Center for Medical Physics and Biomedical Engineering
Medical University of Vienna

Austrian Society for Biomedical Engineering (OGBMT)

12" VIENNA INTERNATIONAL WORKSHOP ON
FUNCTIONAL ELECTRICAL STIMULATION

Van Swieten Saal, Medical University, Vienna

PROCEEDINGS
ISBN 978-3-900928-12-4



Proceedings

of the

12" Vienna International Workshop on

Functional Electrical Stimulation

Vienna, Austria
September 8-9" 2016

Edited by

Manfred Bijak
Winfried Mayr
Melitta Pichler



Published by

Center for Medical Physics and Biomedical Engineering
Medical University of Vienna, Vienna Medical School
AKH 4L

Waehringer Guertel 18-20

A-1090 Vienna

Austria

Tel.: +43-1-40400-19840
Fax: +43-1-40400-39880

http://www.fesworkshop.org
ISBN 978-3-900928-12-4

-I1 -



Scientific Committee

ALON Gad
AZEVEDO COSTE Christine
BERSCH Ines
CARRARO Ugo
CIUPA Radu
CLIQUET Jr Alberto
CRETU Mihaela
CREVENNA Richard
DANNER Simon
DAVIS Glen
FERRANTE Simona
FROTZLER Angela
GARGIULO Paolo
HELGASON Thordur
JARVIS Jonathan
KELLER Thierry
KNEISZ Lukas
KOCH Klaus Peter

KRENN Matthias
LINDENTHALER Werner
MANDL Thomas
MARTINEK Johannes
MEKIJAVIC Igor
POPOVIC Dejan
QUITTAN Michael
RATTAY Frank

RUPP Ruediger
RUSSOLD Michael
SAUERMANN Stefan
SCHAUER Thomas
SCHMOLL Martin
SPAICH Erika G.
VARGAS LUNA José Luis
VELTINK Peter
WILLAND Michael



-1V -



Table of Contents



Workshop:
Functional Rejuvenation in Aging

Carraro U. et al (Padova, Italy)

THE AGING MUSCLE: CHANGES IN MUSCLE MORPHOLOGY - A
SUMMARY OF THE CURRENT KNOWLEDGE

Gugatschka M. et al (Graz, Austria)

CHRONIC NEUROSTIMULATION FOR TREATMENT OF AGE
RELATED LARYNGEAL MUSCULAR ATROPHY

Karbiener M. (Graz, Austria)

STUDYING THE EFFECTS OF FUNCTIONAL ELECTRICAL
STIMULATION ON THE THYRO-ARYTENOID MUSCLE IN RATS

Workshop:
Electrical Stimulation in Neuromuscular Disorders

Kaniusas E. et al (Vienna, Austria)

OPTIMIZATION OF WAVEFORM SHAPES FOR ELECTRICAL
NEUROMUSCULAR STIMULATION BASED ON CONDUCTIVE AND
DISPLACEMENT MEMBRANE CURRENTS

Schneider-Stickler B. et al (Vienna, Austria)

METHOD FOR SELECTIVE SURFACE STIMULATION OF
DENERVATED MUSCLES IN THE LARYNX

Volk G.F. et al (Jena, Germany)

DETERMINING OPTIMAL SETTINGS FOR SELECTIVE SURFACE
STIMULATION IN ORDER TO RECRUIT PARALYZED FACIAL
MUSCLES UNDER NON PAINFUL CONDITIONS

-VI-

11

15

17



IRIES Workshop with Hands on

Bulgheroni M. et al (Milano, Italy)

REACHING AND GRASPING TRAINING BASED ON ROBOTIC
HYBRID ASSISTANCE FOR NEUROLOGICAL PATIENTS

Gfohler M. et al (Vienna, Austria)
THE RETRAINER ARM EXOSKELETON - A MODULAR

LIGHTWEIGHT DEVICE THAT COMBINES ADJUSTABLE GRAVITY

COMPENSATION, LOCKABLE JOINTS AND NEUROMUSCULAR
ELECTRICAL STIMULATION

Ferrante S. et al (Milano, Italy)

THE RETRAINER CONTROL SYSTEM FOR SUPPORTING ARM
FUNCTIONS

Crema A. et al (Lausanne, Switzerland)
THE RETRAINER HAND ORTHOSIS - AN EVENT-DRIVEN
MODULAR LIGHTWEIGHT DEVICE THAT COMBINES
CONTROLLED HAND-WRIST MOTION AND MULTI-ELECTRODE
NEUROMUSCULAR STIMULATION

Zajc J. et al (Vienna, Austria)

UNIFIED CONTROL INTERFACE OF MULTIPLE DEVICES FOR
UPPER LIMB POST STROKE REHABILITATION

Sessionl: Basic Research

Sevcencu C. et al (Aalborg, Denmark)

BLOOD PRESSURE RELATED NEURAL PROFILES EXTRACTED
FROM PIG LEFT VAGUS NERVES USING AN INTERFASCICULAR
ELECTRODE

Peclin P. et al (Ljubljana, Slovenia)
CAPS IN AN ISOLATED SCIATIC NERVE OF A RAT ELICITED

WITH SPECIFIC STIMULATING PULSES WITHOUT AND WITH
BUPIVACAINE ANAESTHESIA

Werginz P. et al (Vienna, Austria)

NEURONAL ACTIVATION CHARACTERISTICS IN THE
ELECTRICALLY STIMULATED RETINA DURING SUB- AND
EPIRETINAL STIMULATION

Schmoll M. et al (Vienna, Austria)

IN VIVO MEASUREMENTS OF TENSION IN THE TIBIALIS
ANTERIOR TENDON OF THE RAT USING A MINIATURE IN-LINE
LOAD-CELL - PRELIMINARY RESULTS

- VII -

21

25

29

33

37

43

47

51

55



Session 2: Neuromodulation, Rehabilitation strategies

Hofstoetter U. et al (Vienna, Austria)
TRANSCUTANEOUS SPINAL CORD STIMULATION TO INDUCE

STANDING IN INDIVIDUALS WITH MOTOR COMPLETE SPINAL
CORD INJURY

Krenn M. et al (Vienna, Austria)
SENSORY INPUT WITH DIFFERENT RATES OF SUSTAINED

ELECTRICAL STIMULATION CAN MODIFY MOTOR OUTPUT OF
THE HUMAN LUMBOSACRAL SPINAL CORD

Vargas Luna J. et al (Reykjavik, Iceland)

STUDY OF THE EFFECT’S DURATION OF NON-INVASIVE TRANS-
SPINAL STIMULATION TO REDUCE CLONUS ACTIVITY IN
PEOPLE WITH SCI

Anzinger-Weitmann M. et al (Vienna, Austria)

CA 2+ MODEL TO EXPLAIN LONG-TERM EFFECTS OF
LOCOMOTION IMPROVEMENT FROM PARAPLEGIC INDIVIDUALS
DUE TO SPINAL CORD STIMULATION

Weigel G. et al (Vienna, Austria)

TREATMENT OF CHRONIC NEUROPATHIC PAIN: FIRST CLINICAL
EXPERIENCE WITH PERIPHERAL NERVE STIMULATION (PNS)

Session 3: FES Exercise

Bersch I. et al (Notwill, Switzerland)

ROBOTIC ASSISTED TRAINING IN COMBINATION WITH
FUNCTIONAL ELECTRICAL STIMULATION TO IMPROVE LOWER
LIMB FUNCTION AFTER SPINAL CORD INJURY

Thorsen R. et al (Milano, Italy)

A CLINICAL TRIAL ON ARM REHABILITATION USING TASK
ORIENTED THERAPY AND MYO-ELECTRICALLY CONTROLLED
FES (MECEFES)

Szecsi J. et al (Munich, Germany)

LOW POWER OUTPUT OF FES CYCLING IN SUBJECTS WITH SCI, A
BIOMECHANICAL VIEWPOINT

Mravcsik M. et al (Pecs, Hungary)

FES DRIVEN LOWER LIMB CYCLING BY FOUR AND EIGHT
CHANNEL STIMULATIONS — A COMPARISON IN A CASE STUDY

- VIII -

61

65

67

71

75

79

83

85

89



Schils S. et al (River Falls, USA) 93

THE COMPARISON OF THE USE OF FUNCTIONAL ELECTRICAL
STIMULATION (FES) FOR MOBILITY IN HUMAN SPINAL CORD
INJURY AND FOR USE IN MUSCLE SPASM AND ATROPHY
REHABILITATION IN HORSES

Valtin M. et al (Berlin, Germany) 97

ONLINE ASSESSMENT OF VOLITIONAL MUSCLE ACTIVITY FROM
STIMULATION ELECTRODES IN A DROP FOOT
NEUROPROSTHESIS

Session 4: Technologies, Engineering, Sensors

Troyk P. et al (Chicago, USA) 103
THE INTRACORTICAL VISUAL PROSTHESIS (ICVP) SYSTEM
Bijak M. et al (Vienna, Austria) 105

IMPLANTABLE ELECTRICAL STIMULATOR FOR SMALL
ANIMALS: PRELIMINARY RESULTS

Lanmiiller H. et al (Vienna, Austria) 109
IMPLANTABLE ELECTRICAL STIMULATOR OPTIMIZED FOR
ANIMAL STUDIES

Kast C. et al (Vienna, Austria) 111

MODULAR MULTI-CHANNEL REAL-TIME BIOSIGNAL AND
SENSOR INTERFACE FOR MOVEMENT CONTROL APPLICATIONS

Nalbach M. et al (Vienna, Austria) 115

FREQUENCY CHARACTERISTICS OF POWER COILS UNDER
PRACTICAL FMS CONDITIONS

Gondola H. et al (Vienna, Austria) 117

MAGNETIC FIELD INDUCED HEATING OF METAL IMPLANTS
DURING FMS ON THE EXAMPLE OF AN ARTIFICIAL HIP JOINT

-IX -






Workshop:
Functional Rejuvenation in Aging






The aging muscle: Changes in muscle morphology —
A summary of the current knowledge

U. Carraro', H. Kern*?

'Fondazione Ospedale San Camillo, Venezia-Lido, Italy
2Ludwig Boltzmann Institute of Electrical Stimulation and Physical Rehabilitation, Vienna, Austria
3Institute of Physical Medicine and Rehabilitation, Wilhelminenspital, Vienna, Austria

Abstract: In a detailed review of literature, Mitchel et al. state that “Changing demographics make it ever more
important to understand the modifiable risk factors for disability and loss of independence with advancing age. For
more than two decades there has been increasing interest in the role of sarcopenia, the age-related loss of muscle or
lean mass, in curtailing active and healthy aging. There is now evidence to suggest that lack of strength, or dynapenia,
is a more constant factor in compromised wellbeing in old age and it is apparent that the decline in muscle mass and
the decline in strength can take quite different trajectories . This demands recognition of the concept of muscle quality,
that is the force generating capacity per unit cross-sectional area (CSA). An understanding of the impact of aging on
skeletal muscle will require attention to both the changes in muscle size and the changes in muscle quality. The aim of
this review is to present current knowledge of the decline in human muscle mass and strength with advancing age and
the associated risk to health and survival and to review the underlying changes in muscle characteristics and the
etiology of sarcopenia. Cross-sectional studies comparing young (18—45 years) and old (>65 years) samples show
dramatic variation based on the technique used and population studied. The median of values of rate of loss reported
across studies is 0.47% per year in men and 0.37% per year in women. Longitudinal studies show that in people aged
75 years, muscle mass is lost at a rate of 0.64—0.70% per year in women and 0.80-00.98% per year in men. Strength is
lost more rapidly. Longitudinal studies show that at age 75 years, strength is lost at a rate of 3—4% per year in men and
2.5-3% per year in women. Studies that assessed changes in mass and strength in the same sample report a loss of
strength 2—5 times faster than loss of mass. Loss of strength is a more consistent risk for disability and death than is
loss of muscle mass”.

Though authors spend several thousand of words to understand the cellular mechanisms of dynapenia, that is the
decreased strength of aged muscle, three hypotheses are still to be proved or disproved (or weighted for the relative
contribution): i) Intramuscular molecular and ultrastructural properties; ii) Muscle fibre adaptation/change in fibre
type or number; iii) ratio of myofiber to extracellular connective tissues (including fascia and tendon properties).
Surprisingly, the most obvious factor, the dependence of muscle fibre size and characteristics from innervating motor
units is under looked. 1 will discuss all these factors (detailed described in the attached abstracts of relevant
publications, in particular those of the Helmut Kern’s group) with particular attention to neuro-muscular interactions
as potential target for effects of Functional Electrical Stimulation (FES) on aged muscles. 1 would like to outline
current understanding of the changes that occur in human skeletal muscles with age, describing changes in structure
size and thus in function and then describe causes and potential interventions. The complex etiology and physio-
pathology of mobility impairments due to aging ask for a multifactorial approach to delay this unavoidable process.’
Beside volitional physical activity,”’ including Total-Body In-Bed Gym,"" Functional Electrical Stimulation may be
applied in case elderly persons are unable or reluctant to do them."”

Keywords: skeletal muscle, aging, aging, muscle quality, strength, impact of denervation, FES and other interventions
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Chronic neurostimulation for treatment of age related
laryngeal muscular atrophy

M. Gugatschka', M. Karbiener', J. Perkins®, C. Gerstenberger', J. Jarvis®, G. Friedrich'

'ENT University Hospital Graz, Department of Phoniatrics, Medical University of Graz, Austria
’The Royal Veterinary College, Department of Clinical Sciences and Services, London, UK,’
*Faculty of Science, John Moores University, Liverpool, UK

Abstract: Muscle atrophy as part of the ageing process also affects the larynx, where it constitutes the major cause of
presbyphonia. Current treatment options are mainly conservative or phonosurgically based and are far from being
satisfactory. Electrical stimulation of motor neurons constitutes a promising strategy.

Materials and Methods: Using aged sheep as an animal model electrical chronic stimulation of laryngeal muscles was
achieved via a mini-electrode that targeted the right recurrent laryngeal nerve (RLN; unilateral stimulation).
Functional electrical stimulation (FES) implants were programmed to deliver a pattern able to evoke supramaximal
muscle stimulation over a period of 29 days. At the end of the study, vocalis and posterior crico-arytenoid muscles were
excised and analyzed molecularly and histologically. To quantify the expression levels of genes related to distinct
muscle fiber types, a real-time PCR (RT-qPCR) analysis pipeline was newly established.

Results: First results showed a shift towards larger muscle fiber diameters of the stimulated side, compared to the
unstimulated control side. Based on this, chronic electrical stimulation of the RLN can induce hypertrophy of the
vocalis muscle even after a relatively short stimulation period of 29 days. Upcoming trials will focus on longer
stimulation periods as well as more intense stimulation algorithms.

Keywords: Ageing, muscle atrophy, larynx, electrical stimulation, animal model






Studying the Effects of Functional Electrical Stimulation on the
Thyro-arytenoid Muscle in Rats

M. Karbiener

ENT University Hospital Graz, Department of Phoniatrics, Medical University of Graz, Austria

Abstract: Aim of the study was to induce muscular hypertrophy of the thyroarytenoid muscle (TAM) by functional
electrical stimulation (FES) of the recurrent laryngeal nerve (RLN) in rats to counteract age related muscular atrophy.
This can be a new treatment option for reversing the glottic gap as main feature of the presbylarynx. Conditioning
patterns were determined in acute trials by exploring fatigue parameters of the TAM. For chronical trials, a cuff
electrode was sutured unilaterally around the RLN and connected to a radio-frequency controlled implant fixated
subcutaneously in the back region. A preliminary trial in younger rats (age: 5 months) was pursued to establish
surgical and methodological procedures. Another trial employing older rats (age: 21 months) was done subsequently.
Training patterns were delivered once daily without additional anaesthesia required for a period of 6 weeks. Myosin
heavy chain analysis was performed by qPCR. After a short training period of six weeks we identified significant
increases of mean feret diameter and TAM area when compared to an untreated age-matched control group. There was
no change in the number of fibers and additionally no undesired fast-to-slow fibers twitch detectable. FES induced
increases of muscle fibre diameters and can be a new treatment strategy to reverse the effects of laryngeal muscle
atrophy.

Keywords: age related laryngeal muscle atrophy, glottic gap, dysphonia, functional electrical stimulation






Workshop:
Electrical Stimulation in
Neuromuscular Disorders



-10 -



Optimization of waveform shapes for
electrical neuromuscular stimulation based on
conductive and displacement membrane currents

Kaniusas E, Kampusch S, Thiirk F, Krenn M.
"Institute of Electrodynamics, Microwave and Circuit Analysis, Vienna University of Technology, Austria
kaniusas(@tuwien.ac.at

Abstract: Neuromuscular stimulation requires energy-efficient waveforms. An external stimulus is needed, which
produces a dynamic conductive current above a certain threshold across the membrane of an excitable cell. Since the
membrane acts also as a capacitor, a displacement current across the membrane necessarily associates this conductive
current. The sum of both the displacement and conductive currents yields the external current stimulus. Thus the
displacement current composes the reactive power of this stimulus, which does not contribute to neuromuscular
excitation but does disadvantageously increase the total power/energy costs of the external stimulus. In order to render
energy-efficient waveforms of the external stimulus, which is usually done on empirical basis, the conductive and
displacement currents and their specific temporal behaviour are considered here within the scope of a simple
membrane model to describe the membrane depolarization just before a subsequent action potential. The proposed
methodology offers a simple theoretical basis and optimization guidelines for the design of energy-efficient waveform
shapes of the external current stimulus.

Keywords: Neuromuscular stimulation, stimulation waveform, energy efficiency, displacement current

Introduction excitation. In terms of space, for instance, transversal
currents across the axon of an excitable cell are less likely
to excite this cell than longitudinal currents of the same
magnitude along the axon [2]. In terms of time, the shape
of the stimulation waveform and especially its temporal
dynamics govern the cell excitation and its threshold. The
excitation requires a certain dynamics which is not too
slow in order to override accommodation effects and not
too fast to avoid both the refractory behaviour and non-
depolarizing  displacement currents draining the
stimulators battery [3]. For instance, the excitatory
depolarizing stimulus should be fast enough to open the
lifetime up to its expensive and invasive replacement after relatively fast voltage-gated Na® channels depolarizing
battery depletion. On the other hand, the tissue damage i (he cell membrane but not the relatively slow voltage-
determined by the total charge delivered during each gated K* channels repolarising the membrane [3].

stimulus [1] so that minimal energy but still excitatory  hile the accessibility of spatial parameters for their
parameters of the stimulus waveform are required. energy-efficient optimization is hardly given, temporal
Spatial and temporal parameters of the electrical  parameters of the stimulation waveform are determined
stimulation = waveforms  determine  neuromuscular by engineers and thus are readily available for their

Micro-electrodes e )
Ax o
( : N e
,‘::,*u
7 * !
\ .

The energy-efficiency of the electrical neuromuscular
stimulation, i.e., the excitation of nerve or muscle cells, is
a crucial issue with respect to the size of neuromuscular
wearable and implantable stimulators, and stimulation-
induced local tissue damage. The size and operation
duration of such stimulators are largely determined by the
battery size which, in turn, is proportional to the total
power and energy of electrical stimuli delivered via the
stimulating electrodes. Thus, the better is the energy-
efficiency of the stimulation, the longer is the stimulator’s

- —
Ground electrodes \

(in extracellular space) /

Induced currents
Axon

Figure 1: Stimulation set-up with the injected current i (=ig + ic) and the resulting voltage u across the cell
membrane. The equivalent electrical circuit model for the passive membrane response denotes the conductive
current Ig in parallel to the displacement current ic.
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arbitrary optimization.

Empirical settings, quite complex computational and
analytical models are used for the charge-related, power-
related, or energy-related optimization of waveform
shapes [1,2,4]. Controversial results are frequent because
of varying experimental settings and complex models
[1,4].

In the present work, a simple model and a few simple
optimization guidelines will be derived for an energy-
efficient optimization of temporal parameters, i.e., of the
waveform shape of the electrical current stimulus. In
particular, the effective and reactive components of the
stimulus will be separated for the latter optimization
based on the strength-duration curve. The model
considers a single spatially-limited membrane with the
associated simple closed-form mathematical expressions
for underlying electrical processes and the resulting
subthreshold relationships. This is because even large-
scale macroscopic excitations are a result of individual
excitable cells, so that the following consideration of a
single isolated membrane of a single excitable cell
provides a useful and clear basis.

Methods

Basics

A passive response of the membrane voltage u# of an
excitable cell to an external current i as well as the
membrane’s pre-excitation state (subthreshold behaviour)
can be modelled with a simple linear equivalent electrical
circuit model, as shown in Fig. 1. It includes the resting
membrane voltage Uy, the electrical conductance G’-Ax
of the membrane (with G’ as the conductance related to
axon’s axial length x) determined mainly by the number
of passive K” resting channels in the membrane, and the
capacitance C = C’-Ax determined by the lipid double
layer of the membrane. Typically, Uy is around -70mV,
G =G’/(nD) is about 1mS/cm’, and C’’ = C’/(nD) is
about 1uF/cm?, with D as the axon diameter in the typical
range of 0.5-20um [3].

The resting state of the membrane is denoted by u = Uy
with i=0. An external current i <0 perturbation (i.e.,
positive i inwards through the membrane) yields a graded
hyperpolarization of the membrane with the associated
u < Ug . In contrast, a perturbation i >0 (i.e., positive i

outwards through the membrane) yields a graded
a) i, g, ic b)
‘ .
IT.I i L
e T . y
Y Au/R
jﬁ \
SNl : ) t
(=30
T

depolarization with u>Ui. The extent of this
depolarization determines if the membrane becomes
finally excited or not in the non-graded all-or-none
fashion and generates an action potential. Typically, Au of
about 20mV [3] is needed to reach the excitation
threshold level of u = Uy + Au = ur = -50mV (> Uy).

