution. The highest field
strength and also the highest selective electrical field can be
achieved with the tripolar polyimide electrode design. While
the leak currents were very high at a monopolar electrode
showed the tripolar not so much.

Discussion

In summary the mechanical characterization showed that the
design of the polyimide electrode has a greater remove force
independent of the nerve diameter, a larger stretch strength
of the nerve and also an obvious higher reproducibility like
the C-electrode. The C-electrode is the most flexible cuft-

electrode and but does not have an as well-defined structure
like the other electrodes. Moreover the broad polyimide
electrode has the most rigid material properties. The remove
forces could be reduced if the environment is wet like the
operation field, because then the adhesion force is lower.
Improvements of our mechanical model will be to assemble
the columns on rails so that you could easy reconstruct the
length of the free prepared vagal nerve.

Within the electrical characterization the results of the im-
pedance spectroscopy showed that the C-electrode and the
designs of the polyimide electrode had higher impedance
like the V3-electrode. Additionally, the simulations con-
firmed that the tripolar electrode had the most selective and
highest electrical field and different electrode designs gener-
ate different field strength to stimulate the nerve. Earlier
research demonstrated with a direct application of the elec-
trode around the nerve the stimulation results will be the best
[5]. Although the V3-clectrode has lower impedance than
the C-electrode and the polyimide electrode, the higher im-
pedance of the C-electrode and the electrode designs of the
polyimide electrode are negligible because finally the C-
electrode and the polyimide electrode insure through their
direct stimulation at the nerve better impedance and so a
better stimulation. To sum up, the electrode geometry and
design is crucial for the best stimulation results of the
vagal nerve. Our mechanical model could even reduce
animal experiments for testing electrodes and raise the
quality standard of developing cuff-electrodes for the
vagal nerve. With the usage of our mechanical model we
could prove and measure the high safety of our electrode
in human application with mechanical and electrochemi-
cal parameters. It could be useful to characterize the elec-
trodes using the mechanical model in a wet environment
and to modify the measurement setup with a pressure
sensor [6]. In the next step we want to characterize the
maximum stress limits of a nerve with the help of animal
experiments in the pig to improve our mechanical model.
Also we will take in hand further improvements and
automations of our mechanical model to construct a real-
istic and useful tool for development of electrodes.
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Abstract: Punctual electrical stimulation of the auricular
branch of the vagus nerve is a potentially effective, minimal-
invasive treatment in primary dystonia. This is due to electri-
cal stimulation effects on brain structures involved in the
genesis of dystonia. Preliminary experimental data from
stimulation with fixed patterns of three vagal points in the
auricle reveals significant improvements in motility in cervi-
cal dystonia. Based on theoretical considerations, specific
stimulation patterns are proposed here which account for the
identified signal transduction pathways, neural plasticity and
adaptation processes.

Keywords: Vagus Nerve Stimulation, Neuromodulation,
Adaptation, Cervical Dystonia, Electromyography

Introduction

Dystonic symptoms (ICD-10 G24) such as torticollis and
retrocollis are observed as abnormal, involuntary and sus-
tained contractions of cervical muscles. As an extrapyrami-
dal, hyperkinetic movement disorder the main focus of dys-
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function is located in the so called cortico-striatal-pallidal-
thalamic-cortical (CSPTC) circuit (Fig. 1) [1], [2]. However,
the pathophysiology of primary cervical dystonia (CD) is not
fully understood yet, leading to only symptomatic treatments
in clinical practice, such as botulinum toxin injections often
associated with highly impaired motility of the patient [3].
Deep brain stimulation of CSPTC structures was proven to
alleviate dystonic symptoms [2]. Besides these established
methods, vagus nerve stimulation may be an asset in treating
such movement disorders, provided the corresponding en-
couraging evidence in the invasive stimulation of the left
cervical vagus nerve [4]. In order to avoid the drawback of
highly invasive surgical procedures, punctual auricular vagus
nerve stimulation (AVNS) may be an effective treatment [5].
This is supported by brain activation studies for transcutane-
ous AVNS [6] as well as by AVNS-based alleviation of
symptoms in Parkinson’s disease (unpublished data).