Proposed optimization

It is important to recognise that not the external i is
primarily responsible for the membrane’s u depolarization
towards ur but, to be more precise, only its conductive
component ig, which passes the leakage resistance
R=1/G’-Ax (Fig. 1). In fact, real conductive currents
(across mainly passive K* resting channels) are needed
for the membrane depolarization so that iz can be
considered as an effective component of i in terms of the
depolarization. Another component of 7, the displacement
current ic, crosses the membrane capacitor (with its C) in
order to discharge it during the depolarization (i.e., the
capacitor charge |C-ut| < |C-Ug|). This component ic can
be considered as a reactive component of i, which does
not directly contribute to the depolarization but increases
the level of i and thus the energy costs of the stimulation.
In other words, not only the temporal dynamics of the
applied i = ig + ic govern the depolarization but also the
RC behaviour of the membrane, since only the partial
current g determines the depolarization-relevant
Au = ig - R (Fig. 1). Likewise, the relationship between Au
and the waveform parameters of i (e.g., its pulse duration)
should be instructive in the design of energy-efficient
waveform shapes. Such resulting parameters would
prevent both under-depolarization (u<wur) and over-
depolarization (x> ur) and thus make sure that these
optimised waveform shapes have just the necessary but
minimum energy for a successful excitation (right at
u= I/lT).

To start with, we assume step current pulses of i(?), i.e., a
simple rectangular waveform shape over time f, and
derive the aforementioned relationship. The transfer
function between i(f) with its magnitude I and ig(¢) with
its magnitude Ig for the angular frequency w = 2xnf'is

1
Iy =———~
1+ joRC

The associated ig(#) for the step current pulse i(f) with its
magnitude / (Heaviside step function) can be readily

ey

It A Non-optimal

excitation for

{ 1> It

Ity | Optimal excitation

JforI:IT

~ No excitation for
| > I<I
T T, (=37) T

It

Figure 2: a) Rectangular current i (= ig + ic) stimulus with its duration 7 and the associated
conductive ig and displacement ic components. b) The current strength-duration curve (Eq. 3),
quantified as the threshold current magnitude It in relation to 7.
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solved as

() =1-(1-¢") 2
with 7= RC. That is, the necessary threshold magnitude
I = I of the now rectangular i(#) with its pulse duration T’
(Fig. 2a) in order to reach Au = i - R follows from Eq. 2
as

_ Au/R

3)
In fact, Eq. 3 represents the well-known strength-duration
curve, as shown in Fig. 2b. Please note as 7T — oo,
It — It., = Au/ R. From a practical point of view, we can
already approximate It = 1.05-I1,,~ It,, for T> 3z.

As an approximation, the energy-efficient excitation can
be expected along this curve for rectangular pulses i(7)
with their parameters I=1I; and T from Eq. 3 (see
limitations from the discussion). Likewise, I> Iy
corresponds to an energetically unfavourable over-
depolarization at a given 7, with i(#) then having too high
I (grey area in Fig. 2b), whereas I <Ir implies under-
depolarization without a subsequent action potential.

In practical terms, Eq. 3 yields an energy-efficient I = It
given a certain 7, which can be considered as an
optimization/design guideline. In analogy, an energy-
efficient 7= T can be expressed from Eq. 3 as

T, = r-In( ) @)

RI - Au
given a certain I, which then composes another
optimization guideline. Please note that since RI> Au,
Tr>0 in Eq. 4. Likewise, T> Ty corresponds to an
energetically unfavourable over-depolarization at a given
I (grey area in Fig. 2b), whereas T < Tt implies under-
depolarization.

Results

Fig. 2a demonstrates ig (Eq. 2) and ic (=i-1ig) for a
rectangular i. Since the component ig is crucial for the
membrane depolarization, please note that a high
momentary ic indicates a relatively weak depolarization

because of the associated low ig (<ic). Likewise, a
relatively high I = It would be needed to reach Au at this
particular moment. In contrast, a disappearing ic (< ig)
indicates the maximum possible depolarization by ig and
thus a relatively low I = It required to reach ur.

The associated strength-duration curve (Eq. 3) in Fig. 2b
indicates two threshold magnitudes Ir. and It; (> Ir.,)
with the respective T, (=37) and 7| (<T,). These
parameters are also depicted in the time courses of Fig. 2a
to illustrate the mutual relationship between Fig. 2a and
Fig. 2b.

Proposed energy-efficient optimization of the rectangular
waveform shapes of i is illustrated in Fig. 3, with the
relevant stimulation set-up from Fig. 1. Fig. 3a facilitates
the guideline from Eq. 4 in finding the optimum 77 (= 37)
for an arbitrary selected I=1I;, of a depolarizing
monophasic stimulation impulse. As an alternative, Tt can
be found by numerically tracing i up to the threshold
level Au /R.

Another typical stimulation waveform, the biphasic pulse,
is considered in Fig. 3b along the guideline from Eq. 3.
While the first negative impulse leads to the
aforementioned graded hyperpolarization and the
associated decrease of ig, the second depolarizing
impulse leads to the graded depolarization with increasing
i (Eq. 2). The magnitude I of the second impulse is
optimised based on Eq. 3 for a constant T (Fig. 3b). An
increasing I shows the transition from under-
depolarization without excitation (I < Ir), to the optimal
excitation (I =Ir), and then to over-depolarization with
excitation but with wasted impulse energy (I > Ir).

In analogy to Fig. 3a, the numerical tracing of ig (but not
of the total i) up to the threshold Au/R leads to an
optimum [ = It. This possibility of tracing highlights the
applicability of the proposed optimization procedure to
any waveform shape needed.

Discussion

The present work provides a simple methodological basis
for optimization and design of energy-efficient waveform
shapes for electrical neuromuscular stimulation. The
major clue is that not the waveform of the applied

a) ; No Optimal Non-optimal
PEA excitation excitation excitation
Ire ] -
ig Optimization
ﬁ . AulR />3r of T at given It
01 — o —
T
b) Depolarizing pulse
/
IT,I -t ¥ A
i I> It Optimization
0 y ! tAu/R / y of I at given T
> o ..
T Hyperpolarizing pulse

t

Figure 3: Proposed optimization of the current i(f) waveform shapes based on the strength-duration curve
(Fig. 2b). (a) Optimization of monophasic stimulation impulses in terms of varying T (Eq. 4). b) Optimization
of biphasic impulses in terms of varying amplitude / (Eq. 3) of the second depolarizing pulse.
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external current i through the membrane of an excitable
cell is primarily responsible for the excitation of the cell
but the associated conductive current i across this
membrane. The additive displacement current ic can be
considered as a reactive component which does not
directly contribute to the depolarization but increases the
total i and thus the energy budget of the stimulation
procedure.

Likewise, a simple RC model for the pre-excitation state
of the membrane (subthreshold behaviour) is consulted to
estimate ig out of i (= ig + ic). As soon as the excitation
condition (Au = ig - R) is met by the rather inert course of
ig over time, the momentary waveform of i (or the
momentary parameters of i) can be considered as being
already excitatory and energy-efficient (in line with the
strength-duration curve). If this condition is surpassed, the
excitation still takes place but the energy budget is not
optimal.

As a simple example, the case of a stimulating rectangular
pulse i - with its parameters such as the magnitude / and T
to be optimised - is considered here. Theoretical
considerations in Eqgs. 3,4 and a schematic illustration in
Fig. 3 illustrate the proposed energy-efficient
optimization of / and 7. A transition is clearly shown
from under-depolarization without excitation, to the
optimal energy-efficient depolarization with the
subsequent excitation, and up to over-depolarization with
excitation but also with wasted stimulation energy.

The considered monophasic and biphasic pulses are quite
common in neuromuscular stimulation. The presented
method is also applicable to any shape of stimulating
waveforms, such as saw-tooth, exponential, or sinusoidal
waveforms. However, the solution of the differential
equation (Eq. 1) would differ from Eq. 2 because ig and ic
have then different time courses, which affects the
fulfilment of the excitation condition from above. In
addition, a numerical tracing of ig in the time domain
(based on the RC model) could also be applied for any
stimulating waveform in order to figure out waveform
parameters at which the latter excitation condition is just
fulfilled.

Derived optimization guidelines refer to current as the
used external stimulus. However, waveforms of voltage
stimuli could also be energetically optimised but with a
different transfer function (different from Eq. 1).

An optimization of waveform shapes may focus not only
on the strength-duration curve (as used in this work) but
also on the minimization of the total delivered charge
i(f)'t (to minimize tissue damage) or of the total energy of
the stimulating waveform oc i*(r)t (to maximize battery
lifetime), as applied in [1]. Obviously, different
optimization criteria yield different optimization results:
shorter T of rectangular pulses tend to yield a greater
charge efficiency, longer T a greater power efficiency,
and medium 7 (around chronaxie) a greater energy
efficiency [1,2].

It should be noted that the proposed optimization
guidelines require either RC model parameters or the
relevant strength-duration curve. Another limitation of the
procedure is that it is designed for the simplest set-up

with implanted electrodes and transversal depolarizing
currents across the membrane of a single excitable cell
(Fig. 1). Longitudinal currents along axons as well as
surface electrodes require consideration of many more
model parameters, which should account, for instance, for
the (non-linear) contact impedance of (polarizable or non-
polarizable) electrodes and heterogeneous tissue
properties with embedded excitable cells.

Another limitation is that the accommodation behaviour
of the membrane is ignored, i.e., an increase in Au during
extended subthreshold stimulation. Furthermore, the
leakage resistance R (Fig. 1) is a non-linear function of u.
In the resting state and during sub-threshold stimulation R
is determined by passive K’ resting channels in the
membrane and stays constant only up to about 80% of the
action potential threshold ur [2]. For supra-threshold
stimulation, R decreases and is now mainly governed by
voltage-gated Na" and K" channels.

Obviously, the relevance of the proposed methodology
should be validated with respect to numerical modelling
and/or experimental data using a more realistic membrane
model.

However, the present work offers a possibility to step
from an empirical or complex analytical optimization of
stimulating waveforms with respect to their energy-
efficiency towards a tangible, instructive, and rather
simple theoretical approach. This may speed up, render
transparent, and simplify the design of energy-efficient
stimulating waveforms in future.
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Method for selective surface stimulation of
denervated muscles in the larynx
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Abstract: Vocal fold paralysis is a pathological motion impairment of one vocal fold, mostly caused by laryngeal nerve
damage. If the vocal fold does not reinnervate a flaccid paralysis occurs due to denervation of the vocalis muscle and
its atrophy. Patients with unilateral vocal cord paralysis suffer from hoarse and weak voice since there is always a
remaining glottic gap during phonation. Today’s standard treatment of unilateral paralysis includes surgical
medialization through either injection augmentation or laryngoplastic framework surgery.

We want to investigate whether it is possible to selectively stimulate the denervated muscle fibers of the vocalis without
causing pain or excitation of sensory nerve fibers or activation of innervated muscles in the neck region. The goal is 1.
a verivication of functionality for screening and 2. a strengthening and increase in total volume of the target muscle on
order to improve voice quality in patients with unilateral paralysis.

In combination with voice therapy also electrical stimulation of laryngeal muscles has alraedy been used in order to
achieve hypertrophy]. Furthermore research with functional electrical stimulation of patients with long time denervated
limb muscles showed very promising results.

The selective stimulation of denervated muscles has been investigated in rabbits with unilateral paresis of the recurrent
laryngeal nerve. It could be shown that with triangular ramping and very long pulses (> 200ms) the afferent nerve
fibers where not stimulated but only denervated muscle, with change in muscle fibers confirmed through histology. It is
to be investigated if these findings can be repeated with surface electrodes positioned in the neck area and successful
stimulation of the denervated vocalis muscle can be performed without causing pain and excessive contraction of
neighboring neck muscles rendering treatment impossible. The optimal stimulation parameters for this application and
ideal position of the surface electrodes have yet to be investigated.

Keywords: Ageing, muscle atrophy, larynx, electrical stimulation, denervated muscles
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Determining optimal settings for selective surface stimulation in order
to recruit paralyzed facial muscles under non painful conditions
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Abstract:

Purpose:

Facial nerve paralysis as a peripheral nerve injury results in neuromuscular atrophy. The symptoms include significant
aesthetic, functional and often life-altering consequences. Several procedures such as Nerve Grafting, Facial
Reanimation and Rehabilitation have been developed to treat functional and cosmetic aspects of this disease. Nerve
grafting is a sophisticated surgery, which requires experience but offers promising results. Although cable grafting is
state of the art, the method suffers the disadvantage of long nerve regrowth time. Facial Pacing systems too show
promising results to treat facial paralysis. Former research showed good results stimulating denervated extremity
muscles using FES. Nevertheless this field of research is still lacking optimal stimulation settings to selectively recruit
denervated atrophic or simply age-related atrophic facial muscles under non painful conditions.

Methods:

Several Devices are considered to investigate optimal stimulation settings. To encourage noninvasive screening
methods for facial pacing, surface electrodes are used to estimate the optimal settings for stimulations. The use of
surface electrodes causes the need for optimized electrode positioning, which is also investigated.

Results:

Martin et al. showed that recruitment of denervated muscles requires exponentially shaped pulses with long phase
durations(>200ms). The outcome of our investigation confirms these findings as well, showing best performance when
recruiting paralyzed facial human muscles with biphasic long-duration impulses. It is crucial to position the surface
electrodes appropriately in order to avoid stimulation of innervated muscles, for instance the masseter muscle.
Conclusions:

Surface electrodes, combined with the optimal stimulation settings, offer a screening possibility for facial pacing. Since
muscles affected by age-related atrophy could be recruited too, further research is necessary to show effectiveness of
training using the determined exponential patterns.

Keywords: Facial nerve paralysis, surface electrodes, electrical stimulation
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Reaching and grasping training based on robotic hybrid assistance for
neurological patients
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Abstract: The aim of the RETRAINER project is to tune and validate advanced, robot-based technologies to facilitate
recovery of arm and hand function in stroke survivors and to verify extensively the use of the system by end-users.
RETRAINER allows the users to use their own arm and hand as much and as soon as possible after the trauma so to
achieve the best outcomes in rehabilitation. RETRAINER makes available two systems that could be used either combined
or stand-alone. RETRAINER S1 provides the end-user with a robot that does not completely take over the user’s tasks
and substitute the functionality of the body, but specifically supports the user only whenever he/she really needs support.
Residual functionality is trained and improved on rather than replaced by the robotic device. Arm movements is supported
by the combined action of a passive exoskeleton for weight relief and Neuromuscular Electrical stimulation
(NMES)delivered to several arm muscles in a controlled manner. RETRAINER S2 exploits a wearable NMES system with
multiple arrays of electrodes for hand rehabilitation facilitating the grasping function. Both systems benefit from use of
interactive objects, i.e. daily-life objects able to supply information about themselves to drive usage.

The systems will undergo a thorough randomized control clinical trial with end users to assess their efficacy in
rehabilitation.

Keywords: Hybrid robotic rehabilitation system, stroke survivors, upper limb rehab, exoskeleton, wearable functional
electrical stimulation, myocontrol neuroprosthesis, randomized control clinical trial

Introduction of all deaths [2]. There are currently approximately 8
million stroke survivors in the European Union (EU).
Stroke costs the EU over 62 billion euros a year including
the cost of health care services, medications to treat stroke,
and missed days of work. Stroke is a leading cause of
serious long-term disability.

Stroke is the main cause of permanent and complex long-
term disability in adults and has implications for patients,
caregivers, health professionals and society in general [1].
Stroke is the second most common cause of death in
Europe, in 2008, there were approximately 1.3 million
deaths from stroke in Europe, accounting for almost 14%
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At present there is no routinely available curative treatment
for stroke patients and therefore rehabilitation
interventions are relied upon to maximize patient
outcomes. Upper limb (arm) hemiparesis is widely
reported in the literature as one of the primary impairments
following stroke. While many patients recover ambulatory
function after dense hemiplegia, restoration of arm motor
skills is often incomplete.

Rehabilitation’s outcomes often conclude in incomplete
motor recovery and over 60% of patients cannot use their
paretic hands in functional activities [3]. Nevertheless, the
recovery of voluntary arm movements is one of the most
important goals during stroke rehabilitation in order to
avoid long- term disability in activities of daily living
(ADL), social and occupational activities, and depression.
The aim of rehabilitation is to reduce impairment and
minimize disability and a number of interventions to
achieve these aims and improve arm function after stroke
have been suggested.

The aim of RETRAINER Project is to tune and validate
advanced robot-based technologies to facilitate the
recovery of the arm and hand functions in post-stroke
patients, and to extensively verify the use of the system by
end-users under three perspectives: 1) the usability of the
system in clinical and in home settings; 2) the perceived
benefits by the end-users and the informal and formal
caregivers; 3) the impact of the use of the system on the
rehabilitative outcomes.

RETRAINER system overview

RETRAINER makes available two systems which could be
either combined or used stand-alone according to users’
needs.

RETRAINER S1 - Training of arm movements: S1
provides the end-user with a robot that does not completely
take over the user’s tasks and substitute the body’s
functionality, but specifically supports the user only
wherever he/she really needs support. Residual
functionality is trained and improved rather than replaced
by the robotic device. Arm movements are supported by a
combined action of a passive exoskeleton for weight relief
and Neuromuscular Electrical stimulation (NMES)
delivered to arm muscles in a controlled manner (Fig.1).
The lightweight exoskeleton provides the user with an
adjustable amount of weight support to reduce necessary
muscular effort for movements and at the same time NMES
increases muscle activation and strengthen the muscles.
Stimulation amplitudes is controlled based on the residual
EMG activities of the same stimulated muscles since the
combination of NMES with the voluntary effort of the
patients seems to maximize the therapeutic effects of
NMES, thus having the highest potential to increase the
rehabilitative outcomes.

From a rehabilitative point of view, RETRAINER S1 has
the major advantage of being intrinsically controlled by the
subject himself/herself and stimulating the use of the arm
in a context of real life activities, it indeed ensures the
active participation of the users while keeping a good level
of assistance to the user, depending on the condition.

RETRAINER S2 - Training of hand functions: Electric
stimulation as restorative or assistive technology is among
the best available practices, though not necessarily
widespread in clinical environment. In the framework of
RETRAINER, a novel wearable NMES system with
multiple arrays, which could be a modular tool usable as a
platform for grasp rehabilitation potentially improving the
clinical applicability of NMES is being developed. The
device is designed for providing electrical stimulation on
extrinsic and intrinsic grasp muscles. It is composed of
independent electrode arrays, customizable to user needs
and anthropometric characteristics, which can be donned
on the user forearm and hand, and can deliver NMES
provided by an external stimulator with demultiplexers.
The actual implementation offers a  scalable
anthropometric based design, which takes advantage of a
priori knowledge of human anatomy. The aim is to have a
device, with modular components that can be adapted to
single patient needs (Fig.2). The stimulation patterns can
be manually tuned to elicit functional grasp, to obtain
whole muscle conditioning, and to produce open-loop or
closed-loop grasp control.

stimulatar

embedded contral

I N 3 :
Figure 1: Digital mock-up of the complete RETRAINER
S1 system

Figure 2: RETRAINR S2 system: electrode arrays, hand
orthosis, interactive object.

RETRAINER interactive objects: Both systems will
benefit from the use of interactive objects. Interactive
objects are daily life objects able to supply the robotic
system with some information on themselves (e.g. physical
characteristics, expected sequence of use) to drive their
usage. The objects are equipped with RFID (Radio
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Frequency IDentification) tags and a suitable reader
embedded in the robotic system. A devoted processing of
Received Signal Strength Indication (RSSI) from the RFID
tags and environmental constraints allow the recognition of
the selected objects among several ones. The system
identifies the proximity of an object to start grasping, the
size and weight of an object to modulate grasp, the
proximity of the table to return an object and to relax the
hand [4]. The developed algorithms allow repeated
selections of “target objects” aimed at driving a sequence
of tasks in a known environment while the user is
interacting with them. As soon as the sequence of tasks
develops the system plans next task to be performed.

RETRAINER clinical trial

Potential end users will be selected among stroke patients.
A subject will be considered eligible if his/her brain
hemispheric lesion is unilateral, if s/he has no history or
evidence of previous neurological and/or psychiatric
disorders, if s/he is vigilant, collaborative and without
global cognitive impairment. This last feature will assure
the possibility for the potential participant subject to accept
and sign by him/herself the informed consent.

The primary endpoint is the pre- and post-treatment
difference in the ARAT Test, as well as in the other clinical
scales that measure the effectiveness of the treatment.
Sample size will be defined on the basis of ability to detect
a Minimally Clinically Important Difference for primary
outcome measure. It is calculated that a sample size of 68
patients would be capable of detecting a between-group
difference of 5.67 points in the primary endpoint, this is the
value indicated like Minimally Clinically Important
Difference in Chronic Stroke population with a standard
deviation of 12.5, a type I error of 5%, and a power of
80%78. Since ARAT is the reference scale for the upper
limb functions, we consider it as the primary outcome
measure of either the clinical trial with S1 and the one with
S2. 68 end users will then be recruited for each clinical
center.

NMES treatments literature suggests that effective
treatments have prolonged duration and frequent sessions
[5]. In this study, we will have not less than 30 minutes of
effective NMES per session. Each session will last one
hour considering the don on and off time, setup and
calibration. The treatment will include three sessions a
week for nine weeks for each end-user. The clinicians will
choose a subset of exercises according to patient’s
condition and needs and will define the set of exercises to
be performed at the beginning of the training session. The
composition of each training session could be changed by
the clinicians before starting according to the clinical
situation of the patient. The RETRAINER software
running on the tablet provides an interface for the therapist
to setup the system for the patient, including configuration
and calibration of all attached modules as well as teaching
of reference positions if needed. The exercise subset
includes arm and hand dedicated exercises. See in the tale
below some examples.

Flexion and extension of
fingers

Anterior Reaching
Exercise on plane

Anterior Reaching
Exercise in the space

Grasp and release objects

Grasp, move and release
Moving Object on a object on a plane

plane Grasp, move and release

Moving Object on a object in the space

plane in the space Flex Extension of wrist

Moving Object in space  and fingers

Lateral elevation on
frontal plane

Hand to Mouth

Hand to Mouth with an
object in the hand

Additionally to the main outcome measure, other specific
outcomes will be measured to best evaluate the effects of
the trials. Some of these clinical and quality of life outcome
measurements are: Mini-Mental State Examination
(MMSE), motricity index, Motor Activity Log (MAL),
Box & Blocks Test (BB), System Usability Scale (SUS),
Stroke Specific Quality Of Life scale (SS-QOL). During
the training session some information on the treatment are
shown on the GUI to let the therapist understand how the
training is going on. The therapist for instance has a simple
feedback on the actual involvement of the patient during
training that can be used to give the patient proper
instructions in order to stimulate his attention to the
training. To evaluate the effectiveness of RETRAINER S1
and S2 will be used the Modified Ashworth Scale (MAS).
The muscular assessment will be performed on different
target muscles for each subsystem: on pectoralis major,
deltoids, biceps and triceps for S1; wrist flexor and
extensor, fingers and thumb flexor and extensor for S2. In
both subsystems, kinematic data will be used to have an
evaluation of the functional range of motion during the trial
movements. The timeline for the application of the three
evaluations is shown in Fig.3.

e

RETRAINER treatment
(9 weeks x 3 times/week)
A

TIMELINE

Patient at home- Usal care
(4 weeks)

AN - ) AN

TO:
Pre-treatment evaluation

T1: T2:
Post-treatment evaluation Follow-up evaluation

Figure 3: RETRAINER clinical trial design

Conclusions

The wide on the field validation of the RETRAINER
system aims at objective assessment of robotic
neurorchabilitation on stroke survivors. From a robotics
point of view, the RETRAINER arm module is an
innovative and original system where the actuation exploits
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as much as possible the residual muscle functionality of the
user himself/herself. This approach goes beyond the
current classical rehabilitation robotics paradigms.
Furthermore, the exoskeleton in S1 assures the gravity
compensation and the control of the target motion using the
contraction of the subjects own muscles. NMES controls
the muscular activation until the user has achieved the
desired task. The repetition of functional tasks with the
participation of the user volition are key ingredients for re-
learning and the additional proprioceptive feedback
provided by the NMES has been recently proved in the
literature as an additional element in favour of recovery
and brain remapping [6] [7]. An effective clinical
validation of this system is a key issues in supporting
technological innovation in current rehabilitation practices.
The concept and design of this clinical trial validation is
another interesting output of this project. The personalized
set of exercises selected by the clinician according to
patient’s functional conditions is a real benefit for the
patient: thanks to this unique solution, the upper limb
movement could be rehabilitated according the therapist
clinical evaluation, using his/her expertise integrated with
the technology facilities to get the feasible best
rehabilitation outcome.

RETRAINER is a clear example of multidisciplinary
cooperation aimed at the design and setup of a
rehabilitation system including technology development as
well as exercises design and clinical assessment.
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The ReTrainer arm exoskeleton - a modular lightweight device that
combines adjustable gravity compensation, lockable joints and
neuromuscular electrical stimulation.
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Abstract:

The recovery of voluntary arm movements is one of the most important goals during stroke rehabilitation in order to
avoid long-term disability in activities of daily living. Devices that are currently used for rehabilitation and training in
clinical settings are mostly bulky and stationary. One of the objectives of the European project RETRAINER is to
develop a lightweight arm exoskeleton that can be used for clinical rehabilitation as well as home training and is
suitable for movement control by means of neuromuscular electrical stimulation (NMES). The RETRAINER arm
exoskeleton represents a passive, 3-degrees of freedom (DoFs), lightweight arm orthosis with gravity compensation at
the shoulder and elbow joints to minimize muscular effort during arm movements. All DoFs can be locked via
electromagnetic brakes to keep static postures without continuous muscle work. Main focus of the development was the
modularity and easy adaption to a wide range of user’s anthropometrics as well as increasing the user’s comfort while
wearing the exoskeleton. A universal mounting device allows to install the exoskeleton on both wheelchairs and normal
chairs with different backrest shapes. The exoskeleton can be used together with NMES of a maximum of two arm
muscles. NMES is triggered by means of the residual muscle activity of the subject, so as to enhance motor recovery.
First tests of the prototype with healthy subjects showed promising results regarding functionality and wearing comfort.
Further prototypes are currently in two rehabilitation centres for starting test series with stroke patients.

Keywords: upper limb rehabilitation, neuromuscular electrical stimulation, exoskeleton, arm orthosis, gravity support

Introduction lightweight and non-cumbersome passive device which

. . o ) ) provides weight relief at the shoulder and elbow joints so
Upper limb hemiparesis is widely reported in the 5 (o reduce the muscular effort required to perform arm
literature as one of the primary impairments following 1 Gyements. Residual muscle function will be used for

stroke. While many patients recover ambulatory function  ,.tyation as far as possible, if needed, NMES will be used
after dense hemiplegia, restoration of arm motor skills is ¢, provide additional support to the arm muscles.

often incomplete and over 60% of patients cannot use

their paretic hand in functional agt1v1t1es [1]. The Material and Methods
recovery of voluntary arm movements is one of the most

important goals during stroke rehabilitation in order to The RETRAINER arm exoskeleton

avoid longjterm dlsablht}./ in activities of daily h\./mg For developing the RETRAINER arm exoskeleton the
(ADL), social and occupational activities, and depression. . . . .
following main requirements were defined:

for afir sioke surstvorshave been developed but mos of 1) 11ee ockible degrees o frecdom (DOF) tht can also
p be actuated by NMES: shoulder elevation, rotation of

them did not succeed, especially clinically [2]. . ) .
Momentary the only commercially available upper-limb shoulder elevation plane and elbow flexion-extension
2) two additional DoF that can be locked at customized

exoskeleton is the motor-driven ArmeoPower© by o . . . . . )
Hocoma, based on the ARMin robot [3]. The structure positions if residual actuation is not available:
’ humeral rotation and prono-supination

does not allow an individual installing on a wheelchair or . . .
. . . . 3) adjustable gravity compensation at the shoulder and
chair because of its dimensions and weight. .2
elbow joints in order to reduce muscular effort

Recent neurophysiological .studle.s [4_6.] advocated 4) the possibility to provide additional external torque at
the use of Neuro Muscular Electrical Stimulation (NMES) .. ..
the joints at any selected position, so that the user can

co-incidentally with the voluntary drive to enhance its . . .
keep a posture without continuous muscle activation

beneficial effects on the motor re-learning process. 5 d stabl i both wheelchai d
The RETRAINER arm exoskeleton is based on the ) easy an stable mounting on both WeeIChalrs  an
normal chairs with different backrest shapes

MUNDUS exoskeleton [7]. Its aim is to facilitate the e .
2 . . 6) mobility of the upper body with worn exoskeleton
recovery of the arm function in stroke survivors with a . 4 .
when seated without generation of constraining forces
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Additional design requirements were light weight
construction, modularity and easy adjustability to
different body anthropometrics. For actuation by NMES
contact surfaces with the users arm should be reduced to a
minimum to leave space for placing the electrodes.

Figure 1 shows a scheme of the modular structure of
the RETRAINER arm exoskeleton and degrees of
freedom. For control of the training exercises all DoFs are
equipped with integrated angular sensors and each DoF is
equipped with an electromagnetic brake so that the user
can keep anti-gravity postures without any muscle
contractions.

5 ... prono-supination

shoulder module

humeralrotation
module

elbow module

wrist module

Figure 1: Schematic of the RETRAINER arm exoskeleton,
degrees of freedom and module structure.

The 3D mechanical design was done in CATIA® V5 R20
(Dassaults Systémes, France).

NeuroMuscular Electrical Stimulation

NMES is provided by means of the RehaMovePro
(Hasomed GmbH) [8], a current-controlled stimulator
with two channels of stimulation and two channels for
EMG recordings. The control system uses the residual
volitional EMG signal of the affected muscle to trigger
the onset of a predetermined stimulation sequence applied
to the same muscle. Up to two muscles, selected on the
basis of the wuser’s needs, can be stimulated
simultaneously. More details on the control system can be
found in [9].

Results

shoulder module

humeralrotation

gravity compensation
SRy S module ~_

N A
v/
|

stimulator

k>

Figure 2: Digital mock-up of the complete RETRAINER
arm exoskeleton

A digital mock-up of the complete RETRAINER arm
exoskeleton mounted on a wheelchair is shown in
Figure 2. Stimulator and control can either be mounted on
the back of the wheelchair for maximum mobility or
placed on a desk beside the wheelchair.

Gravity compensation

The gravity compensation module for the shoulder joint
consists of a carbon-fibre tube at the backrest with two
springs inside, linked with a cable pull guided through the
inclination mechanism to the lever of the shoulder
module. For users between 50" and 95" female/male
percentile one spring is locked for higher weight
compensation torques. These two modes (one spring
mode, two spring mode) can be set manually. For fine
tuning of the weight compensation, the level of the
compensation is adjusted electronically by the operator at
the beginning of each training session.

The weight relief for the forearm is instead realized
by a spring linked with a cable pull and is manually
adjusted by the operator at the beginning of the training
session.

Shoulder elevation Humeralrotation Elbow flex-extension

Torque [Nm]

110 100 90 S0 70 o0 S0 40 30 20 10 0
Shoulder Elevation [deg]

Figure 3: torque at the shoulder joint due to gravity of arm,
exoskeleton plus 0.5 weight in hand (red); residual torque
after gravity compensation (blue); maximum available
compensation torque including electromagnetic brake
(green). Elbow 90° flexed, humeral rotation 90°.

Figure 3 shows the generated torques due to gravity at the
shoulder joint and the effectiveness of the gravity
compensation. It can be seen that residual torques after
gravity compensation are below 5 Nm. Additional torque
from the electromagnetic brake is high enough for
complete compensation for all body heights between 5"
percentile female and 95" percentile male. The curves are
shown for elbow joint flexed 90°, the results for elbow
joint at 45° and 0° (elbow fully extended) are comparable.
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Shoulder Module

Figure 4 shows the shoulder module which provides
2 DoFs: shoulder elevation and rotation of the shoulder
elevation plane. The lever connects the shoulder module
to the humeralrotation module and is linked to the gravity
compensation springs with a rope. With the two bonnets
on top and bottom the shoulder module is linked to the
inclination mechanism. To lock the shoulder joint, an
electromagnetic brake is integrated for each of the two
DoFs. Angular sensors are integrated to provide
information on the positions to the control. The housing
of the shoulder head is split into two parts and produced
of aluminium for optimal cooling of the brakes.

_connection to IM

split housing \\\

electromagnetic brake
(inside) for shoulder elevation

rope for gravity
(DI]I{}EHSHIIOI]

electromagnetic brake
for rotation of shoulder
elevation plane ~__

cable —

harness

Figure 4: Shoulder module ‘

Humeralrotation module

Central element of the humeralrotation module, shown in
Figure 5, is an aluminium carrier, on which a circular
guide is mounted. The two clamping blocks with rapid
fasteners enable an easy way to setup the upper arm
length of the patient. The slider on the circular guide is
connected with a carbon-fibre rod to the elbow module.
By pulling out the plunger and moving the slider a
humeralrotation angle between 0° and 90° can be
adjusted. The specific shape of the aluminium carrier
allows the user to easily insert the appropriate size of the
upper arm shell.

upper arm shell plunger

(changeable)

R

slider

clamping
blocks

circular guide

aluminium carrier

fixating screws
for shell

Figure 5: Humeralrotation module

Elbow module

The elbow module, shown in Figure 6, enables flex-
extension of the elbow joint in the range of 0° to 110°.

Main part is an electromagnetic brake that enables the
locking of the joint. The sensor on the top measures the
angular position of the elbow. The rope looped around the
brake is linked to a spring, hidden in the tube, and enables
the gravity compensation of the elbow joint.

carbon-fibre rod

angle sensor g,

5

/ < P
carbon-fibre rod N RNy !
elbow gravity

compenation unit

\

electromagnetic brake

Figure 6: Elbow module

Wrist Module

Figure 7 shows the wrist module. The wrist module is
fixed on the patients forearm and hand with two velcro
strips and hereby locks wrist flex-extension. The slider
can be moved by pulling out the plunger on the circular
guide and enables prono-supination of the forearm. A
range of -50° to +50° can be set.

The whole module is clamped on the carbon-fibre rod of
the elbow module with a rapid fastener at the adequate
position depending on the forearm length of the
individual end-user.

» - plunger
carbon fibre

rod

shell \\/

belt

Figure 7: Wrist module

Universal fixation mechanism

tube clamps for
compensation module

anti slip hook
(for wheelchair)
N anti slip hook

—" (for normal chair)

telescopic ‘/'/-"
tubes

tube clamp
/ [for exoskeleton)
e

_~ mounting clamp

Figﬁre 8: Universal fixation mechanism attached to a
wheelchair
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The exoskeleton can be mounted on the user’s wheelchair
or on normal chairs with different backrest shapes by
means of a universal clamping mechanism (Figure 8),
which assures easy and stable mounting with rapid
fasteners.

Inclination module

With the inclination module, shown in Figure 9, the end-
user is able to move the trunk when seated in the
wheelchair or in a normal chair wearing the exoskeleton
so that she/he is not restricted in using residual
functionality. A 20° inclination of the trunk in the forward
and sideward directions is possible.

The shoulder module is integrated into the four-bar
linkage mechanism and remains in a vertical position
aligned with the shoulder joint independent of the
inclination angle of the mechanism. The rope for the
gravity compensation mechanism is guided through the
lower tube as well as all cables from the brakes and
angular sensors to avoid damage and safety risks. The
inclination module is linked to the fixation module by a
tube clamp.

shoulder module

.. shoulder elevation
B .-... rotation shoulder-
elevation-plane
z A
ol ¥ i possible translation

Figure 9: inclination module

NMES

Surface electrodes for NMES are attached to the upper
arm when needed. Electrode cables are also guided
through the exoskeleton tubes to avoid cable damages.

Discussion

A lightweight and non-cumbersome passive arm
exoskeleton was developed, which provides weight relief
at the shoulder and elbow joints and consequently reduces
the muscular effort required to move the arm.

The combination with NMES allows effective
assistance and rehabilitation depending on the user’s
residual muscle functions.

First tests on healthy users have shown that the
exoskeleton fits well to different body anthropometrics
and donning of the exoskeleton is quick and easy. The
adjustable weight compensation adequately reduces the
required muscle forces over the movement ranges of the

DoFs and the inclination mechanism increases comfort
especially during longer seating periods. Eight prototypes
are currently available and test series with stroke patients
are started in the rehabilitation centres Villa Beretta
(Italy) and Asklepios Konigstein (Germany).
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The RETRAINER control system for supporting arm functions
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Abstract: RETRAINER proposes a rehabilitative method for the recovery of arm functions after stroke, which combines
several principle of motor relearning, such as task-oriented exercises, repetitions, maximization of the patient’s
involvement, and Neuro Muscular Electrical Stimulation (NMES). The system consists of a light-weight passive
exoskeleton for weight relief, a current-controlled stimulator with two EMG recordings channels, an embedded control
system for real-time control of the stimulator and the exoskeleton sensors, a windows-based tablet which provides the
high level control and a graphical user interface for the therapist during donning and calibration and for the patient
during training, and daily life objects equipped with RFID tags which guide the patient throughout the execution of the
exercises. An EMG-triggered stimulation controller is integrated in the embedded control system in order to allow the
patient to initiate the task. Furthermore, the volitional involvement of the subject is monitored throughout the execution
of the task and a visual feedback is provided at the end in order to motivate the patient to be actively involved in the
training. A proof-of-concept of the RETRAINER arm system on healthy subjects is provided, while its efficacy on post-
acute stroke patients will be evaluated by means of a multicenter randomized controlled trial that will start in Autumn

2016 in the premises of the two clinical partners of the RETRAINER project.

Keywords: Hybrid robotic rehabilitation system, stroke survivors, upper limb exoskeleton, neuromuscolar electrical

stimulation, myocontrol neuroprosthesis.

Introduction

Upper limb hemiparesis is widely reported in the
literature as one of the primary impairments following
stroke. A reduced arm mobility impacts the patient
independence in activities of daily life, and his/her
capability to perform their normal social and occupational
activities, thus resulting often in depression. Therefore,
the recovery of arm movements is one of the most
important goals of stroke rehabilitation.

There is common agreement in literature that the re-
learning of lost functions is encouraged by the functional
practice of task oriented exercises aimed at re-acquiring a
practical skill, rather than simple repetition of a
movement [1]. Other key elements which facilitate the
motor relearning process after stroke are the
maximization of the patient’s involvement during the
execution of the exercise and the use of Neuro Muscular
Electrical Stimulation (NMES) in combination with the
residual volitional effort [2].

RETRAINER supports arm functions combining several
technologies to take benefits from the strength of each of
them, overcoming the limited performance of each single
approach. Indeed, on one side it uses a passive arm
exoskeleton for weight relief to increase the possible
range of motion and to reduce the effort needed to
accomplish daily life tasks; on the other side, it exploits
the combination of NMES and volitional contractions to
provide an increased afferent feedback able to facilitate
cortical plasticity and therefore motor recovery. The aim
of the present study is to describe the control modality of

the RETRAINER arm system giving some preliminary
examples of its potential use.

Material and Methods

Architecture

The RETRAINER arm system includes an exoskeleton
characterized by 3 degrees of freedom (DoFs): shoulder
elevation, shoulder rotation in the transversal plane and
elbow flexion/extension. Each DoF is equipped with an
electromagnetic brake to prevent unnecessary fatigue to
maintain specific postures. Two antigravity compensation
modules based on springs are integrated at the shoulder
and the elbow joint to relief the weight of the arm and the
forearm, respectively. For more details on the exoskeleton
please refer to [3]. The apparatus comprises also a
current-controlled stimulator including two stimulation
channels and two channels for EMG recordings
(RehaMovePro, Hasomed GmbH) [4]. Both the stimulator
and the exoskeleton module are connected to an
Embedded Control System (ECS), which runs on a
BeagleBoneBlack™. The ECS communicates with a state
machine, running on a windows-based tablet, which
provides both the high level control of the system and a
graphical user interface (GUI) for the therapist and the
patient. Interactive objects complete the system setup;
they are daily life objects equipped with RFID (Radio
Frequency IDentification) tags. Within RETRAINER,
they are used to identify the target positions and to guide
the execution of a sequence of tasks. A suitable reader is
embedded in the exoskeleton, in proximity to the wrist
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joint. Figure 1 shows the UML component diagram of the
RETRAINER arm system.

RETRAINER Arm Suhsyslem/I

c Exosk )
Ll :
+GPIO 57 Exoskeleton.StepMotor
T Exoskeleton.Brakes
_+SPI

Embedded Control System

Stimulator

e

L? Exoskeleton.Encoders
% Interactive Objects |

Figure 1: UML component diagram of the RETRAINER
arm system architecture. Real-time and non real-time
components are shown in white and light blue,
respectively.

Figure 2 describes the overall structure of the control
system, which is based on two main modules:

1) the State Machine, which is the intelligence of the
RETRAINER system, and drives both the setting and the
execution of the exercises. It includes a database to store
patients’ data and to display summaries of the achieved
results. The state machine divides the exercise into single
movement primitives. The execution of these movement
primitives by means of the available actuators is then
performed by the ECS.

2) the Embedded Control System controls all the modules
requiring real time constraints, such as the stimulator and
the exoskeleton sensors. The ECS module is just an
executor of the commands sent by the state machine.

The communication between the ECS and the State
Machine is developed by means of a raw Ethernet
communication UDP protocol.

RETRAINER state machine Non Real time

&)
Fuaciso 1 b2 |- parsan| |

Sensor abstraction

Layer RFID objects

I System Software / Info broker |

Embedded system Real time

Tosk1 JTeskz |||

| Stimulation Controller |

| Exo Controller |

| Stimul:-m | Exo sensors | | Exo brakesl | Exo step motor |

Figure 2 Overall structure of RETRAINER arm system.

Stimulation controller

An EMG-triggered stimulation controller is included in
the ECS. Up to two muscles can be stimulated
simultaneously and the target muscles are selected by the
therapist based on the specific need of each patient. For
each muscle, the residual volitional EMG signal is
detected and used to trigger the onset of a predetermined
stimulation sequence. In case the muscle does not reach
the pre-defined threshold, the stimulation is started after a
time-out of 5 seconds.

After the execution of each movement primitive, a
feedback on the voluntary activity concurrent to NMES is
visually displayed to the user with a smiley or not-smiley
face in order to promote the active involvement of the
subject. To estimate the volitional EMG during NMES a
filter previously developed by the Authors is applied [5].
A fast and automatic calibration procedure is required
before the beginning of each session. This procedure aims
at setting the current amplitude to be used for each
stimulated muscles and the thresholds on the volitional
EMG. Specifically, three thresholds are set on each
muscle: two of them are used to trigger the stimulation,
one in case the muscle is the first to be activated and one
in case the muscle is activated when the other one is
already stimulated; the third threshold is used to define
the active involvement of the patient in the task
execution.

System setting and usage

Figure 3 shows the workflow of a typical training day
with the RETRAINER system, which consists of three
main steps: the donning and calibration of the system, and

its use during a predefined set of exercises.

Donning & Calibration

The donning phase starts with the placement of the EMG
and stimulation electrodes. Once the electrode placement
is checked through the GUI, the therapist should adjust
the exoskeleton lengths to fit with the patient, let the
patient don the exoskeleton and set the gravity
compensation level. The following step is the calibration
of the current amplitudes and the EMG thresholds. Based
on the choice of the exercises for the training session, the
required interactive objects are selected and calibrated
together with the target positions to be reached. Once the
calibration is finished, all the configuration parameters
are stored and the training session can start.