Methods

Two major signal transduction pathways may be involved
in modulating the symptoms of CD (torticollis and retro-
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Figure 1: Schematic stimulation setup with affected structures and signal transduction pathways [1], [2], [7]. I —
stimulation region; II — affected muscles; III — projection from the auricle to brainstem structures with direct
feedback to the considered muscles; IV — projections of the brainstem to the cortico-striatal-pallidal-thalamic-
cortical circuit (CSPTC). NTS — nucleus tractus solitarii; NSNT — nucleus spinalis nervi trigemini; FR — formation
reticularis; PB — parabrachial nucleus; NA — nucleus ambiguus; SNc,r — substantia nigra compacta, reticularis; GPi,e —
globulus pallidus internus, externus; STN — sub-thalamic nucleus; inh. — inhibition; ex. — excitation.
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Figure 2: Schematic stimulation pattern with electromy-
ography (EMGQ) signals from the left (black) and right
(grey) musculus trapezius. (a) Fixed stimulation pattern.
(b) Rectified EMG with zoomed raw data (left muscle).

collis). The corresponding symptoms include the involun-
tary activity of cervical muscles and especially of the
musculus trapezius pars descendes (Fig. 1, see II).

The stimulation of vagal afferents (Fig. 1, I) in the auricle
is forwarded via the ganglion jugulare to the two sensory
brainstem nuclei of the vagus nerve, i.e. the nucleus trac-
tus solitarii (NTS) and the nucleus spinalis nervi trigemini
(NSNT) [8]. A possible direct feedback to the musculus
trapezius (Fig. 1, III) may be established via afferent
projections from the NSNT to the nucleus ambiguus [1].
A second pathway (Fig. 1, IV) is build by projections of
the formatio reticularis (FR) and the parabrachial nucleus
to CSPTC, cerebellum and midbrain structures. This
pathway modulates the complex control loops therein and
thus the function of the motor cortex [1], [9]. Finally,
pyramidal (gyrus praecentralis) and extrapyramidal
(CSPTC, midbrain, FR) efferents are send to the muscles.

The minimally-invasive AVNS is mediated via a small,
wearable stimulation device P-Stim (Biegler GmbH, Aus-
tria). The P-Stim stimulates three vagally innervated re-
gions of the auricle via inserted needles. The stimulation
patterns comprise mono-phasic voltage impulses with
changing polarity (Fig. 2a). The stimulation rate is 1Hz,
the impulse amplitude 4V, the impulse duration 1ms, and
the on/off cycle is 3/3 hours. AVNS was applied for about
one month on one female patient (49 years) who has suf-
fered from CD for about three years and was resistant to
any other therapy. For controlling aims, muscle activity at
the left and right musculus trapezius was assessed after
this AVNS therapy via electromyography (EMG) using a
MP36 acquisition system (BIOPAC Systems Inc., USA).

Results

Preliminary outcome of the AVNS therapy showed sig-
nificant subjective improvement in motility of the patient
with CD. A typical EMG is shown in Fig. 2b with resid-

ual and non-symmetric contractions of the left and right
musculus trapezius.

However, our experimental evidence and the discussed
transduction pathways (Fig. 1) indicate that therapeutic
effects are subjected to significant neural plasticity in the
brain. Likewise, the brain adapts to almost non-varying
stimulation patterns, which disadvantageously diminishes
therapeutic effects over extended periods of time.