On the following training days, the donning and
calibration procedure is partly simplified since the
therapist can load the parameters of the previous day and
eventually adjust them.
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Figure 3: Workflow of the donning, calibration and training
phases using RETRAINER system to rehabilitate arm
functions.

Working condition

The training consists on the execution of a series of
exercises involving the arm during daily life activities.
Typical exercises are anterior reaching, moving an objects
on a plane and in the space, and moving the hand to the
mouth both with and without an object. Each of the
exercises is divided into sub-movements which are
initiated by the state machine.

Results

Figure 4 reports one screenshot of the GUI during the
execution of the anterior reaching exercise. It shows the
picture of the subject with the target points to be reached.
In the lower part, the angles measured by the exoskeleton
at the three DoF, the use of the brakes, the timer of the
exercise, and the stimulation parameters are shown. At
the end of each sub-movement a feedback to the user
related to its volitional involvement will be also shown.

R LT S 0 - a %
Steps. Training Execution
Antecior Reaching Exercse on plane
11
»
i e 1|
«
1]
Mowto et u

Figure 4: The example of a screenshot of the GUI during
the execution of the anterior reaching exercise.

Figure 5 reports the results of a procedure for setting the
EMG thresholds, carried out on a healthy subject (male,
age of 23 years old). The stimulated muscles were the
medial deltoid (in blue) and the triceps muscle (in red). In

the upper panel, the stimulation current profiles are
shown, while the middle and lower panel depict the
volitional EMG estimated for the medial deltoid and the
triceps muscle, respectively, as well as the thresholds
calculated for each muscle (solid horizontal line). The
first threshold corresponds to the double of the mean
volitional EMG during a phase in which no stimulation is
provided. This threshold is the one used to trigger the
stimulation when the muscle is the first to be activated.
The second threshold is the double of the mean volitional
EMG with the other muscle is constantly stimulated; this
is the threshold used to trigger the stimulation when the
muscle is the second to be stimulated. Finally, the third
threshold is the one used to evaluate the active
participation of the subject and is computed as the mean
volitional EMG with both muscles stimulated. During the
whole calibration phase, the subject is asked to remain
relaxed.

1

%6 @
..... @

Figure 5: An example of a calibration procedure for
setting the thresholds of the volitional EMG, carried out
on a healthy subject.
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Figure 6: An example of a sub-movement of the anterior
reaching exercise. The upper panel shows the stimulation
current profiles for the two muscles; the lower panel
depicts the volitional EMG as well as the thresholds
(horizontal solid line) used for triggering the stimulation.

Figure 6 shows the stimulation current profiles (upper
panel) and the volitional EMG (lower panel) obtained for
a healthy subject while executing a single sub-movement
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of the anterior reaching exercise. Since the activation of
the medial deltoid occurred earlier than that of the triceps
muscle, the medial deltoid was activated first. Few
milliseconds after also the triceps muscle overcame the
activation threshold and the stimulation was triggered.
The stimulation increased with a ramp of 2 seconds until
reaching the maximal value set during the initial
calibration. The involvement of the subject in the task
execution was judged as active, as indicated by the smiley
face.

Discussion

The RETRAINER arm system integrates a novel passive
arm exoskeleton for weight relief with an arm
neuroprosthesis combining the afferent feedback of
NMES with the residual volitional effort of the patient.
One of the main requirement of the system was to
minimize as much as possible the encumbrance and
maximize the portability. To reach this aim, a locking
mechanism which allows to mount the exoskeleton of any
wheelchair or normal chair has been developed; the
stimulator and the EMG amplifier have been integrated in
a unique small device and the control system has been
implemented partially on a tablet and partially on a
BeagleBoneBlack™ to allow real-time calculation
without the use of a PC.

The proof-of-concept of the RETRAINER arm system
has been tested on healthy subjects, while its efficacy on
post- acute stroke patients will be evaluated by means of a
multicenter randomized control trial that will start in
Autumn 2016 in the premises of the two clinical partners
of the project (Villa Beretta, in Italy, and Asklepios
Konigstein, in Germany).
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The RETRAINER hand orthosis:

an event-driven modular lightweight device that combines controlled
hand-wrist motion and multi-electrode neuromuscular stimulation
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Abstract: RETRAINER is an innovation project aimed at bringing to clinical practice a multimodal rehabilitation
platform for daily upper limb support developed in MUNDUS [1]. RETRAINER is aimed at providing rehabilitation to
patients with reaching and grasping deficiencies in a context of interactivity with objects of daily living. Two core sub-
systems are currently in development: sub-system S1 targets the assisted reaching rehabilitation, sub-system S2 targets
hand pre-shaping and grasping of the selected objects by means of power grasp. This paper provides a technical
description of S2, its usage scenarios, and the technical assessment of the performances of its submodules. S2 deals with
the muscle weakness and spasticity by using a combination of rigid and compliant hand-wrist-forearm orthoses, and multi
pad electrodes for FES. Caregivers can create stimulation maps by moving Virtual Electrodes on a GUI, and associate
each stimulation map (SM) to a specific task of predefined exercises. Stimulation maps are high level visual abstraction,
translated to spatial-temporal stimulation patterns by an embedded controller (EC). An RFID antenna detects tagged
objects and areas of the workspace, and informs the EC of the detected events. Position sensors, hosted on the dorsal side
of the orthosis, and force sensors on the volar aspect of the hand inform the EC about the hand-wrist kinematics and the
grasp forces, which can modulate the stimulation intensity in accordance to the desired task.

Keywords: hand rehabilitation, hand orthosis, neuromuscular electrical stimulation, electrodes array

Introduction

Stroke is endemic and effective methods for
recovery are highly dependent on the cognitive and motor
impairment of the patient [1,2]. It’s usual practice to
consider peak neurological recovery within the 1% and the
3" month after the stroke. Lower pace recovery usually
happens within the 6 month. Contradictory information is
reported for chronic patients. Factors that can set apart the
efficacy of a treatment include the specificity of the
performed task, its intensity, and a significant repetition of
such task. Functional tasks such as reaching and grasping
common objects, and performing basic motion with them
is a way to both assess and improve one’s independence in
activities of daily living. NeuroMuscular electrical
stimulation (NMES) is a way to train functionally the
muscles that are insufficiently recruited through volitional
pathways. One of its limitations is the lack of overall
simplicity in its use for functional grasp rehabilitation with
standard commercial products. Effective calibration and
control strategies of multi-electrode arrays NMES is
needed [3] for translating to higher scale the use of NMES,

and hybrid approaches appear as the necessary next steps
[4]. Research grade prototypes with similar needs were
previously tested [5] in the MUNDUS project. Based on
this experience, RETRAINER [6,7] is deploying a re-
thought and refined prototype, comprising two modules:
the S1 [8] sub-system, focused on the arm, and the S2 sub-
system, focused on the forearm and hand. The
RETRAINER S2 sub-system is aimed at providing
rehabilitation to end-users with grasp deficiencies. The
approach is twofold. First, patients unable to control the
wrist take advantage of a custom orthosis designed to limit
wrist movements. Second, hand opening and objects
grasping are assisted by NMES, contextually triggered by
an RFID system. The aim of this present study is to
describe the components of S2 and the control modality.

Material and Methods

Architecture
The RETRAINER hand system includes two sensorized
hand-orthoses, used to provide different constraining
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characteristics in different scenarios, and a current-
controlled multichannel stimulator [9] connected to custom
made electrode arrays. Both the stimulator and the orthosis
are connected to an Embedded Control System (ECS),
hosted on a pocket-size computer (BeagleBone Black,
Beagleboard.org Foundation) which provides real-time
control of the connected modules. A high level GUI [10],
hosted on a tablet (Surface Pro 3, Microsoft Corp.),
communicates with the ECS, manages state-machine for
the control of the exercises, tasks, patients’ data, and data
tracking in general. The GUI is also connected to an RFID
module providing contextual information about the
proximity to reference points in space and tagged objects.
Figure 1 shows the UML component diagram of the
RETRAINER hand system.

RETRAINER Hand Subsystem

Electrode Arrays
apter
oar

Inertial Sensors

Embedded
Control
System

Force sensors.

1

ETHERNET
WIFl

GUI

. < Interactive Object:
M 87 nteractive Objects

i

Figure 1: UML component diagram of the RETRAINER
hand system architecture. Real-time components are shown
in grey, non real-time components are shown in blue

The overall control system of S2 is visible in Figure 2 and,
similarly to S1, decouples the operations between high
level motor primitives, which are handled by the GUI in
relation to the necessary training of the patient, and the low
level control, handled by the ECS.

Components

Hand Orthosis

Two hand orthoses are designed to reflect the needs of the
various exercises. A set of exercises requires a controlled
hand opening, with the wrist motility under the control of
the patient, or for exercising wrist mobility also with
NMES. The other set of exercises requires the forearm to
stay in neutral positions and to assist grasp of cylindrical
objects of diameters ranging from 30 mm to 70mm.

The first orthosis holds two inertial sensors (InvenSense,
MPU9250, San Jose, California), used to monitor the
motion of the hand with respect to the wrist. The second
orthosis prevents the hand-wrist movements and holds the
thumb in opposition. A gummy ring is used to easily fix the
thumb on its support, and to host a force sensor (Tekscan
Inc., Flexiforce A201, A401) used to detect object grasp.
Flexible clasps, also containing force sensors, are placed
on medium and ring finger constrain the movements of the
first and second phalanges. Rigid PLA orthoses are
available in 5 sizes for left and right side. Adaptation of the
orthoses to the individual needs can be performed by
heating the part and selectively bending upon need.
Flexible TPE clasps and rings are available in 11 sizes. The
orthoses are shown in Figure 3.
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Figure 2: Overall structure of the RETRAINER arm system

Electrode arrays

Custom made electrode arrays (EAs) have been interfaced
with the stimulator. EAs contain conductive tracks screen
printed on a PET substrate, and selectively isolated with
dielectric. Each electrode arrays (EAs) contains 16
independent active pads arranged in four rows and
columns. Two ground electrodes are symmetrically
positioned on the sides. Active sites measure 10x12mm?,
whereas grounds measure 20x40 mm?. The EAs can be
then cut to improve the local bendability for skin fitting.
The interface between electrode arrays and skin is
commercial hydrogel (AG735, Axelgaard inc.), which
guarantees proper electrical impedance, mechanical
adherence to the skin and provides stability of the contact.

Figure 3: Orthoses, design and wearability. Top left: Wrist
motion control orthosis.

Details of the electrode arrays are shown in Figure 4.
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Figure 4: Custom electrode arrays. Top: layout. Bottom:
details of the screen printing finishing. The electrodes can be
trimmed in accordance to the desired use and mounting.

GUI

The GUI runs on a 12” windows-tablet with touch
capabilities. It allows to guide the operator through
different phase, such as sensors calibration, orthosis
donning, NMES parameters setting and exercises
execution stimulation. Two EAs are positioned on the
forearm on the extrinsic extensors, and one on proximal
extrinsic flexors, thus the most significant muscles that can
be transdermally elicited can be targeted. The GUI
represents each EA as a grid on which Virtual Electrodes
(VEs) can be moved as shown in Figure 5. A VE is a 2D
cursor representing the location of the stimulation pattern.
As example, if a VE is centred in one square of the grid,
the stimulation will be provided exclusively at the
corresponding pad on the EA. Conversely, if the VE lies
on four adjacent squares, the corresponding electrode pads
will be elicited over time in accordance to the percentage
of overlap.

Up to five VEs are available on the GUI for defining
location and intensity of stimulation current. With this
approach the clinical operator is provided with an
interactive and intuitive means to create patient-specific
stimulation maps for each state.

RFID and Objects

The mechanical structure of the fixed-wrist orthosis hosts
the antenna of the RFID module[11]. Objects and locations
in the workspace are defined by one or more RFID tags
with unique identifiers. For each identifier the returned
RSSI is used as a calibrated proximity detector, used for
triggering actions or for acknowledging the completion of
a task.
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Figure 5: screenshot of the GUI stimulation parameters
settings. 3 VEs can be displaced within the extensors
stimulation map, 2 VEs within the flexors one.

Stimulation controller
GUI triggered stimulation is included in the ECS. One

stimulation map is active a time, with the exception of
transients from one stimulation map to another. In cases in
which there is a state transition from e.g. “open hand” to
“grasp”, a selectable overlap of the stimulation profiles can
be used to induce co-contraction of agonists and
antagonists, and to smooth the motion transition.
Excluding transition phases, up to two VEs for extrinsic
flexors or up to three VEs for extrinsic extensors are
actively stimulating. Before the execution of each
movement, the GUI presents the expected motion to the
patients. If the volitional motion is not sufficient to achieve
the desired task, stimulation as-needed is provided in
accordance to the instrumental information. The desired
motion is defined as threshold angles for hand opening
tasks, and minimum necessary force for grasp tasks.
Custom tuned PID controllers control the different phases
of hand opening and grasping by adapting the stimulation
pulsewidth.

System setting and usage
The use of S2 for intensive training requires a two steps

preparation. Differently from S1, which is shared by
several patients, S2 is personalized for each patient.
During the first use (Day Zero) the clinician can select the
parts best matching the patient’s size, and can termo-shape
the rigid orthoses for best fit. Thermo-shaping can be
performed e.g. with hot water, or with a standard heat-gun.
Electrode arrays can be also be tested and adapted to
specific needs. When the system is physically configured
for the very patient, for everyday training (Day One) the
system needs to be worn anc calibrated for the desired
tasks. Figure 6 reports a schematic workflow of the
involved activities.
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Figure 6: Workflow of the configuration, donning,
calibration, and use in working conditions

Results and Discussion

The RETRAINER hand system is a system aimed to
provide rehabilitation to end-users with grasp deficiencies.
The system consists on a novel set of orthoses aimed at
supporting grasp with unobstructed palmar contact. The
system is currently aimed for power grasp exercises, and
can provide NMES assistance through newly developed
electrode arrays. The configuration of the stimulation is
performed directly by the clinician or, in general, by the
caregiver by positioning through a touch-based GUI virtual
electrodes. The direct supervised mapping of virtual
electrodes is aimed at finding a conscious optimal trade-off
between efficacy of stimulation and nociceptive
perception. Each stimulation map defines stimulation
location, and standard stimulation intensity. A low level
algorithm translates this information in randomized spatial
and temporal patterns of stimulation, and modulates the
standard stimulation intensity in accordance to the
measurable goals of hand opening and grasp intensity. If
the patient is able to volitionally obtain the desired goals,
no stimulation is provided. Volitional motion that is only
partially achieved is supported by stimulation as-needed.
Programmed task can rely on time based stimulation
execution, event based detection of kinematic thresholds
for motion. The exercises benefit from environmental
RFID triggering, which allows to define a custom
workspace for the patients, and thus personalize the
treatment in accordance to specific deficits and clinical
goals by simply moving tagged objects and functional
landmarks.

Acknowledgement

This study was funded by the European Project
RETRAINER (Horizon 2020, Research and Innovation
Program, grant agreement No 644721)

References

[1] WHO, “Global status report on noncommunicable
diseases 2014, World Health, p. 176, 2014.

[2] R. Teasell et al, “Evidence Based Review of Stroke
Rehabilitation” 2015 Hearth & Stroke Foundation,
Canadian Partnership for Stroke Recovery, ebrsr.com.

[3] A. Koutsou, J. Moreno, A. J. Del Ama, E. Roncon et
J.Pons , “Advances in selective activation of muscles for
non-invasive motor neuroprostheses ”.JNER 2016 13:56
DOI 10.1186/s12984-016-0165-2

[4] D. B. Popovic, “Advances in functional electrical
stimulation (FES)”, Journal of Electromyography and
Kinesiology 24 (2014) 795-802

[5] Pedrocchi et al., “MUNDUS project: MUItimodal
Neuroprosthesis for daily Upper limb Support” JNER
2013 10:66 DOI: 10.1186/1743-0003-10-66

[6] RETRAINER Project, http://www.retrainer.eu/

[7] M. Bulgheroni et al., “Reaching and Grasping training
based on robotic hybrid assistance for neurological
patients”. 12th Vienna International Workshop on FES,
Sept 2016.

[8] S. Ferrante et al., “The RETRAINER control system for
supporting arm functions”. 12th Vienna International
Workshop on FES, Sept 2016.

[9] M. Valtin, K. Kociemba, C. Behling, B. Kuberski, S.

Becker, T. Schauer; “RehaMovePro: A versatile mobile

stimulation system for transcutaneous FES applications.”

European Journal of Translational Myology, 26(3), 2016.

DOI: 10.4081/ejtm.2016.6076]. Zajc et al., “Unified

Control Interface for multiple Devices used for Upper

Limb  Rehabilitation after Stroke”. 12th Vienna

International Workshop on FES, Sept 2016.

J. Zajc et al., “Unified Control Interface for multiple
Devices used for Upper Limb Rehabilitation after
Stroke”. 12th Vienna International Workshop on FES,
Sept 2016.

M. Bulgheroni, E. D’ Amico, and L. Sartori, “RFID
Technology for Objects Recognition and their Position
Estimation”, in J.L. Pons et al. Converging Clin. Eng.
Res. on NR, BIOSYSROB 1, vol. 1, pp 1165-1169, 2013.

[10]

[11]

Author’s Address

Andrea Crema

Translationa Neural Engineering Laboratory,
Switzerland

andrea.crema@epfl.ch

tne.epfl.ch

EPFL,

-36 -



Unified Control Interface for multiple Devices used for Upper Limb
Rehabilitation after Stroke

ZajcJ ! Wiesener C2, Crema A3, Ferrante S4, Bonizzi Ch’, Bulgheroni MS, Schauer Tz, Russold M

'Otto Bock Healthcare Products GmbH, Vienna, Austria
*Control Systems Group, Technische Universitiit Berlin, Germany
*Translational Neural Engineering Laboratory, EPFL, Switzerland

*Bioengineering Department, Politecnico di Milano, Italy
>Ab.Acus srl, Milano, Italy

Abstract: RETRAINER is a stroke rehabilitation system comprised of two devices aimed at training arm and hand
movements using Neuromuscular Electrical Stimulation (NMES). At the heart of the S1 system is a passive exoskeleton
supporting the patient with a weight relief system, and S2 provides a sensorized hand-orthosis to support grasping and
flexion/extension of the wrist. The versatile applicability in a huge variety of training exercises, the different stimulation
methods for each device, the interactive objects used for a more efficient training and a multitude of different sensors to
track the rehabilitation progress render the RETRAINER an immensely powerful yet also technically complex
rehabilitation system. RETRAINER will be validated in a multicentre randomized controlled trial using multiple
different activities of daily life. Safety and stability of the control system, as well as an optimized usability was therefore
a primary focus of the development. This paper describes the realisation of the RETRAINER control interface and the
software architecture implemented to guarantee safety, reliability and usability of RETRAINER.

Keywords: upper limb rehabilitation, hand orthosis, exoskeleton, electrode arrays, interactive objects, GUI, Hybrid
robotic rehabilitation system, stroke survivors, randomized control clinical trial, weight compensation, functional

electrical stimulation, myocontrol neuroprosthesis

Introduction

With non-communicable diseases on the rise [1], stroke
has become today’s number one cause of disability in the
western world [2]. Especially the locomotor disabilities
associated with stroke contribute significantly limit
meaningful activities and full participation in daily life.
Therefore, improving motor outcomes — especially the
recovery of voluntary hand and arm function — is not just
an important goal during stroke rehabilitation but a major
focus of medical research. Nevertheless, still over 60% of
patients are left with incomplete motor recovery after
rehabilitation and cannot use the affected hand or arm in
functional activities [3].

The goal of the RETRAINER project is to develop and
validate a novel rehabilitation system. This system is
based on the results of the FP7 European project
MUNDUS [4]. The project aims at improving the
outcome of upper limb rehabilitation following stroke.
With strong clinical and scientific evidence, that
Neuromuscular  Electrical Stimulation (NMES) in
rehabilitation can improve arm and hand function [5],
RETRAINER exploits NMES to improve upper limp
recovery. The system enables rehabilitation of the hand
and arm using two rehabilitation devices and several
common components.

The S1 device is used to train arm functionality,
enhancing the beneficial effect of NMES even further by
using the patient’s residual muscle functionality to
voluntarily trigger NMES stimulation [6][7][8].

The S2 device is used to train hand movements,
especially focusing on grasping. S2 provides multi
electrode arrays allowing a post-donning calibration due
to multiple smaller more selective electrodes.

The RETRAINER system will be validated in a
multicentre randomized controlled trial using multiple
different activities of daily life. During the trial the two
devices will be used to train activities of daily life with a
focus on grasping, moving and releasing of objects.

A control interface will guide the user through the
training session and supports completion of the specified
exercises  automatically.  Exercise  control  uses
goniometric sensors, Force Sensitive Resistors (FSR),
Inertial Measurement Units (IMU) and Radio Frequency
IDentification (RFID) technology[9][10].

The NMES in RETRAINER system is provided by the
RehaMovePro stimulator provided by HASOMED GmbH
— a state of the art multichannel stimulator with EMG
triggering and multi-electrode support [11].

Integration of two independent yet compatible
rehabilitation devices into one (control) framework,
including multiple further components posed a
considerable challenge. The complete rehabilitation
system is a medical device. Therefore special attention
has to be paid to reliability and usability. This paper
focuses thus on the implementation of the control
interface that supports the system. Moreover, it will
explain the software architecture and safety aspects that
were considered.
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RETRAINER System Overview

This section will give a short overview of the
RETRAINER system components and describe these are
combined to form the two devices that will be used during
the clinical trials.

Fig. 1 depicts an overview of the RETRAINER system
components.
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The system mainly consists of a control interface, a
control device and a combination of different components
that form either S1 or S2. A brief more detailed
description of these is given below:

Control interface: The RETRAINER system is
controlled by a graphical user interface (GUI) that will
run on every computer using a Windows operation
system. The control interface is connected to the control
device via Ethernet or WiFi. The control interface
features improved usability of the system and allows
access to all relevant system settings.

Control device: The plug and play control device acts as
hardware interface between the control interface and the
components described below. It is connected to the
devices’ sensors and actuators and communicates with the
stimulator via USB.

Stimulator: The stimulator comprises an EMG module,
used to measure volitional muscle signals even during
stimulation. It also features a De-Multiplexer for use with
multi electrode-arrays (S2 device only).

RFID-reader and interactive objects: Objects used in
the training exercises are tagged with RFID chips. An
RFID-reader, communicating directly with the control
interface via Bluetooth provides information about the
used object.

Depending on the exercise in mind these components are
combined to form either S1 or S2.

S1 device: The S1 device consists of a passive upper limb
exoskeleton with a passive, digitally adaptable weight
relief, goniometric sensors to measure movement and
brakes to block the exoskeleton’s joints. Electrical
stimulation is used as needed.

S2 device: The S2 device consists of a hand orthosis,
harbouring IMU and FSR to measure movement and grasp
force. Additionally, S2 comprises two array-electrodes for
electrical stimulation.

In training sessions using the S1 device, weight relief,
stimulation settings and control parameters are set using
the GUI. During the exercise execution, the control

device runs the EMG-based stimulation controller to
generate stimulation impulses based on the volitional
muscle functionality recorded by the EMG module.
Goniometric sensor data is polled by the control device
and forwarded to the control interface where it is
combined with data polled from the RFID-reader. Based
on this data, the exercise execution module updates
controller parameters, objects visualized in the GUI and
sets/resets the brakes as required.

In training sessions using the S2 device, the GUI is used
to set stimulation parameters including the position of the
virtual electrodes on the multi electrode-array and control
parameters are set using the GUI of the control interface.
During the exercise execution, the control device runs the
stimulation controller based on the measured grasp force
to generate appropriate stimulation. IMU sensor data and
FSR sensor data is polled by the control device and is
forwarded to the control interface where it is combined
with data polled from the RFID-reader. Based on this
data, the exercise execution module updates controller
parameters and objects visualized in the GUI.

Requirements to the Control Interface

The GUI has some basic tasks to fulfil. These include

*  Maintenance of patient database

* Control of attached components (via control
device)

e Exercise setup and execution for and with
patients

e Data logging during exercise execution

»  Patient assessment tests

*  Usability and patient safety

These basic tasks are embedded into the overall aim to
develop a graphical user interface that is optimized for
usability during clinical use. The interface also aims to
provide an interface to all attached components (including
their calibration) without making these steps unnecessary
complicated. Moreover, with the RETRAINER system
being a medical device, due diligence was put into system
safety and reliability. Therefore a risk analysis following
follow ISO 14971 was performed, leading to some
additional safety considerations:

Uncontrolled user input: It must not be possible to set
parameters to illicit values via the GUI.

Control interface crashes/Communication is lost: A
loss of communication or a crash of the control interface
must not lead to unexpected system behavior.
Synchronization issues: To prevent unexpected system
behavior the system state has to be in synchronization
with the state depicted in the control interface.
Multi-thread access: To prevent crashes of the control
interface, the interface has to be implemented thread save.
Special attention has to be given to the communication
with the control device and the RFID-reader.
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Realization of the control interface

The requirements and safety considerations mentioned
above lead to the development of the software
architecture depicted in Fig. 2. The solid lines represent
the visible GUI components and paths, while the dotted
lines represent control interface components working as
data containers in the background.
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Figure 2: Software Architecture of the RETRAINER system

The entire GUI is implemented using Windows
Presentation Foundation (WPF) following the Model-
View-ViewModel (MVVM) concept. This concept
strictly separates non-critical visual (GUI) components
form critical components controlling hardware devices,
which therefore contribute to system safety and stability.
The viewmodel separates the user input in the view from
the algorithm implemented in the data-model, adding an
additional safety layer.

The GUI elements used do not allow direct user input and
the corresponding parameter value can only be
incremented/decremented by a predefined value.

The training session branch is the core of the GUI and
enables patient training by means of the S1 and S2
rehabilitation devices. For safety and usability reasons,
this entire branch is implemented as a wizard, meaning
that one step has to be completed correctly, before the
next can be started. This wizard will guide the user
through each step of the training session. Textual
explanations and images are used to visualize each step to
be performed. To further increase usability of the system
and because the basic steps are very similar for S1 and
S2, the same step sequence is used for both systems. The
components visible in the GUI and the underlying
algorithms are fundamentally different for the two
devices.

In order to keep all components synchronized, a strict
master-slave concept was implemented. In this system the
control device must not act independently, but only react

to commands given by the control interface. Commands
are sent by a communication dispatcher, implementing a
communication protocol based on the User Datagram
Protocol (UDP). The dispatcher is realized using a
singleton class, to prohibit the instantiation of multiple
instances, which could lead to catastrophic errors. The
communication dispatcher comprises a thread save
blocking queue, running in a separated thread, assuring
that every message is sent and received correctly.
Additionally, an idle signal was defined. If the control
device doesn’t receive an idle signal anymore, it
automatically switches into a save state until
communication is reestablished.

Similar to the communication dispatcher, the RFID-
handler is too realized as a singleton class, enabling direct
access from multiple model instances. For a maximal
efficiency the direct access to the RFID device is realized
using background worker threads. To prohibit conflicts
when accessing the reader only one background worker
thread associated with the RFID-reader can be active at
any time.

All classes and execution of the exercise in question are
controlled by an exercise state machine. Each task
performed by a patient during a single training session is
represented by a specific state in the state machine.
Transitions between tasks and thus states can be triggered
by sensor data, RFID data (depending on the exercise),
manually or by a watchdog timer (to prevent users from
being stuck). Transitions have to fulfil certain conditions,
so called guards. These guards are predefined and are
parameterized during the training walkthrough. Training
walkthrough is a process in which the GUI guides the
patient and a supporting therapist through each task of a
training exercise without stimulation. This also has the
added benefit of allowing the patient to learn and
understand the system and the exercises.

Discussion

Recent integration tests of the RETRAINER system at
multiple research and clinical locations were completed
successfully and the feedback concerning the GUI and the
control interface was positive. These first trials have also
shown that the system can be used efficiently.
Communication between components was fast and
without problems. Timing between certain components
had to be improved in order to improve overall speed of
the work-flow. Usability of the GUI was considered as
good, with some minor corrections requested by the trial
users.

Further improvements are currently being developed and
testing will continue in the near future. Start of a full
clinical trial is currently planned towards the end of this
year.

Conclusions

This paper introduced development of the graphical user
interface of the RETRAINER system. Focus of the
development was on the inclusion of relevant safety and
usability considerations into the GUI. RETRAINER is a
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medical device and as such safe communication and safe
operation are requested by the standard. Moreover, patient
safety is a major concern of the risk analysis. At the same
time usability of the system needs to ensure safe operation
and the GUI must prevent unsafe transitions or system
states by design. On the one hand, this was achieved
through the use of suitable software patterns (MVVM,
Singleton) as well as the implementation of a strict
master-slave hierarchy. On the other hand, the control
interface was designed as a finite state machine, with
clearly defined transitions and plausibility checks at each
transition, further improving safety and usability.
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Blood pressure related neural profiles extracted from pig left vagus
nerves using an interfascicular electrode

Sevcencu C', Nielsen TN, Struijk JJ*
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*Medical Informatics, Aalborg University, Denmark

Abstract: Efforts are currently made to design neural electrodes suitable for neuromodulation therapies for treating
autonomic dysfunctions, including resistant hypertension. The present study was performed to investigate if blood
pressure (BP) related neural profiles (BPnPs) similar to those previously derived from pig vagus nerves using cuff
electrodes can be derived from the same nerves using an interfascicular electrode. In addition, this study aimed to
investigate if the BP-related signals used to derive such BPnPs could be selectively recorded with that electrode. The
present experiments were performed on eight farm pigs from which the BP was recorded using a catheter placed in the
right carotid artery. An electrode comprising four tripolar channels was inserted longitudinally in the left vagus nerve
of the animals. Using that electrode, BPnPs resembling the BP waves were derived from at least one electrode channel
in six pigs. Furthermore, a topological or amplitude selectivity in regard to recording the related signals was achieved
in four of those pigs. Consequently, this study shows that the tested interfascicular electrode can accurately and to some

extend selectively record BP-related signals from the pig left vagus nerve.

Keywords: interfascicular electrode, blood pressure, selective.

Introduction

Designing safer and more effective neural electrodes is a
condition for the development of a next generation class
of therapies for treating impaired autonomic functions by
modulating the activity of peripheral nerves mediating
such functions [1]. As the peripheral nerves typically
comprise neural fibers mediating more than one function,
an ideal electrode for such therapies should be able to
record from and stimulate the targeted neural fibers
exclusively. Although important advances have been
achieved in regard to designing neural electrodes for
selective recording and stimulation [2-6], efforts are still
made for improving such electrodes.

In some of our previous studies, we have developed
interfascicular electrodes for selective stimulation of, and
recording from rabbit sciatic nerve fascicles [3;4]. In
other studies, we used cuff electrodes to record blood
pressure (BP) related signals from the left vagus nerve
(LVN) of pigs. Deriving the power of those signals
resulted in BP-related neural profiles (BPnPs) resembling
the BP waves and mirroring BP changes, which suggests
that such BPnPs could be used as BP markers in closed-
loop LVN stimulation systems for BP control [7]. As the
interfascicular electrodes may be a valuable option for
interfacing peripheral nerves such as LVN [3;4], the
present study aimed to investigate if similar BPnPs could
be derived using an interfascicular electrode and if the
related signals could be selectively recorded from the pig
LVN with that electrode.

Material and Methods

A.Experimental procedures
The present experiments were performed on 8 farm pigs
weighing 50%5 kg. The animals were anesthetized with

sevoflurane during surgery and by IV infusion of
ketamine (20 mg/kg/hour) and xylazine (2 mg/kg/hour)
during the recordings. Following the experiments, the
pigs were euthanized with an anesthesia overdose. All
experimental procedures were approved by the Danish
Animal Welfare Committee.

The LVN and the right carotid artery were exposed at a
cervical level through lateral neck incisions. The BP was
recorded using a catheter inserted in the carotid artery and
connected to a pressure transducer (Edwards Lifesciences
TM) and the electrocardiogram (ECG) using two surface
electrodes to represent lead II.

Electrodes (deisolated
Stainless steel wire)

Plastic
1.5mm P - support
Suture 4
1
Leads
i K\ 1 v = ) [2.5mm
: = ] Z T
i anode !
i cathodes
| 17 mm

Figure 1: Schematic representation of the
interfascicular electrode used in this study. In the
right upper corner, a cross-section through the
electrode at the indicated location (dashed arrow)
shows the positioning of the 4 channels.

A custom-made 4-channel interfascicular electrode (Fig.
1) was inserted in the cervical LVN in a cranial-to-caudal
direction and as close as possible to the longitudinal axis
of the nerve. This was achieved by pulling the electrode
inside the LVN using a suture connected to the tip of the
electrode (Fig. 1). The suture was inserted cranially in the
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nerve, guided through the nerve and pulled outside the
nerve about 3.5 cm caudal from the insertion point using
a 25 gauge injection needle. As schematically illustrated
in Figure 1, the electrode comprised 4 tripolar channels
separated by the cross-oriented wings of a plastic support.
Each electrode channel consisted of an anode placed in
the middle and 2 cathodes placed 4 mm apart from the
anode. All electrode contacts were made by coiling the
de-insulated ends of Teflon-coated stainless steel wires
(50/114 pm in diameter) and then mounted on the plastic
support. All electrode dimensions are shown in Figure 2.
After inserting the electrode, the BP, ECG and the vagus
nerve electroneurograms (VENGS), acquired with each
channel of the interfascicular electrode, were recorded for
5 minutes in each pig.

B.Data acquisition and analysis
All signals were amplified (ECG = 2.5k-10k, VENG =
100k-1M, and BP = 50k V/V) and filtered (ECG = 1-10
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In order to derive BPnPs, the squared VENG signals were
first low-pass filtered at 15 Hz to derive the envelope
signals. This VENG power envelope was then high-pass
filtered at 1 Hz (second order Butterworth) to remove the
respiration-related nerve signal and finally down sampled
to 1000 Hz. The R-peaks were then detected from the
ECG signal and used to create an ensemble average of the
VENG power envelope and BP signal, respectively,
relative to the R-peak of a number of heartbeats in order
to obtain the BP waves and the BPnP profiles as
illustrated in Figure 2. The BPnP amplitude (aBPnP) was
calculated as the difference between the minimum and
maximum BPnP values.

Results

BPnP profiles resembling the morphology of the BP
waves (Fig. 2) were extracted as described from at least
one electrode channel in six out of the eight animals

BP [mmHg]
® o
o o
%

60 r r r r r
0 100 200 300 400
2 T T T T T

0 100 200 300 400
2R T T T T T
>
=2
o R r r r r r
0 100 200 300 400

0 100 200 300 400

R-peak related time

Figure 2: Two examples of BPnP profiles extracted from the LVN recordings collected from two animals. In both
examples, the upper traces show the BP waves as recorded from the right carotid artery and the following three
traces represent the power of the VENGs recorded with the four electrode channels (Ch 1-4) and averaged as
described. In animal A1l (a), a BPnP profile was present in exclusively channel 3. In animal A3 (b), BPnP profiles
with similar shapes and amplitudes were extracted from all four channels.

kHz, VENG = 10-10 kHz and BP = DC-10 kHz) using
AlI402 SmartProbes and a CyberAmp 380 (Axon
Instruments, Inc.) and digitized at 16 bits and 50 kHz
using a PCI-6251 DAQ (National Instruments). The data
were analyzed off-line in MATLAB (The MathWorks,
Inc.). The signals were further filtered in

MATLAB (ECG = 0.5-150 Hz, VENG = 300-10 kHz and
BP = DC-70 Hz), the ECG and BP were down sampled to
1000 Hz, and the VENGs were squared to obtain the
power of the signals.

included in this study. Such profiles could not be derived
from the LVN of the other two animals as the VENGs in
those two animals were unstable.

In the six animals with valid recordings, the topological
selectivity of the tested electrode ranged from BPnPs
derived from one channel exclusively (Fig. 2a) in two
pigs, to BPnPs derived from all four channels (Fig. 2b) in
one pig. Situations with BPnPs derived from two and
three channels occurred in one and two pigs, respectively.
In the situations where BPnP profiles were derived from
two and three of the electrode channels, the aBPnP
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differed between the channels providing an aBPnP
selectivity as illustrated in Figure 3.

1 -
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0.2 +
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Electrode channels

Figure 3: The BPnP amplitude (aBPnP) as measured
in the three pigs where BPnP profiles were derived
from two (animal A8) and three (animals A5 and A7)
of the electrode channels.

Discussion

The present study shows that BPnP profiles resembling
the morphology of the BP waves can be extracted from
BP-related VENG  signals recorded with an
interfascicular electrode from the pig LVN. In addition,
the present results indicate that such signals can be
selectivity recorded using the tested electrode design.

As already mentioned, we previously showed that BPnP
profiles resembling the BP waves can be derived from the
pig LVN by calculating the power of BP-related VENG
signals recorded with cuff electrodes [7]. In the present
work, similar BPnP profiles were derived in the same
way, but using an interfascicular electrode to record BP-
related VENG signals. This indicates that the recording
capabilities of this interfascicular electrode are similar to
those of the cuff electrodes used in our previous study
[7]. As the interfascicular electrodes may be superior to
the cuff electrodes in regard to the selective recording and
stimulation capabilities [3;4], we consider that the
electrode design tested here should be further investigated
for possible applications, including closed-loop LVN
stimulation for the treatment of resistant hypertension. In
this regard, Plachta et al. reported that selective LVN
stimulation results in BP decrease [2] and our previous
work suggested that the BPnPs can be used to monitor the
BP [7].

Concerning the selectivity aspects investigated here, this
study shows that either a topological (Fig. 2a), or an
amplitude (Fig. 3) selectivity in regard to recording the
BP-related signals can be achieved using a four-channels
electrode design. However, the aimed BPnP profiles were
obtained in only six out of the eight pigs included in this

study and in only four of those six animals (i.e. Al, A2,
A7 and AR) the recordings can be defined as selective. As
those BPnP profiles resulted from the compound signals
generated by the baroreceptor fibers running through
LVN [8], these mixed results indicate that the electrode
channels had a different orientation and/or proximity
relative to those fibers in the different pigs.

In this regard, placing the electrode in an ideal position
inside the LVN (e.g. with only one channel facing the
baroreceptor fibers) is a challenge and this ideal electrode
position is difficult to achieve. Consequently, more
studies are necessary for establishing more suitable
electrode insertion methods and thus for improving the
electrode selectivity. In addition, the feasibility of using
such electrodes for chronic implants should also be tested
in the future.

Conclusions

This study shows that neural profiles resembling the BP
waves can be derived from LVN signals recorded with a
multiple channel interfascicular electrode. Whereas the
tested electrode design seems suitable for selectively
recording such signals, further experiments are needed to
improve the electrode design, insertion procedures, and to
assess the chronic stability of this electrode design.
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CAPs in an isolated sciatic nerve of a rat elicited with specific
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Abstract: The functional performance of a specific current pulse to selectively stimulate Aa-, AB- and Ad-fibers
in an isolated rat sciatic nerve (SNR) and when exposed to the bupivacaine anaesthetic was assessed and
compared. Nerve conduction velocity (CV) and compound action potential (CAP) measurements were performed
on a SNR of four normal growing male adult Wistar Albino rats. The stimulus used was a current, biphasic pulse
composed of a quasitrapezoidal cathodic phase and rectangular anodic phase. Results showed that the highest
CAPI1 was obtained when the parameters of the tested stimulus waveform were set at the following range:
i.=3.8-4 mA, 1.=350-400 us and t,,=330-440 us When the bupivacaine was applied onto the SNR, action
potential (AP) conduction was gradually reduced until it was blocked. The lowest value of both CAPI and CAP2
was obtained about eighty minutes after application of local anasethetic. One conclusion was that APs were
activated in the AP-fibers and Ad-fibers within the corresponding pathways along with a slight AP inhibition in
the Af-fibers. It could also be concluded that besides the parameters and waveforms of the specific stimulus,
changes in CV can be also affected by bupivacaine anaesthetic and that both slightly differentite between nerve
fibres on diameter basis. The obtained results, could serve as an additional tool for developing multi-electrode
stimulating systems that potentially enable fiber-type selective stimulation of nerve fibers and to test various
anaesthetics when applied directly onto the peripheral nerve containing different types of nerve fibres.

Keywords: rat sciatic nerve; nerve fibre diameter; compound action potential; selective nerve stimulation; local
anaesthetic.

small axon diameter and no myelination exhibits a

Introduction low CV. Therefore, the increase in CV should
reflect an increase in the relative number of fibers
Non-selective stimulation of a particular nerve with large diameters. The recording of CAP in the
often results in undesirable side effects. To alleviate peripheral nerve shows a gradual increase in CAP
such problems, various models and electrode with an increase in the intensity of the stimulating
systems that selectively stimulate certain features pulses as nerve fibers with different properties are
have been developed, for example, stimulating recruited during the stimulation.
intermediate-diameter AP-fibers in a nerve, while While the effects of ambient temperature, age and
avoiding the stimulation of Aa-fibers, Ad-fibers and size of the nerve are documented, the direct and
C-fibers [1-6]. It was shown in early indirect effects of anaesthetic on nerve CV when
electrophysiological studies that compound action applied on the peripheral nerve, are not well
potential (CAP) recorded from a nerve is actually reported. Local anaesthetics (LAs) block the
the algebraic sum of the action potentials (APs) of generation and the conduction of APs, presumably
activated nerve fibres for any strength of the by increasing the threshold for electrical excitation
stimulating pulse [7]. Nerve conduction velocity in the nerve, by slowing the propagation of the
(CV) is a reproducible measure of peripheral nerve nerve impulse, and by reducing the rate of rise of
function and in this relation it is used to diagnose APs.They interrupt neural conduction by inhibiting
neurological diseases. It is shown in the literature the passage of sodium through voltage-sensitive ion
that at the thigh level, the rat sciatic nerve (SNR) is channels in the neuronal membrane [9]. In general,
composed of hundreds of myelinated motor axons the progression of anesthesia is related to the
that innervate different leg muscles [8]. In diameter, myelination, and conduction velocity of
stimulation of the SNR a larger axon diameter with affected nerve fibres. Bupivacaine (Hydrochloride)
extensive myelination exhibits a higher CV, while a is indicated for the production of local or regional
1
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anesthesia or analgesia for surgery, dental and oral
surgery procedures, diagnostic and therapeutic
procedures, and for obstetrical procedures [10].

The main aims of our study while using
quasitrapezoidal current biphasic stimulating pulses
were to i) investigate the functional performance in
fiber-type selective nerve stimulation, ii) to separate
the CAP peaks corresponding to the categories of
nerve fibers (Aa, AP, Ad and C) and iii) to test an
influence of the bupivacaine anaesthetic onto the
different groups of nerve fibres when applied onto
the particular superficial region of an isolated SNR
via measurement of CAP during electrical
stimulation of the SNR. Precisely, an intention was
to separate the AP peaks corresponding to the
different groups of nerve fibres namely, Aa-, ApB-
and Ad-fibres when the SNR was exposed to
specific concentration of the aforementioned LA.

Material and Methods

For measurements, we used a measuring chamber, a
stimulator, a differential amplifier, a data
acquisition system (Digidata® 1440A, Low-noise
Data Acquisition System, Molecular Devices,
Sunnyvale, CA, USA), data acquisition software
(AxoScope 10.3, Molecular Devices, Inc, USA) and
desktop PC. The chamber contained seven platinum
(99.99% purity) hook-shaped stimulating and
recording electrodes at the distance of 4.8 mm. The
diameter of the hook was 1 mm. As shown in Fig.1
the first two electrodes were stimulating electrodes,
the pair of electrodes (pairl) numbers four and five
were CAP1 recording channel and the pair of
electrodes numbers six and seven (pair2), were
CAP2 recording channel. The stimulating and
recording section were separated, using the
grounded electrode number three.