Discussion

The presented investigations give novel evidence that AVNS
is a possible alternative treatment for CD. However, we
expect that adopted stimulation patterns and their vari-
ability in the course of the stimulation may even over-
come adaptation processes in the brain and thus may
significantly fortify therapeutic effects. Initial stimulation
amplitude should be appropriate to produce comfortable,
tingling sensation and thus to excite (only) thick afferent
vagal nerve endings. On the other hand, varying stimulation
frequency and/or pulse width can be expected to overcome
adaptation processes and to maintain therapeutic effects
in CD during long-term stimulation. Future studies will
involve AVNS applications in CD (or other extrapyrami-
dal movement disorders) with the proposed dynamics of
the stimulation patterns, aimed at balanced and reduced
non-symmetric muscle contractions.
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Abstract: Permanent denervated muscles were evaluated
by ultra sound (US) to monitor changes in morphology,
thickness, contraction-relaxation kinetics and perfusion.
In a case of monolateral lesion of the sciatic nerve (due to
a surgical neurotomy during the removal of hyperplastic
lifenodes in the pelvis) morphology and ultrasonographic
structure of the denervated muscles changed during a
period of electro stimulation from a pattern typical of
complete denervation-induced muscle atrophy to a pat-
tern which might be considered “normal” when detected
in an old patient. Despite the higher than normal energy
of the delivered electrical stimuli of Vienna home-based
Functional Electrical Stimulation (h-b FES) the muscles
shown electromyografic and ultrasonographyc signs of
re-innervation during the years of training.

Keywords: Reinnervation, skeletal muscle, FES

Introduction

Beside standard clinical RISE testing [1,2], in the Rise2-
Italy project we are submitting the enrolled patients with
peripheral muscle denervation to a new protocol of quan-
titative ultrasonography (we named it Dynamic Echomy-
ography to stress the dynamic components of the analyses
[3-5]) to evaluate changes in Tibialis Anterior (TA) mus-
cle undergoing home-based electric stimulation according
to the Vienna strategies [1,2]. Gross morphology and
ultrasonographic structure, thickness, dynamic properties
of either voluntary or electrical stimulation-induced con-
traction-relaxation cycle, and short-term/long-term modi-
fications of the arterial perfusion in response to voluntary
and electrical stimulation-induced contractions were mon-
itored. We are, indeed, extending to these patients the
training strategies designed in collaboration with the
Ludwig Boltzmann Institute of Electrical Stimulation and
Physical Rehabilitation, Department of Physical Medicine
and Rehabilitation, Wilhelminenspital Wien, Austria that
designed and implemented the new standard for long-term
muscle denervation by means of the European Project
RISE [1,2].

Here we report the case of Rise2-Padua-BN (Female;
27/03/1962) which (due to an injury to the sciatic nerve
after surgical removal of a pelvic mass, 05/10/2006),
presented loss of sensitivity at the anterior-medial aspect

of the leg and the dorsal medial aspect of the foot, lack of
elevation of the right leg and no sign of muscle activation
to attempts of dorsiflexion of the right foot.

Figure 1: Clinical appearance of the denervated and inner-
vated legs. Self-evident muscle atrophy of the right leg.

Methods

Electromyography and Dynamic Echomyography, ac-
cording to [3-5], were performed to evaluate ecogenicity,
thickness, contraction/relaxation kinetics, perfusion and
denervation/reinnervation of leg muscles before and dur-
ing h-b FES [1,2].

Results

Rise2-Padua-BN: EMG (25/10/2006): ... at rest sponta-
neous activity is not present at the tibialis anterior and
extensor digitorum longus muscles of the right leg, nor
activity at attempts of voluntary movements. No motor
response is derivable from the right tibialis n. to stimula-
tion of the lateral popliteal nerve at the knee. No motor
response can be derived from the right pedidius muscle to
stimulation of the lateral popliteal nerve at knee and an-
kle. In 2007 the subject started a 5 day-per-week treat-
ment with electrostimulation for denervated muscles of
the right Tibialis Anterior by triangular exponential cur-
rents (pulse duration 150 ms, intensity 25 mAmp, pause
300 msec) using a Neuroton (Philips) stimulator and then
a Muscular Stimulator for denervated muscles DEMI-
TALIA Model SM1, Leini (TO) Italy (pulse duration 50
ms, intensity 28 mAmp, pause 2000 msec).
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In electromyography of 18.10.2010 "The picture is slightly improved compared to the previous
9.9.2009 as are observed in some parts of the tibialis anterior and extensor digitorum longus mus-
cles signs of motor activity (action potentials) in response to attempts of foot and toes extension.
There are in the muscles of the antero-external loggia motor unit potentials in response to foot
flexion, as result of abnormal innervation by the tibial nerve.