Fig. 1. (left) Stimulating/Recording set-up, (right)
Measuring chamber with a ladder of electrodes and
SNR: (a) pair of stimulating electrodes, (b) pair of
electrodes for recording of CAP1 and (c) pair of
electrodes for recording of CAP2.

CVs and CAPs were measured on isolated SNRs
obtained from female adult Wistar rats, weighting
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200 g to 230 g. Animal handling was consistent
with the FEuropean Community Directive
2010/63/EU. Offline signal analysis was performed
using a Lenovo T420 portable computer (Lenovo,
Singapore) and MATLAB R2007a software (The
Mathworks Inc., USA). The stimulus used was a
current, biphasic, quasitrapezoidal cathodic phase
with an intensity i., a plateau with a width of t., an
exponentially decaying phase with a width of t.,
and the time constant 1., and a rectangular anodic
phase with a width of t, and intensity of i, (shown
in Fig. 2).

The experiments consisted of three sub-
experiments, referred to as Phases 1-3, where pre-
set single stimuli (1 Hz) were used, while the CAPs
were recorded simultaneously. In this report
however, only phases that elicited the most
indicative influence on the recorded CAPs by
changing the stimulating cathodic intensity i,
changing the time of the exponential decay t.y,, and
by application of the bupivacaine anesthetic are
reviewed. Before the beginning of Phases 1-3, the
following parameters were fixed: i, = 3.35 mA, t. =
155 ps, texp = 100 ps, Tex, = 45 ps, i, = 0.45 mA and
t, = 490 ps. In Phase 1 stimulus intensities (i)
between 0 and 3.35 mA were used. In Phase 2, we
used width of the cathodic exponential decay (teyp)
between 0 and 500 ps. Finally, in Phase 3, local
anaesthetic bupivacaine was applied. The pre-set
stimulus waveform and more specific description of
the experiment is shown in the publication: [11].
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Fig. 2. Current, biphasic pulse composed of a

quasitrapezoidal cathodic phase and rectangular
anodic phase.

Results

The data on the CAP latencies, CAP amplitudes
and other variables in three phases are presented
graphically in Fig. 3.
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Fig. 3. (a) Relationship between i, CAP1max and
CAP2max (peak amplitude of the CAPI1 and
CAP2), CVCAP1 and CVCAP2 (nerve conduction
velocity calculated on the basis of CAPlmax and
CAP2max); and CV in Phase 1, (b) Relationship
between t.,, CAP1 and CAP2 conduction velocities
and actual conduction velocity CV in Phase 2, (c)
Relationship between an ascending time and
variables CAPlmax, CAP2max, CVCAPI,
CVCAP2 and CV in induction phase. 0.25 %
Bupivacaine was applied after first 5 minutes.

Discussion

Published studies show that the technique’s
selectivity for fibers with different CVs, namely
Ada-fibers, AB-fibers and Ad-fibers, can only be
achieved by adjusting the stimulating cathodic
intensity i. and changing the t.,,. Our data however,
showed that the most indicative influence on the
recorded CAPs was achieved by adjusting, i., and
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changing the time of the exponential decay, tey, [1-
5]

The current work demonstrates for the first time the
feasibility of selective stimulation of different types
of nerve fibres within the isolated SNR exposed to
the bupivacaine anaesthetic using the specific
quasitrapezoidal ~current biphasic  stimulating
pulses. In the present study, the fascicle geometry
and the type of nerve fibre’s functional topography
were considered while the fibre-type selectivity that
could be obtained with various electrode
configurations and stimulus waveforms, is
proposed. Other published studies showed that the
technique’s selectivity of fibres having different
CVs, namely Aa-fibres, AP-fibres andAd-fibres
that is tested in the study, agree with most of the
models and electrode systems that selectively
stimulate a particular population of nerve fibres
within the superficial region of the nerve that have
have been developed by the others [12].

Conclusion

One conclusion is that the highest CAP1 value shall
be expected when the parameters of the tested
stimulus waveform are set within the following
range: i.=3.8-4 mA, t.=350-400 us and t.,=330-
440 ps. However, this conclusion is valid only for
the particular stimulating/recording system used
within this study. It can be assumed that
predominantly one type of nerve fibers, namely Ap-
fibers, was activated. It can be also concluded that
only a te, values that are slightly shorter and
slightly larger than around 271 ps are appropriate
for use with the pre-defined stimulus waveform and
presented experimental design. It is anticipated that
the stimulation parameters related to selective nerve
stimulation and recording the CAPs that were
established in this study will advance the
development of human neural prostheses. It can be
also concluded that the findings of our present
study show that 0.25% bupivacaine was able to
obtain block of different types of nerve fibres in
isolated SNR after stimulation with current,
biphasic, incompletely charge-balanced asymmetric
pulse. Finally, the findings of the present
experiment can be wused to suggest this
methodology as an animal model supporting studies
related to human neurological diseases that
potentially enable testing performance of various
LA via electrophysiological studies related to fibre-
type selective stimulation of nerve fibres.
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Part of the results presented are published in the
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Neuronal activation characteristics in the electrically stimulated retina
during sub- and epiretinal stimulation

Werginz P, Rattay F'

'Institute for Analysis and Scientific Computing, Vienna University of Technology, Austria

Abstract: Response characteristics of retinal ganglion cells during extracellular electrical stimulation are studied in
order to improve the clinical outcome in blind patients using retinal implants. This computational study presents a
detailed computer model of a small group of retinal neurons and how these neurons respond to electrical stimulation.
Compartmental modeling was combined with a model of the ribbon synapse at the bipolar-ganglion cell connection.
Epiretinal stimulation from the inner portion of the retina was shown to produce strongly different spiking outputs in a
single ganglion cell when the stimulating electrode is shifted or the pulse polarity is changed. Subretinal stimulation
triggers direct and indirect spikes in ganglion cells. Whereas direct ganglion cell activation results in a single or two
spikes, indirect (network) activation results in a bursting ganglion cell response. Similar to experimental findings, this
bursting response changes from an irregular to a regular temporal pattern when stimulus intensity is systematically

increased.

Keywords: retinal implant, bipolar cell, ganglion cell, synaptic transmission

Introduction

Recent improvements in retinal implant technology
have led to enhanced visual perceptions in blind patients
during clinical trials. Two major approaches are currently
utilized to restore vision to blind people suffering from
diseases that lead to a degeneration of photoreceptors: i)
sub- or suprachoroidal implants placed under the retina
and ii) epiretinal implants implanted at the innermost
portion of the retina. Stimulation from both sides of the
retina was proven to be capable eliciting neural signals in
the visual cortex.

The quality of artificial vision, however, is still
limited and does not provide more than rudimentary
features of the visual scenery. The generated neural signal
towards the visual cortex is the crucial factor in order to
restore vision with higher quality.

This computational study aims to elucidate several
neural activation characteristics during electrical
stimulation from both sides of the retina. The activation
of the two most important retinal cell types, bipolar (BC)
and ganglion cells (GC), is modeled.

Material and Methods

The response of BCs and GCs to extracellular
electrical ~ stimulation is computed with multi-
compartment models. Our modeling discretizes detailed
3-D cell geometries in space, using cylindrical and
spherical compartments. Compartment length is below 10
um; total number of compartments is 500-1500. Dendritic
compartments have a constant diameter of 0.5 pm. Axon
Hillock and axon initial segment (AIS) have lengths
between 30 and 40 um and diameters are adjusted to
experimentally reported data. Current flow between
compartments and across the cell membrane leads to a
system of ordinary differential equations (Eq. 1 [1]). In
this equation V, denotes the transmembrane voltage, R,
the axial resistance between neighbored compartments, C,
the cell capacitance and V., the applied extracellular

potential at the nth compartment. Ionic currents (Lipn,) are
computed with a Hodgkin-Huxley-like model approach at
35 degrees Celsius [2]. Here, V., generated by a
stimulating electrode, is computed by a simple analytical
solution for point sources in homogeneous media (Eq. 2).
Thereby, Igim denotes the stimulus amplitude at the
extracellular electrode. Extracellular resistivity p, is set to
1000 Qcm, r denotes the Euclidean distance of a
compartment (center) to the electrode. Extracellular
recordings are computed with the same formula; see [3]
for details. The used model of the ribbon synapse at BC
terminals is presented in [4]. Numerical solutions are
computed by a custom-written implicit Euler solver in
MATLAB (The Mathworks Inc., Natick, Massachusetts,
United States). Time step is set to 0.005 ms in all
simulations.

+ n+1_Vn +
R, /2+R,/2 R, /2+R, /2 |1
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dt + Ve,n—l - Ve,n + Ve,n+l - Ve,n Cn ( )
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Results

Neural activation of BCs and GCs was monitored
either intra- or extracellularly, i.e. either the electrical
potential across the membrane at a given compartment or
the summed response of all compartments at a virtual
recording electrode was computed. Intracellular
recordings resulted in typical action potential (AP) shapes
with strong depolarization from the resting potential
(-65 mV). Extracellular recordings typically have a bi- or
triphasic form, depending on the location of the recording
electrode and the site of spike initiation.
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Figure 1: Epiretinal stimulation with anodic and cathodic pulses - (A) The dendritic tree, soma and axonal parts of a mouse
GC from [5] are indicated in red, green and blue, respectively. The stimulating electrode (black dots) was either located
directly above the soma (0/0/30; 0/0/0 denotes the soma center) or in the distal dendrite (90/-17/30). Z-distance between soma
center and electrode was therefore fixed at 30 um. (B) Intracellular recording at four locations along the neuron when
stimulated above the soma (top) and above the distal dendrite (bottom). Simulated membrane voltage was monitored at the
soma (green, /), the axon (blue, 2) and two locations within the dendritic tree (red, 3 & brown, 4).

In a first investigation the response of a single mouse
GC during epiretinal stimulation was simulated (Fig. 1).
Intracellular recordings were obtained at four different
locations along the neuron; at the soma, at the proximal
axon (~200 pm from the soma) and at two locations
within the dendritic tree (Fig. 1A). The stimulating
electrode was located either above the soma or above the
distal dendritic tree, z-distance was 30 pum from the soma
center in both cases (see Fig. 1A). Stimulation at
threshold level (1.2-6.3 pA) resulted in different
activation patterns for varying electrode locations and
pulse polarities (Fig. 1B). During cathodic stimulation
close to the soma an AP is initiated at the AIS and
propagates in both directions into the soma and dendrites
and towards the distal axon. Anodic stimulation, again,
initiates a spike within the axon, however, at more distal
locations. Note that if measured experimentally with a
patch-clamp recording at the soma both pulses would
result in similar recordings. Importantly, however, the
relative timing between somatic and axonal spike is
different during anodic and cathodic stimulation. Whereas
cathodic stimulation leads to somatic spikes prior to
axonal APs this order is inverted during anodic pulses.

Shifting the electrode to the distal dendrite leads to a
delayed spiking in somatic and axonal portions (Fig. 1B
bottom). During cathodic stimulation an AP is initiated in
the dendritic part located close to the electrode and further
propagates through the dendrite into the soma where it
takes some time to charge the large capacitance and reach
threshold depolarization. Because of this delay the spike
in the soma propagates in both direction towards the axon
and the dendrite. This leads to a second spike in the

recorded compartment close to the stimulating electrode.
A similar activation pattern can be observed during
anodic stimulation, however, now locations far from the
electrode location are initiating an AP which propagates
through the remaining parts of the neuron. Again, the first
spiking compartment produces a second spike when the
somatic AP returns.

Figure 2 shows a comparison of intra- (top) and
extracellular  (bottom) recordings during cathodic
stimulation from the two electrode locations of Fig. 1.The
extracellular potential was measured close to the soma
(0/0/15). Overlays show little variance in the recordings.

It was also tested how strong BCs respond during
epiretinal stimulation. For the presented 1ms pulses and
due to the large distance between the electrode and BCs
the membrane voltage was only elevated by a few mV.
Such a small depolarization is not able to activate voltage
gated calcium channels in BC terminals and consequently
the intracellular calcium concentration necessary to start
the signaling cascade is not sufficiently -elevated.
Therefore, BCs were not included during epiretinal
stimulation.

Subretinal stimulation was applied anodically only
because cathodic pulses are not able to increase [Ca’™] in
BC terminals. Consequently, the synaptic signaling
cascade is not initiated and no excitatory postsynaptic
currents (EPSCs) are present at GC dendrites. BC and
consequent (indirect) GC response was computed by a
simplified simulation. Only a small number of BCs,
located in evenly spaced regions along the dendritic tree’s
main axis were used to compute the average EPSC on a
connected GC (Fig. 3A). The intracellular calcium
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Figure 2: Intra- (top) and extracellular (bottom) recordings at
the soma when the electrode is shifted from the soma (green)
to the distal dendrite (blue). APs at the soma occur at
different points in time. An overlay of both recordings shows
that the AP shape is similar in both cases (inset).
Extracellular recordings quite close to the soma (0/0/15)
don’t differ strongly as well.

concentration at one terminal compartment of the BCs
was used as input parameter for 100 ribbon synapses
randomly distributed on the dendritic tree of the GC
(input depending on Euclidean distance from the soma;
blue dots in Fig. 3A bottom).

Doubling the stimulus amplitude leads to a totally
different spiking pattern (Fig. 3B). Whereas during a 5
LA pulse only one direct spike is generated the stronger
pulse elicits a double spike. Also the strength of synaptic
activation varies strongly. Higher stimulus amplitudes up
to a certain limit generate stronger bursting responses. If
BC depolarization is too strong, however, an opposite
effect can be observed due to so-called calcium current
reversal (not shown, see [4] for more information).

Figure 3C describes spiking characteristics over a
wide range of amplitudes for both, modeled (left) and
experimental (right, from [6]) results. Only at very low
amplitudes a pulse does not elicit a so-called direct spike,
i.e. a spike in close temporal relation to the stimulus.
After a silence period of approximately 10 ms bursts of
synaptic (indirect) spikes start. These spikes are thought
to be initiated by the response of BCs to the stimulus and

consequent neurotransmitter release.
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Figure 3: Subretinal stimulation with anodic pulses results in direct and indirect spikes - (A) The responses of 5 BCs define
the randomly distributed excitatory inputs (blue dots) at the GC dendritic tree. Stimulating and recording electrode in black
and red, respectively. (B) Intracellular recorded membrane potential for stimulus amplitudes of 5 and 10 pA. Stimulus on- and
offset is indicated in red at the bottom. (C) Resulting raster plot when the stimulus amplitude is sequentially increased. At each
amplitude five repetitions of the same pulse are presented and the spike timing (zero crossing of membrane voltage at the
soma) is monitored. Simulated (left) and recorded (right) results show certain similarities. Note that the time scale is different
in both plots. Simulated results can be compared to the portion of the right plot within the red rectangle.
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The duration from activation of BCs to synaptic input
and spiking at GCs depends on the kinetics of [Ca''];,
neurotransmitter release and diffusion through the
synaptic cleft, postsynaptic receptor kinetics and
biophysical properties of the connected GC. In the
presented model, several of these parameters were
combined into a single delay time of 10 ms in order to
reproduce experimental results. A previous study,
however, showed that the first burst of indirect spikes
could also occur earlier within a time frame of <5 ms [7].

Long latency spikes occurring after more than 50 ms
(see Fig. 3C right) can also be observed in the
experiment, however, these spikes are supposed to origin
from other parts of the retinal network (e.g.
photoreceptors) and therefore can not be simulated with
the presented model. The large differences between
stimulus amplitudes necessary for the generation of
indirect activation in simulations and experiments can
have several reasons: i) the relative location between the
target fiber(s) and the stimulating electrode, i.e. the
distance between BCs and subretinal electrode is not
precisely known in experiments; ii) in the presented
simulations the microscopic properties of retinal tissues
are averaged to a macroscopic resistivity (1000 Qcm) in
order to be able to use a simple analytical solution for the
generated potentials.

Several similarities can be found between simulated
and experimental results. First, higher amplitudes lead to
intense indirect GC firing. Second, if a certain amplitude
is exceeded a second direct spike is generated. Third, a
regular temporal pattern of the indirect spikes can be
observed at high stimulus amplitudes. This effect,
however, is more pronounced in experimental results.

Discussion

Our biophysically based model explains several
experimentally determined spiking characteristics in GCs
during sub- and epiretinal stimulation. A comparison with
experimental data was shown to be in general agreement
to a previous study. Our model also predicts several
plausible spike initiation characteristics which have not
been observed in experiments so far, mostly because these
characteristics cannot be examined with current standard
recording setups (i.e. measuring spiking with a single
patch-clamp electrode at the soma). Moreover, our model
describes the indirect activation of GC during subretinal
stimulation which is thought to be the crucial factor for a
higher quality of vision in patients using (sub)retinal
implants. Direct and indirect spikes can clearly be
discerned and several specific characteristics as found in
experiments can be reproduced.

Conclusions

With a deeper understanding of the processes
occurring during electrical micro-stimulation as utilized
in retinal implants, an improved outcome in clinical trials
might be achievable. Single-cell analysis reveals that the
site of spike initiation is mainly depending on electrode
location and pulse polarity. Especially during epiretinal

stimulation, these effects might result in distorted
temporal spiking sequences which further are supposed to
lead to unwanted sensory inputs. Our model also supports
the opinion that the first burst of APs during subretinal
stimulation is probably related to activation of BCs. This
first burst can be elicited in a controlled way in
simulations as well as in experiments. The retinal network
also responds with long latency bursts of spikes that
cannot be capture with our model. However, it seems that
this network activation can elicit complex spiking patterns
such as observed under healthy conditions. Thus,
subretinal stimulation might be the better approach to
generate more physiological spiking patterns with retinal
implants.
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In vivo measurements of tension in the tibialis anterior tendon of the
rat using a miniature in-line load-cell — preliminary results
Schmoll M2, Jarvis J C2, Unger E!, Haller M, Bijak M!, Lanmueller H'

!Center for Medical Physics and Biomedical Engineering, Medical University Vienna, Vienna, Austria
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Abstract: To investigate the behaviour of the neuromuscular system, force-measurement gives a direct measure of muscle
fibre activation. While less direct and less invasive methods like EMG provide some indication of muscular activity, force-
measurement is capable of giving a quantitative description of the contractile-properties. The present paper introduces
a novel force-measurement technique using an in-line load cell to measure tension transmitted by the tendon of the tibialis
anterior (TA) muscle in rats. Experiments were conducted on two male Wistar rats (age: 64, 65 days) with a mean body
weight of 292 g. The load-cell was used to measure the response to single pulse stimulation of the common peroneal
nerve and short bursts of different frequencies, for unloaded concentric (CON) and isometric (ISO) contractions. TA
muscles were harvested and weighed directly after completion of the experiments. The results showed a clear increase in
peak force for single twitches by 151 % for ISO compared with CON. Mean maximal tetanic force was 839 g, which is in
general agreement with other studies. This indicates that the load-cell is able to provide reliable measurements for the
force developed by the TA muscle. Because the tendon remains attached to its original insertion, the device allow
measurements of TA loading due to plantarflexor co-contraction across the ankle joint. This could give valuable

information for designing protocols to provide resistance training for the tibialis anterior muscle.

Keywords: muscle, strain, force measurement, rat, tibialis anterior

Introduction

In order to investigate the behaviour of the neuromuscular
system, force measurement has proven to be one of the
most useful assessment tools. Although the recording of
EMG activity is a valuable and easily accessible technique
to estimate muscular loading, it still remains challenging to
give reliable statements about how the measured signal is
actually correlated to the force produced by a particular
muscle [1]. As EMG is usually measured using surface or
intra-muscular needle electrodes, they may record only
part of the activity of a particular muscle. Co-activation of
muscles, close to the targeted one, reflect another problem
of this technique.

Measuring the muscular force in a direct way therefore
gives a more complete picture about the activity of a
muscle of interest. The combination with functional
electrical stimulation offers further possibilities regarding
a controlled study-design.

Besides describing basic contractile properties [2] of a
muscle, measured force is also used as an essential
parameter to quantify the degree of regeneration after a
nerve injury [3]. Other studies have measured force
responses elicited by different stimulation parameters in
order to achieve selective stimulation [4,5,6] of fast and
slow-twitch muscle fibres, which is important when trying
to activate the nerve in a more natural way. The
investigation of certain training protocols to elicit
adaptation of muscle properties is also a well-established
field of research [7].

The hind limb muscles of various animals are widely used
models to investigate muscular behaviour, as they are
generally large in size and their nerves easy to access.
Several approaches have been used in the past to assess
muscular force in anaesthetised animals. One common
technique is to fix the muscle origin appropriately (often
by fixation of a bone) and to measure the generated force
by exposing the muscle and attaching its tendon of
insertion to a load-cell or instrumented lever [2,4,6,7,8,9].
This method has the advantage of being able to measure
the force directly for individual muscles and is also
applicable to rather small muscles (e.g. rat EDL [7]). A less
invasive approach is used by some other studies, which
place the intact animal within some specially designed
external apparatus [3,5] to determine the contraction
strength. A positive aspect of this measurement type is that
the muscles remain in situ which allows for measurements
across the ankle joint, without distorting the original
direction of force transmission. A drawback is the loss of
selectivity as all contributing muscles are measured at the
same time.

The use of an in-line force transducer offers the advantage
that the force transmitted through a particular tendon can
be measured while the muscles still keep their
physiological position. Buckle transducers, establishing
this principle, have previously been used in wallabies [10],
pigeons [11] and guinea fowls [12] to measure the
tendinous loading of multiple plantar-flexors at the same
time.

-55-



The present paper introduces a novel miniature in-line
load-cell small enough to allow for measurements of force
transmitted by the tibialis anterior tendon in rats. The
device should be stable enough to withstand peak forces up
to 20 N while still being accurate enough to measure the
response of a single twitch.

Material and Methods

Surgical procedure

Experiments were conducted under the permission of the
Animals (Scientific Procedures) Act, UK on the tibialis
anterior (TA) muscle of two male adult Wistar rats (age 64
and 65 days). The animals were anaesthetised using a
gaseous mixture of isoflurane and O,. The percentage of
isoflurane was adjusted to maintain deep anaesthesia.
Buprenorphine (Temgesic, Indivior, Slough, UK) was
administered for analgesia.

Two loop electrodes, formed from PVC-insulated stainless
steel wires (Cooner Sales Company, Chatsworth,
California, U.S.A.), were placed under the common
peroneal nerve (CPN) with the more distal electrode as
cathode. The incision was closed after electrode placement
to maintain the nerve in its natural environment.

The tibialis anterior muscle was accessed through a
longitudinal skin incision on the anterior part of the lower
hind limb. Once the TA was clearly visible, the incision
was extended further distal being guided by the tibialis
tendon. In order to have a longer tendinous part freely
accessible, the extensor retinaculum was transected, taking
great care not to injure adjacent blood-vessels or tendons.
The cleaned tendon was inserted into a custom-built load
cell (Center for Medical Physics and Biomedical
Engineering, Medical University Vienna, Austria) and
gently clamped using two stainless steel screws. Through
a small window in the device it is possible to cut the
tendon, which is advisable to perform using proper
magnification glasses. Once the tendon was cut, the whole
force was transmitted through the tendon itself and could
thus be continually monitored. A drying-process of at least
20 - 30 min was allowed to strengthen the mechanical
properties of the tendon, which turned out to be essential -
especially when measuring higher forces. The animals
were killed by increasing the anaesthetic dose, followed by
cervical dislocation. TA muscles from the left and right
side were harvested and weighed immediately.

Experimental set up

(i) Force Measurement

Force that is usually transmitted by the tibialis tendon was
quantified using a miniature load cell (see figure 1). The
CNC manufactured stainless steel core measured 3 x 3 mm
with a length of 7mm and incorporated four strain gauges
(1-LY11-0.3/120, Hottinger Baldwin Messtechnik GmbH,
Darmstadt, Germany) that were attached using
cyanoacrylate glue (EP310S, Hottinger Baldwin
Messtechnik GmbH, Darmstadt, Germany) and operated as
a temperature compensated half bridge.

Elastic silicone (W2000, NuSil Technology LLC,
Carpinteria, CA, USA) was used to cover the actively
measuring strain gauges while the passive temperature

compensating strain gauges were shielded with instant
adhesive (Loctite 4850, Henkel Ltd, Herts, United
Kingdom). This was necessary to improve mechanical
stability while handling and to allow operation in a humid
environment. The tendon was attached to the load-cell by
two M2x0.35 fine-pitch threaded screws. A protective
element was shaped by flattening and bending a 21G
needle around the screws, so that the tendon experienced a
lateral clamping force rather than a torsional stress when
tightening the screw. This is important because torsional
stress tends to cut the fibrous elements of the tendon.

(ii) Data recording

A PowerLab 16/35 (ADInstruments Inc., Colorado
Springs, USA) device was used to supply the driving
voltage to the load cell and measured the force signal at 10
kS/s. Stimulation voltage was recorded at a sample rate of
100 kS/s along with the force signal. ADInstruments
LabChart 7 Pro installed on a standard personal computer
(MSI GS60 2PE Ghost Pro, Micro-Star International,
Zhonghe District, Taiwan) was used to record, store, pre-
process and export the retrieved data.

Figure 1: Size of the load-cell compared to a 5 Euro Cent
coin, without the clamping screws.

(iii) Stimulation equipment

Passively charge-balanced, pseudo-monophasic,
rectangular pulses, were delivered from a MiniVStim test
board (equivalent to Type 12B implants, Competence
Team for Implanted Devices CTID, Center for Medical
Physics and Biomedical Engineering, Medical University
Vienna, Austria). All required stimulation patterns were
implemented using the MiniVStim-App installed on a
standard Android driven tablet computer (Xperia Tablet Z,
Sony Corporation, Tokyo, Japan). The tablet computer
maintained an active Bluetooth connection to a MiniVStim
programming device which served as bridge to
communicate with the test board via an additional RF-link.

Stimulation protocol

(i) Single twitch measurements

Single pulses with a phase-width of 258 ps were delivered
every 3 s while the stimulation amplitude was increased
every other pulse by 0.1 mA, to cover all amplitude levels
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from 0.1 to 2.0 mA. The mean force response elicited by
two pulses with the same amplitude was used to create a
recruitment curve. In a first step, measurements were
performed with the foot free to move, allowing for
unloaded concentric (CON) contractions of the TA muscle.
For isometric (ISO) contractions, the animal’s foot was
restrained at a 90 ° position of the ankle joint.

(ii) Force-Frequency Curves

The relation between developed force and stimulation
frequency was assessed with short bursts (200 ms, 2 mA)
by using frequencies of 10, 20, 40, 60, 80 and 100 Hz. To
avoid fatigue and to allow for a complete recovery of the
neuronal structures, the time between bursts was set to 30
s. Force was recorded for concentric and isometric
contractions.

Data Analysis

LabChart was used to mark the beginning of each twitch
and burst. This annotated data was exported for further
processing with Matlab R2010a (MathWorks, Natick,
Massachusetts, United States). A semi-automatic script
was used to analyse the recorded data. After manually
selecting the baseline, the peak force was determined for
every individual response.

Results were stored and further processed using Microsoft
Excel (Microsoft Corporation, Washington, United States).

Results

Animals

Some descriptive parameters that were assessed for each
animal can be found in table 1. The investigated rats had
an average body weight of 292 g while their stimulated TA
was 552 mg. There was no significant difference in the
mean weights of left and right TA.

Twitch responses

The average threshold amplitude was 0.35 mA. The
isometric case led to noticeable higher peak twitch forces,
251 % of the values achieved with an unloaded concentric
contraction.

Force-Frequency Curves
Short supra-maximal bursts of different frequencies (10,
20, 40, 60, 80 and 100 Hz) were applied while the
developed force was measured (see figure 2). Isometric
contractions showed up to 3 times higher forces than the
unloaded concentric case.

Discussion

Our results showed that the load-cell produced consistent
results throughout a period of several months while being
used in 11 separate experiments. It was possible to measure
forces up to almost 9 N while its resolution was high
enough to measure single twitches of as little as 0.1 N.

Values for the maximal isometric forces, measured with
our device, are in general agreement with earlier published
results using fixed transducers. Other research groups,
studying the contractile properties of the TA muscle in rats,
reported maximal tetanic forces of 8.24 + 1.34 N [8], 7.75
+ (0.63 N [2] and 8.88 + 0.63 N [9], which correlates well
with our measurements revealing an average of 8.23 N.

Being able to measure the force that is produced while the
muscle is still in its original place, offers the great
opportunity to gain valuable information about how the
muscle is acting in its normal biomechanical environment,
rather than looking at it as a single subunit. Force that is
transmitted through the tendon via the ankle joint could be
potentially used to train the tibialis anterior in various
different ways. In order to design a resistance training
regime it is important to know about the forces occurring
within this system. In future experiments we are going to
use the current device to investigate the loading of the
tibialis anterior during co-contraction of the plantar-
flexors.

Peak force [N]

Stimulation frequency [Hz]

Figure 2: Averaged force-frequency responses of the TA
muscle (n=2) obtained by short bursts at different
frequencies for unloaded concentric (blue) and isometric
(red) conditions

Conclusions

We were able to develop a device to perform in-vivo
measurements of the tension transmitted by the tibialis
tendon while maintaining the muscle’s position. Because
the tendon remains attached to its original insertion, the
load-cell potentially allows for measurements of force
conducted across the ankle joint, which gives valuable
information that could be used in designing training
protocols for the tibialis anterior muscle.
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Table 1: Overview of weights and corresponding maximal forces of the investigated animals.

Animal Age Body LTA RTA Fmax twitch Fmax twitch Fmax tetanic Fmax tetanic
8¢ weight weight weight CON ISO CON ISO
# days g mg mg N N N N
1 64 285 533 548 0.87 1.76 4.51 8.62
2 65 300 571 499 0.79 241 4.05 7.85
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Transcutaneous spinal cord stimulation to induce standing in
individuals with motor complete spinal cord injury

Hofstoetter US!, Minassian K!

!Center for Medical Physics and Biomedical Engineering, Medical University of Vienna, Vienna, Austria

Abstract: Even after severe cervical or thoracic spinal cord injury, remaining sensory-input processing and motor-output
generating capabilities of the lumbar spinal cord circuitry caudal to the lesion can be demonstrated. Reactivating the
intrinsic motor capacity of this circuitry is a target for neurorehabilitation interventions to improve leg function. Spinal
cord stimulation (SCS) via epidural implants was recently shown to induce full body-weight bearing standing in motor
complete spinal cord injured (SCI) individuals. Here, we studied whether transcutaneous SCS through skin electrodes
would similarly generate motor outputs underlying upright standing in four motor complete SCI subjects. Transcutaneous
stimulation was applied to the lumbar spinal cord at frequencies of 10-15 Hz and with intensities above the level
generating lower-limb muscle activity. The stimulation, together with weight-bearing related sensory feedback input to
the spinal cord, enabled the generation of lower-limb motor activity sufficient for upright standing with only minimal
self-assistance for balance. This finding indicates that transcutaneous SCS, which is acting through afferent stimulation,

can produce sufficient force in paralyzed legs to support standing.

Keywords: neuromodulation, non-invasive, spinal cord injury, spinal cord stimulation, standing

Introduction

Severe spinal cord injury (SCI) is associated with limited
prognosis for the recovery of voluntary motor function,
standing and locomotion [1]. Electrical stimulation of the
lumbar spinal cord at 20-50 Hz via electrodes implanted in
the epidural space was previously shown to generate
rhythmic flexion-extension movements in the lower limbs
of individuals with clinically complete SCI lying supine
[2-5], while stimulation at 5-16 Hz initiated strong
bilateral leg extension [6,7]. Recent studies have
demonstrated that epidural spinal cord stimulation (SCS)
can generate leg extension and upright standing in
individuals with motor complete SCI [8,9]. Under ongoing
invariant stimulation and by manipulating their body
position and centre of gravity, the subjects were able to
initiate and maintain full weight-bearing standing with
only minimal self-assistance for balance after intensive
training [9].

With the development of transcutaneous lumbar SCS, a
method became available to activate (a subset of) the same
neural structures as with epidural SCS, i.e., large-to-
medium diameter afferent fibres within the lumbar and
upper sacral posterior roots bilaterally, yet non-invasively
from the body surface [10-13]. When applied as a
neuromodulation technique with adequate parameter
settings, transcutaneous SCS was shown to temporarily
alleviate spinal spasticity [14], to facilitate residual
voluntary locomotor control in ambulatory, incomplete
SCI individuals [15,16], and to considerably enhance the
motor output produced by robotic-driven treadmill
stepping in paralyzed individuals [17].

Here, we investigated the potential of transcutaneous SCS
to induce upright standing in four individuals with
clinically motor complete SCI.

Material and Methods

Subjects: Data were derived from four individuals with
traumatic, clinically motor complete SCI (Tab. 1) in the
chronic stage of recovery (3.3 = 1.7 years post-injury). The
study was approved by the Ethics Committee of the City of
Vienna, Austria.

Transcutaneous spinal cord stimulation:
Transcutaneous stimulation of the lumbar spinal cord was
applied through a pair of interconnected stimulating
surface electrodes (@ 5 cm, Schwa-medico GmbH,
Germany) placed paraspinally over the T11 and TI12
spinous processes (Fig. 1A). A pair of reference electrodes
(8 x 13 cm each) was placed paraumbilically over the
abdomen. The targeted neural structures are afferent fibers
within the lumbar and upper sacral posterior roots
bilaterally. Stimulation of these afferent fibers was verified
by the elicitation of posterior root-muscle (PRM) reflexes
in the lower-limb muscles by single and double stimulus
pulses at varying interstimulus intervals (Fig. 1B)
[10,11,14,16,18]. Charge-balanced, symmetric, biphasic
rectangular pulses of 1-ms width per phase were delivered by
a voltage-controlled stimulator in subjects 1 and 4 and by a
current-controlled stimulator (Stimulette r2x+, Dr. Schuhfried
Medizintechnik GmbH, Moedling, Austria) in subjects 2 and
3. With reference to the indifferent electrodes, the paraspinal
electrode pair was the anode for the first and the cathode for
the second pulse phase.

Data acquisition: EMG activity was acquired from
quadriceps (Q), hamstrings (Ham), tibialis anterior (TA),
and triceps surae (TS) of both legs with pairs of silver-
silver chloride surface electrodes (Intec Medizintechnik
GmbH, Klagenfurt, Austria), each placed centrally over the
muscle bellies [19]. Reference electrodes were placed over
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Table 1: Subject characteristics.

Subj.nr. Sex Age Years post-SCI Level of SCI AIS
1 M 58 3 T9 A
2 F 18 1 T7 A
3 F 22 3 TS A
4 M 23 4 C6 B

Subj.nr., subject number; SCI, spinal cord injury; AIS, American Spinal Injury Association Impairment Scale

the fibular heads bilaterally. Abrasive paste (Nuprep,
Weaver and Company, Aurora, CO, USA) was used for
skin preparation to reduce contact resistance below 5 kQ.
EMG signals were amplified with a gain of 600, filtered to
a bandwidth of 10-500 Hz and digitized at 2048 samples
per second per channel. Electro-goniometers (Penny &
Giles Biometrics, Ltd., Gwent, UK) were used to record
hip and knee joint angles. Goniometric data were
synchronized to the EMG, filtered to a bandwidth of 0—15
Hz, and sampled at 2048 Hz. In subjects 1 and 4, ground
reaction forces exerted between foot and floor in the
standing position were recorded for both limbs using two
independent force measurement platforms (piezoelectric
force sensors, Kistler Instrumente AG, Winterthur,
Switzerland) and synchronized to the EMG.
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Figure 1: Transcutaneous SCS. A Sketch illustrating the
placement of the stimulating and reference skin electrodes
over the back and the lower abdomen. Drawing on the right
depicts stimulation (stim.) through the better conductive
elements (ligaments and discs) between the bony structures of
the spine, along with a computer simulation of the current
flow produced in a mid-sagittal plane. B The stimulation of
the lumbar and upper sacral spinal cord was verified by the
elicitation of PRM reflexes in the L2-S2 innervated
quadriceps (Q), hamstrings (Ham), tibialis anterior (TA), and
triceps surae (TS) bilaterally and their post-activation
depression at varying interstimulus intervals (ISIs). Shown are
exemplary responses recorded from the right (R) lower-limb
of subject 3 at ISIs of 50 ms (left) and 100 ms (right),
respectively. Arrows mark times of stimulus application.

Stimulation and study protocol: Starting from a semi-
sitting position supported by an overhead harness (cf. Fig.
2A), transcutaneous SCS was applied at a frequency of 15
Hz (subjects 1-3) and 10 Hz (subject 4). The stimulation
intensity was slowly increased to a level above the PRM-
reflex threshold that induced lower-limb extension.
Individually set maximum stimulation intensities were
subject 1, 30 V; subject 2, 120 mA; subject 3, 80 mA; and
subject 4, 37 V. None of the subjects reported adverse
effects induced by the stimulation.

Results

Transcutaneous SCS at 10-15 Hz and with intensities above
the threshold for eliciting PRM reflexes in the lower-limb
muscles generated motor output in the lower-limb muscles
appropriate to induce bilateral leg extension (Fig. 2) in the
motor complete SCI individuals, except for subject 2 in whom
such output was generated unilaterally only.
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Figure 2: Transcutaneous SCS at 10—15 Hz with an intensity
above the PRM-reflex threshold induces upright standing in
individuals with clinically motor complete SCI. A The
stimulation induced leg extension leading to an upright
standing position with ground reaction forces of up to 37 kg
per leg. The standing position was maintained until the
stimulation was turned off (SCS off). Shown are stick-figures
of one leg based on hip and knee goniometric data along with
corresponding ground reaction forces; subject 1. SCS
invariantly applied at 15 Hz and 30 V. B EMG activity
generated in right (R) quadriceps (Q), hamstrings (Ham),
tibialis anterior (TA), and triceps surae (TS) by 15-Hz
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transcutaneous SCS with increasing intensity. At an intensity
of 120 mA, leg extension was induced and maintained until
the intensity was reduced again, as illustrated by the stick-
figures; subject 2.

By manipulating the body position, thereby shifting the centre
of gravity, and with minimal arm support, the subjects were
able to initiate upright standing from a semi-sitting initial
position. The standing position was maintained with only
minimal self-assistance required for balance control until the
stimulation intensity was either reduced to below a critical
level or transcutaneous SCS was turned off. With the
exception of subject 2, in whom the extended position of the
less-responding leg was supported unilaterally by a therapist,
no manual assistance was provided to maintain lower-limb
extension. Maximum ground reaction forces of up to 450 N
per lower limb were generated in subjects 1 and 4 (cf. Fig.
2A). Closer inspection of the EMG activities produced by
transcutaneous SCS further revealed that they were composed
of series of stimulus-triggered PRM reflexes.

Discussion and Conclusion

Transcutaneous SCS, like its epidural counterpart [8,9],
induced motor output underlying bilateral leg extension
with sufficient force to induce and maintain an upright
standing position in three of the four individuals studied
with an SCI clinically classified as motor complete, i.e.,
without the ability to voluntarily induce or maintain
standing. Notably, these results were obtained within the
first session of transcutaneous SCS applied with the
purpose to induce standing. In subject 2, such motor output
was obtained in one leg only. Closer clinical examination
revealed previously undiagnosed secondary peripheral
lesions affecting the less-responding lower limb.

The EMG activity produced by the transcutaneous SCS
consisted of series of stimulus-time related PRM reflexes.
It can hence be assumed that the stimulation activated
large-to-medium diameter afferent fibers within the lumbar
and upper sacral posterior roots [10,20] and that the evoked
inputs  transsynaptically engaged plurisegmentally
organized spinal circuits involved in the control of lower-
limb activity [14,16], as also suggested in epidural SCS
[3,6,7].

The extension movements of the legs induced by
transcutaneous SCS were likely further facilitated by the
progressive weight-bearing related sensory feedback input
to the spinal cord when initiating the standing-up
movement, suggesting the active involvement of spinal
circuitry and the integration of feedback input [8,9].

The present findings indicate the potential of
transcutaneous SCS as a non-invasive training device to
induce full-weight bearing, active standing in individuals
with severe SCI. Further study in a larger subject
population is warranted, also to test potential training
effects with repetitive application of transcutaneous SCS to
induce standing as well as the effects of individually
optimized stimulation parameters [9].
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Sensory input with different rates of sustained electrical stimulation
can modify motor output of the human lumbosacral spinal cord

Krenn M!2, Mayr W', Mickel M?, Keilani M?, Crevenna R?, Dimitrijevic MR*

!Center for Medical Physics and Biomedical Engineering, Medical University of Vienna, Vienna, Austria
Institute of Electrodynamics, Microwave and Circuit Engineering, Vienna University of Technology,
Vienna, Austria
3Department of Physical Medicine and Rehabilitation, Medical University of Vienna, Vienna, Austria
*Foundation for Movement Recovery, Oslo, Norway
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Abstract: Sensory motor circuits in the spinal cord are constructed with a fine specificity that coordinates motor behavior.
Analysis of the dorsoventral connectivity patterns in an animal model showed that the projections of sensory axons to
discrete dorsoventral domains of the spinal cord without regard for motor neuron subtype or the presence of motor
neurons. By implications, the clustering and dorsoventral settling position of motor neuron pools serve as a determinant
of the pattern of sensory input specificity and thus motor coordination. The mechanisms that direct sensory connections
with their motor neuron pattern remain unclear. In this study, patterns of spinal sensory-motor output initiated by epidural
spinal cord stimulation of lumbar posterior human cord determinant of the patterns of sensory inputs rate and strength.
Six subjects (two females) with chronic, traumatic, motor complete spinal cord injury were studied. The injury level was
between Th2 and Thé. The epidural spinal cord stimulation consisted of a cylindrically shaped electrode array and a pulse
generator (Pisces-Quad electrode, Model 3487A and Itrel 3, Model 742, Medtronic Inc., Minneapolis MN, USA). Across
subjects, the rostrocaudal positions of the electrodes ranged from vertebral levels Th11-L1. The motor output was
recorded electromyographically in the major leg muscle. For analysis, the root mean square value (ERMS) of the signal
was calculated in a window of 3 s.

The ERMS was facilitated in all muscle groups by 66.3% between a stimulation rate of 2.1 Hz and 10 Hz. Above 10 Hz,
the modification of the motor output with increasing stimulation rates showed a progressive suppression. Therefore, the
ERMS declined around 19%, 51% and 66% for a stimulation rate of 16, 20 and 30 Hz, respectively. At a sustained
stimulation of 100 Hz, the responses were nearly diminished.

We have found crucial evidence of consistently reproducibly patterned response. In contrast, the animal research has
different motor behavior, but it predicts some interesting cluster activity which we interpret in our subjects without
variability. Moreover, if this pattern response is augmented or suppressed, we can demonstrate the same effect on the
result of independent motor unit’s activity from background activity. Intriguing differences between results and the
insights gathered gives us the opportunity to discuss the significance of the patterned response modifying the motor
control in spinal cord injury subjects.