Figure 2: Follow-up of TA muscle thickness (mm) of Rise2-N.B. patient.

EMG (18/10/2010) right lower limb: Signs of neurogenic
pain (mild to medium) to the gluteus medius, gluteus
maximums and biceps femoris muscles. Compared to the
previous EMG assessment, minimal signs of motor activi-
ty are observed in some points of tibialis anterior and
extensor digitorum longus muscles that responded with
minimal extension of the foot and toes to attempts of
voluntary movements. At attempts of foot flexion motor
unit potentials are recorded in the muscles of the antero-
external loggia, as the result of abnormal reinnervation by
fibers of the tibial nerve. The subject is continuing since 5
years the ES treatment and at 25/02/2013 she is able to
slightly dorsi-flect the denervated right foot by triangular
impulses, using the Muscular Stimulator for denervated
muscles DEMITALIA Model SM1.

Discussion

In this case of monolateral sciatic lesion, ultrasonographic
structure of the denervated muscle changed during the
period of stimulation. Thickness improved more in the
middle third of the denervated muscle, reaching almost
the same value as the contralateral innervated muscle
(Figure 2). The denervated muscles analysed with Echo
Doppler showed at rest a low resistance arterial flow that
became pulsed during and after electrical stimulation.
Despite the higher than normal energy of the delivered
electrical stimuli of Vienna h-b FES the muscles shown
echomyographic signs of re-innervation during the train-
ing (Fig. 2). Dynamic Echomyography shows that among
the hyperechogenic atrophic denervated T.A., hypoecho-
genic stretches of innervated muscle fibers contracts dur-

ing both volitional and ES attempts of foot extension and
dorsiflexion. See Movie in BAM On-Line at:
http://www.bio.unipd.it/bam/bam.html.

This case study demonstrates: 1. usefulness of Dynamic
Echomyography in the follow-up; 2. the positive effects
of h-b FES of denervated/reinnervating muscles; and 3.
evidence that h-b FES does not hamper nerve growth and
synaptogenesis.
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Abstract: Neuronal compartment models are a basic and
often used method to investigate the effect of electrical stim-
ulation on the cell. As the outcome of the model heavily de-
pends on the cells morphology and its position relative to
the electrode, a realistic representation of the cell structure
and its variations is of great importance. A method is pre-
sented which allows the quick and easy creation of a three
dimensional neuron morphology on the basis of a single two
dimensional image. Basic properties of this morphology
like local diameters, cell size or the amount of branching
can easily be changed.

Keywords: electric stimulation, neuron morphology, com-
puter simulation, compartment model

Introduction

Many modelling studies of external cell stimulation are con-
cerned with recruitment order and how this order depends
on the shape of target neurons and their position relative to
the stimulating electrode. From the activation function con-
cept it is known that axons are the most excitable elements
and therefore they are in most cases the first candidates to
be stimulated [1]. The following features are important in-
dicators for spike initiation sites: (i) spatial change of the
electrical field, (ii) large fibre diameter and (iii) strong fiber
curvature.

The distance of the neuronal segment to the tip of a mi-
croelectrode and the curvature of the neuron are examples
where thresholds of different morphologies can essentially
differ. One example where this might be of importance are
electrically stimulated skin receptors where strong changes
of the electric field are located below the edges of surface
electrodes. Because of the curvature feature (iii), receptors
in the hairy and glabrous skin are stimulated in a different
way as the course of the nerve fibers is sinuous and winding
in glabrous skin, but straight and stretched in the hairy skin
(comp Fig. 5. in [2]).

Another example are microelectrodes in retinal implants
where the high resolution needed for visual perception re-
quires relatively small electrode dimensions and close prox-
imity to the cells [3] [4]. Three dimensional cell struc-
tures are normally acquired by applying one of the sev-
eral 3D tracing methods. While creating very realistic mor-
phologies these methods are time consuming and require a
high amount of expertise and laboratory equipment. When
building a neuron compartment model, one is faced with
the question whether morphological variations in the stim-
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Figure 1: The same electrical stimulation results in a higher
depolarization of the synaptic terminals in On bipolar cells
than in OFF type cells. The axon length of the ON type cell
was stepwise reduced to 80%, 40% and 20% of its original
size resulting in a decrease in depolarization.

ulated neuron population might influences the outcome of
the model or not.

Methods

Several sources on the internet provide a variety of three di-
mensional neuron geometries. But these databases still only
cover a relatively small amount of different neuron types
and seldom a greater number of neurons of one type. In
many cases one either has to settle for completely artificial
morphologies or 2D-geometries based on images gained by
immunostaining or similar methods.

We developed a program in Matalab which allows us to gen-
erate a 3D cell geometry based on a 2D image (publication
in preparation). For this, the position and size of the com-
partments is defined on basis of the 2D image. The missing
third dimension is then computed using confined, normally
distributed random values. This method enables us to cre-
ate a variety of different cell morphologies while keeping
the characteristics included in the 2D image. This makes it
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Figure 2: Examples for a randomized 3D morphology of a type 2 OFF retinal bipolar cell. (Image taken from [5])
Depicted are, starting from left, the original image, the simplified compartment geometry and three different versions of

the randomized model component.

possible to quickly analyze the impact a change in a certain
feature would have. The approach is demonstrated by using
a passive model of the electrically stimulated cone bipolar
cell which is found in the retina. The electrical potential
during stimulation was calculated using the finite element
method (FEM). In a second step the cells membrane po-
tential was calculated using a compartment model imple-
mented in Matlab [6].

Results

Retinal bipolar cells (BPC) and their structure have been
studied thoroughly [5] [7] but little 3D-data has been made
available. In spite of their very simple structure, 9-12 dif-
ferent BPC have been identified in the mammalian retina.
To investigate the impact of different synaptic and dendritic
branching, multiple cell structures with a randomized third
dimension where generated and only little change in the
model outcome was found. Figure 2 shows the structure
of a typical BPC and three variations of the randomized
third dimension. Variations of the axon diameter resulted
in slightly slower depolarization for thicker axons. While a
change in soma size by +20% to -20% did not result in any
changes. The main morphological difference in between
BPC types is the axon length and with that, the location
of branching in the inner nuclear layer [5]. The shorter
cells being OFF type and the longer ON type cells. Fig-
ure 1 shows the difference in the outcome of a ON and OFF
type cell model. The length of the ON type axon was step-
wise reduced. At 20% of it’s original size, the model output
closely matched that of an OFF type cell resulting in the
conclusion that the difference in activation is caused by the
different axon length. This might be of interest for the de-
velopment of retinal implants where a selective activation
of ON and OFF cells is desirable.

Discussion

The influence of morphological changes on the response of
an electrically stimulated retinal bipolar cell is discussed as
an example for the approach of reconstructing 3D cell ge-
ometries on the basis of a 2D image. In this example, the
difference in depolarization of synaptic terminals between

ON and OFF type cells is found to be caused by the differ-
ence in axon length. Other structural variations have also
been considered and found to have only a minor impact on
the model outcome. While only demonstrated on one type
of cell this approach should offer a quick and easy way to
qualitatively analyze the influence of morphological para-
meters or variations found in 2D representations of any cell.
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