Keywords: sensory-motor integration, spinal cord stimulation, afferent input, spinal networks
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Study of the effect’s duration of non-invasive trans-spinal stimulation
to reduce clonus activity in people with SCI

Vargas Luna JL'*3, Magniisdéttir G*, Krenn M*°, Gudfinnsd6ttir HK!, Gudmundsdoéttir V3, Mayr W+,
Ludvigsdéttir GK?, Helgason T'

nstitute for Biomedical and Neural Engineering, Reykjavik University, Iceland
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3Dept.of Rehabilitation Medicine, Landspitali University Hospital, Iceland
*Center for Medical Physics and Biomedical Engineering, Medical Universiy of Vienna, Austria
JInstitute of Electrodynamics, Microwave and Circuit Engineering, Vienna University of Technology, Austria

Abstract: Clonus activity is a symptom caused by spasticity and is frequently present in patients with either complete or
incomplete spinal cord injury. If present, it interferes with the motor control, causes imbalance and reduces walking
speed. In this work we study the changes on the excitability of lumbosacral neural centers—that control the clonus—
caused by trans-spinal stimulation immediately after and two hours after its application. The results show that the
stimulation significantly modifies the neural excitability of the lumbosacral neural networks, reducing the clonus
activity in three out of four subjects even two hours post-stimulation. This suggests that trans-spinal stimulation could
potentially be used as a complementary treatment to temporally suppress clonus activity, facilitating the performance of
other rehabilitation treatments or leisure activities and, therefore increase the quality of life of SCI people.

Keywords: Trans-spinal stimulation, clonus, spinal cord injury

Introduction

Traumatic spinal cord injury (SCI) is a striking event that
can cause muscle paralysis, neuropathic pain and
spasticity. Approximately 80% of people with SCI suffer
spasticity [1], which can reduce their quality of life by
diminishing their ability to perform tasks with the
otherwise healthy motor system [2], [3]. One of the major
components of spasticity is the clonus, which importantly
affects the residual motor control of the people. Currently,
clonus is treated as part of the spasticity problem, which
treatments induced generalized muscle relaxation, which
cause debilitating side effects that limit the patients’
mobility.

Alternative treatments have been proposed using trans-
spinal stimulation in both, invasive [4] and non-invasive
ways [5], [6]. These studies are based on the fact that
trans-spinal stimulation is able to selectively depolarize
posterior root fibers, which modifies the excitability of
the lumbosacral neural centers, triggering a series of
neuromodulation processes [4]. Preliminary studies
showed that transcutaneous trans-spinal electrical
stimulation was able to suppress ankle clonus activity
immediately after stimulation on three incomplete SCI
[5]. However, although it has been suggested that the
effects last for some hours, there are not publications that
quantify these effects other than immediately after.

This work presents a pilot study that quantifies the
modification on clonus activity with trans-spinal
stimulation on complete and incomplete SCI people. The
ankle clonus is quantified before, immediately after and
two hours after the stimulation.

Material and Methods

The clinical trial was approved as pilot study by the
Icelandic Ethical Committee, and conducted according to
the principles of Helsinki Declaration. Four subjects (3
males, 1 females) aged between 31 and 60 years old were
enrolled. All subjects have SCIs above T10 and are
classified as A (2 cases), C (1 case) and D (1 case) in the
ASIA Impairment Scale (AIS). In all cases the lesions are
chronic (at least 3 years post-injury). The participants
were informed of the experimental procedure, benefits
and potential risks of the measurements, and they signed
an informed consent prior the measurements. Table 1
presents a summary of the enrolled subjects.

The stimulation consisted in unipolar current-controlled
electrical stimulation transversally applied at the level of
the intervertebral space T11-T12. The current was
delivered through self-adhesive hydrogel electrodes. The
active electrode consisted of two interconnected small
electrodes (5 cm diameter, V.Trodes, Mettler Electronics
Corp., USA) placed over the paravertebral skin between
the T11 and L1 spinous processes [7]. The reference
electrode was composed by a pair of rectangular
electrodes (7.5 x 13 cm, ValuTrode, Axelgaard
Manufacturing Co., Ltd., USA) placed symmetrically
over the umbilicus.

The stimulator device (Stimulette R2X, Schuhfried
Medizintechnik GmbH, Vienna, Austria) was configured
to deliver charge-balanced rectangular pulses of 1 ms (per
phase) pulse width. The stimulation frequency was set to
50 Hz, because previous works has shown that such
frequency is able to modify the spasticity [8], [9] and, on
the other, to increase the motor control [10]. The polarity
was defined to deliver the cathodic phase first over the
paravertebral electrodes.
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Table 1: Average tibialis anterior and triceps surae EMG activity (in uVrms) during the manual clonus elicitation before
(stage 1), immediately after (stage 2) and 2 hours after (stage 3) stimulation.

TA (uVrms) TS (uVrms)
Subject Side Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3
St Left <1uVrms <1uVrms <1uVrms <1uVrms <1uVrms <1uVrms
Right 7.09£1.23 0.76£0.18  0.29+0.08 5.98+2.97 5.08+2.22 4.66%1.03
$H Left 2.26+2.20 0.80+0.58  1.67+1.48 <1pVrms <1uVrms <1uVrms
Right 19.66x11.73  1.03x0.70  0.21+0.07 <1puVrms <1uVrms <1puVrms
$3 Left 3.08%1.53 0.63£0.22  1.15%0.85 42.06£16.59  10.45%£5.33  26.02+20.03
Right  21.40£17.28  3.14#424  1.22+0.49 9.63%4.55 6.74+0.94 1.71£1.52
S4 Left <1puVrms <1uVrms <1uVrms <1uVrms <1uVrms <1uVrms
Right <1puVrms <1puVrms <1uVrms 0.72+0.14 2.19+0.53 1.39+0.81

In order to reduce the activity suppression due to fatigue,
the stimulation intensity was defined as 90% of the
smallest motor threshold on the assessed muscles. The
stimulation was applied for 30 min with the subject
relaxed in a supine position [9].

The effect of the electrical stimulation on the clonus
activity was quantified through the activity differences on
the lower limb muscles before (stage 1), immediately
after (stage2) and 2 hours after the stimulation (stage 3).
The clonus was manually elicited through an Achilles
tendon stimulation. The maneuver consisted on a rapid
dorsiflexion movement that was sustained for ~2.5
seconds; and it was repeated at least three times per stage
[11]. The activity was monitored on triceps surae (TS)
and tibialis anterior (TA) through electromyography
(EMG) of both legs. The EMG signals were recorded
with a Wireless EMG system (KINE ehf., Iceland) that
apply a band pass filter ranging from 10 to 600 Hz and an
acquisition rate of 1600 samples per second.

The muscle activity was quantified through the root mean
square voltage (Vrms) of the EMG during the whole
maneuver. The muscle activity was considered negligible
when, in all the stages, the average values were smaller
than 1uVrms. A Welch t-test was conducted over the non-
negligible data to compare the muscle activity before and
after the stimulation. Because of the high inter-variability
in the EMG amplitudes, the statistical test was conducted
over Vrms values previously normalized to the average
Vrms prior stimulation. The level of significance for the
statistical test was a = 0.05.

Results

A total of 4 data sets were acquired. Due to the
individuality of each SCI, the clonus elicitation maneuver
only produce activity on three the volunteers at the first
assessment. On subject S4, on the other hand, trans-spinal
stimulation triggered TS activity on the right leg. Tab. 1
presents the average Vrms values for each assessment,
muscle and leg.

As shown in EMG activity on the right muscles of S3
(Fig. 1), it is observed that the clonus activity—
recognized by the sequential burst of triceps surae—is
substantially reduce upon stimulating. This trend was
similar in S1, while S2 did not present triceps surae
activity during the assessment. Although unremarkable,
S4 showed a slight increase in triceps surae activity (Tab.

1). Because of the opposite results of S4, no statistical
significance was found in triceps surae activity between
stages. However, excluding the results for S4, the Welch
t-test shows a significant reduction of TS activity
immediately after stimulation (0.58+0.33) when
compared with stage 1 (120.40); t (17.34) = 2.62, p =
0.02. On stage 3, the muscle activity was slightly smaller
(0.52+0.37); t (18.34) =2.84, p = 0.01.

In three volunteers—S1, S2 and S3—tibialis anterior also
present abnormal activity in at least one leg, while in S4
both triceps surae remained silent. The trans-spinal
stimulation significantly reduced such activity to nearly
negligible values (0.18+0.18) when compared with stage
1 (1£0.36); t (19.53) = 5.47, p > 0.001. The suppression
slowly start to fade on stage 3 (0.26+0.44), but remain
highly significant; t (30.47) = 4.21, p < 0.001.

In the subjects with the larger reductions of EMG activity
(S2 and S3), the reduction of clonus activity—quantified
as the number of beets—as detected by the
physiotherapist was evident. S2 reduced from 4 or 5
clonus beets at stage 1 to barely one beet post-stimulation,
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Figure 1: Exemplary EMG signals of the right triceps
surae and tibialis anterior of S3 during the Achilles
tendon stimulation
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while S3 reduced from sustained clonus to none
immediately after stimulation and then back to a weaker
clonus.

Discussion

The application of low-intensity stimulation at 50 Hz
during 30 minutes has, independently of the subject’s
profile, modify the spinal excitability state. The results
show that, if existing, the clonus activity was successfully
reduced or suppressed immediately after the stimulation.
This is consistent with previous works, where the
immediate effects of a similar setup—but using voltage-
control stimulation—on three AIS D volunteers were
shown [5]. In this report we also quantify the temporality
of such effects by assessing the clonus activity two hours
after the stimulation offset. The results shown that after
two hours, the clonus reduction was still present at
various levels.

One volunteer (AIS C), the clonus activity was absent at
the beginning of the session. In this special case, the
stimulation induced slight clonus activity in one leg,
which partially fades 2-hours post stimulation. Although
the activity levels after the stimulation were relatively
low, it provides evidence that trans-spinal stimulation is
consistently able to modify the excitability state of the
lumbosacral spinal centres.

The capability of trans-spinal stimulation to effectively
modify clonus activity suggests that the action
mechanisms aren’t exclusively related to increases of
neuromodulatory signals from the descending tracts, but
also to local processes within the spinal networks. Some
of the possible mechanisms are the recovery or increase
on Ia reciprocal inhibition, which is normally affected
after the SCI [1]. This is supported by the fact that the
trans-spinal stimulation targets the posterior roots, which
include Ia fibers that are known by have strong synaptic
connections to Ia inhibitory interneurons [12].

Conclusion

This preliminary study shows the consistency of trans-
spinal stimulation to effectively modify the excitability of
lumbosacral neural networks. Therefore, we were able to
modify the clonus activity not only in incomplete lesions
but also in complete ones. This shows that the technique
can be further extrapolate to expand potential treatments
for complete SCI people.

The results also show a significant permanence of the
induced effect two hours after the stimulation offset.
Although the patients reported that the effects were longer
than two hours, this period of time is already enough to be
applied prior conventional therapies, which may boost
their therapeutic effect, or leisure activities, which are
often limited for clonus.
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Ca’" model to explain long-term effects of locomotion improvement
from paraplegic individuals due to spinal cord stimulation

Anzinger-Weitmann M', Rattay F'

'Institute for Analysis and Sientific Computing, Vienna University of Technology, Austria

Abstract: Individuals with motor-incomplete spinal cord injury show a restricted possibility for locomotion. Additional
occurrence of spasticity restricts the capability of locomotion again. Several studies have shown that epidural spinal
cord stimulation is able to reduce spasticity of paraplegic individual. Additional it improves the pattern of locomotion
considerable. This improvement of the locomotion pattern is observable for hours even after the stimulation has been
removed. To explain this phenomenon a computational Ca®* model has been designed which is able to replicate this
long-term effect. An existing population model is combined with a model of glia cells. Both models are communicating
over a Ca’" parameter. The Ca’" level of the glia cells controls the post synaptic potential of the neuronal populations.
Due to the missing activation of the supra spinal system, the Ca’* level declines in the glial system. Through stimulation
of the lumbosacral spinal cord the Ca’" level will rising up again in the glial system. As a result the improvement of the
locomotion patterns stays for a fairly long time.

Keywords: Ca’" model, spinal cord stimulation, glia cells

Introduction The model for the glia cells is derived from the theory of
. . ) o inhomogeneous populations. This model has the property

Paraplegic individuals with motor-incomplete injury  ¢hat it does not start to oscillate rather it will move to a

exhibit an altered locomotion pattern. The restricted  gtaple equilibrium.

possibility of movement results mostly in additional  (Ope parameter determines the Ca®* level in the glia cells

spasticity which altered the possibility of locomotion  hat interconnect the two systems of neurones and glia
again [2]. Clinical studies have shown that epidural i

stimulation of the lumbosacral spinal cord can improve

the pattern of locomotion distinguished. It will reduce dCa

spasticity in the involved lower limbs [1, 3]. Remarkably L= Z BV, (Camax,—Ca)—a,Ca, (1)
this improvement of locomotion pattern and reduced a i3

spasticity is a long term effect. Even after hours the

stimulation has removed, the individuals are showing a v

more safe motion sequence then before [3, 4]. 7,—Lt=-V,+F(h + Z 7iV;.Ca) )
The reason for this long term effect of lumbosacral spinal dt jeG

cord stimulation is unknown.

In this computational study we propose a model in which 1

Ca®" concentration in the glial system is responsible for F(x,Ca)=——7rr0 3)
the capability of the activation of neuronal pools. 14t

Due to the complexity of the task a model in the Hodgkin

& Huxley style is time consuming to compute. Therefore, . Ca?* level in corresponding glia cells

a population coding model is chosen to reduce the ¢, aximum Ca®" level in glia cells
computational effort. Moreover few parameters change Bi... slew rate of ascending Ca’*

the behaviour of the model and the intrinsic properties are o ... slew rate of descending Ca’*
more easily to understand. Vi...  output of a neuronal population
h... external stimulus
Material and Methods Vji - connection matrix of the neuronal populations

We are using a population model to design the neuronal F(x; Cay) ... transfer function of a neuronal population

populations from the literature which describes the firing
rate of a whole neuronal population [5]. The output of
each population is defined over a sigmoidal function to
limit the output to a maximum. Each output of a
population is normalized to one (corresponds 100 %
activation).

The model runs in a MATLAB® toolbox. The toolbox
itself is a proprietary development. The solver is running
with the Runge-Kutta method with fixed stepping size.
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Results

To explain the long-term effect of lumbosacral spinal
cord stimulation we propose a two level mechanism to
control the output of a neuronal population. The first level
is the neuronal net which generates the expected patterns
[6]. The second level is the glial system. It controls the
postsynaptic potential over the Ca>" level in the glia cells
[7, 8]. In the model this performance is described by the
transfer function F(x,Ca).

To explain the mechanism we consider one neuronal
population with the dedicated glial system (Figure 1). It
shall be investigated how the transfer function changes its
behaviour corresponding to the stimulus. At the beginning
the model is stimulated after a longer phase of rest.
Afterwards the model is excited and in the phase of rest.

Glial System

@ 1L
Input

Output (Stimulus)

Figure 1: The neuronal population 1 is interconnected
with its dedicated glial system (half moon). A stimulus on
the input drives the Ca®" level in the glia cells to ascend.
The slew rate of the transfer function becomes steeply.
Conversely a missing appropriate stimulus will declines
the Ca’" level in the glia cells. The slew rate of the
transfer function becomes flat.

When the neuronal system gets a stimulus the Ca®" level
is rising up in the glial system and the transfer function is
climbing up again [9]. Figure 2 shows the coherency of
stimulus level (A) and transfer function (C, D) and the
corresponding output (B). The stimulus has been varied
from 0.5 to 3 in 0.2 steps. The output is growing up over
time with each increasing stimulus. Figure 2C shows the
progress of the transfer function over time with a stimulus
input of 3. For each time point the transfer function has
been plotted with the corresponding Ca®" level. At time
point 100 the stimulus has been activated for 500 time
steps. After a short time at time point 200 the transfer
function bounce up very quickly. At time point 600 the
stimulus has been removed again but the transfer function
is declining its gradient very slowly. In figure 2D the
stimulus level is 1.6. The progress of the transfer function
shows that the stimulus is not sufficient to activate the
system.

How fast the Ca®" level shall sink in the glial system - and
therefore how fast the transfer function will descend -
depends on the value of «; in equation (2).

The parameter has been chosen to keep the simulation
time as short as possible. The unit of time steps depends
on the parameter 7 in equation (1).

A Stimulus B oupat
/
/
0.4 ”
0.2 pLs, / /
100 ms Mms
C Progress of F(x, Ca); Stimulus =3
1
08
‘§' 0.6
> 0.4
W
it
0 s

s\ﬁ\\\\\\\\\\\\\\\\\\\\\\

Progress of F(x, Ca); Stimulus = 1.6

y (output)

2000

Figure 2: (A) The height of the stimulus to the neuronal
population has been varied from 0.5 to 3 for each 500 ms
from 100 ms to 600 ms. (B) shows the output level to the
dedicated stimulus level. The output level is rising up if
the time of stimulus input is long enough respectively the
stimulus input is strong enough. By and by the Ca*" level
is rising up and the slew rate of the transfer function
becomes steeply. (C) shows the progress of the transfer
function at the maximum stimulus input level 3 over time.
The gradient is at the beginning very slow and is then
rising up very quickly until it gets a maximum. After the
input has been removed the gradient of the transfer
function is climbing down slowly. (D) the stimulus input
level is 1.6. The gradient of the transfer function does not
become sufficient steeply. Parameter: [0=0.001, $=0.02,
=30]
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Figure 3: shows a neuronal system which generates an
uncertain pattern in the lumbosacral spinal cord. Each
circle determines a neuronal population with its dedicated
glial system. A blue circle represents an inhibitory
population, a red circle represents an excitatory
population. Population 2, 3 and 4 forms the pattern
generator, population 1 gives a general drive to the
system and population 5 steers the pattern (e.g. speed of
oscillation)

We extended our model to get a pattern generator
formation (Figure 3). Each circle determines a neuronal
population and each half moon describes its dedicated

A

Ca progress population 5 Stimulus

B

0.8
0.6
0.4

0.5
0.2

0 0

glial system. A blue circle determines an inhibitory
population a red circle determines an excitatory
population.

The populations 2, 3 and 4 are building the pattern
generator formation. Population 1 gives a permanent
drive. Population 5 shall steer the oscillation of the
pattern generator. Doubling this formation and connecting
both systems with a contra lateral inhibition unit would
result in a so called half center unit to control agonist /
antagonist behavior [10].

The lack of activity of the neuronal populations from the
supra spinal system (or from afferent input signals) results
in reduction of Ca®" level in the inhibiting population 5.
The transfer function will become more flat. On the other
hand the populations of the pattern generator formation
(populations 2, 3 and 4) become overexcited due to the
missing inhibition. The permanent drive from population
1 will cause a spastic behavior. Figure 4A shows the Ca”"
progress of population 5. The population is activated with
an initial value of 0.1 and the Ca®" level is able to rise up
quick. Afterwards the Ca®" level is ascending slowly. The
output of population 3 is rising up due to the mutual
excitation and the permanent drive of population 1 (C).
The subsequent stimulus (B) indeed is rising up the Ca**
level in population 5 but the output due to the flat transfer
function is too less to steer the pattern generator.

QOutput population 3

C

J

0.6

0.4

0.2 J
0

0 500 1000 1500 2000 2500 3000 0 500 1000 1500

2000 2500 3000 0 500 1000 1500 2000 2500 3000

Figure 4: (A) population 5 starts with an initial value of 0.1, the Ca*" progress is descending slowly. The output of
population 3 is rising up because of the permanent drive of population 1 (C). A stimulus intensity 0.4 at time unit 2000
(B) leads to an ascending progress of the Ca*" level but it is not sufficient to steer the output.
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Figure 5: Population 5 gets an external stimulus at time unit 100 for 900 time steps (B), the Ca*" progress is ascending
quickly during this time (A). The output of population 3 is rising up again due to the permanent drive of population 1
(C). If the stimulus at time unit 2000 of 0.4 is disposed again (B), the Ca*" level is high enough to bring population 3
into an oscillating status (C).
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The Ca?' level is rising up to Cay,, = 10 if the neuronal
system gets a sufficient external stimulus. The transfer
function gets its maximum slew rate and the pattern
generator can be inhibited sufficient. After population 5
got a stimulus of 1 for 900 time units (Figure 5B) the Ca®*
progress (Figure 5A) rising up to a maximum. During the
second stimulus (intensity 0.4) from time unit 1000 to
2000 the pattern generator formation can be driven to
oscillate. Anyhow during the rest phase when no stimulus
is applied to the system for inhibition the output shows
again a spastic behaviour.

Discussion

In this simulation study it is shown that a glial system is
able to steer the pattern generator units of the lumbosacral
spinal cord. Anyhow, it is expected that the pattern
generator comes in an oscillating state to generate (in
interaction of many) any locomotion behaviour. We have
shown that through a previous stimulation the system
comes in a more active level. Especially inhibitory
interneurons will be lifted up to a higher level of activity.

Additional in the literature it is reported that the glial cells
communicate through glial junctions and a stimulus is
able to release calcium waves through the system [11].
This phenomenon is not considered in our model to
reduce the complexity but it is assumed that such a glial
communication could be responsible to generate more
complex patterns in the lumbosacral spinal cord [9].

Conclusions

We assume that in individuals with motor-incomplete (but
also with motor-complete) injuries the activation of the
Ca®" depots in the glial system is missing due to reduced
supra spinal cord activity. However, the excitatory
neuronal pools are activated mutual and the neuronal
system may tend to a spastic behaviour. The inhibitory
activation is missing. By electrical stimulation of the
lumbosacral spinal cord the neuronal pools will be
activated. Consequently the glial system will be activated
and the Ca”" levels are rising up and restore the strength
of the postsynaptic potential. Glia cells are able to keep
the level of Ca’" and the improved locomotion refresh the
Ca®" depots additional. This leads to a diminished
spasticity and finally in an improved behaviour of
locomotion. The observed long term effect after electrical
stimulation occurs.
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Treatment of chronic neuropathic pain:
First clinical experience with Peripheral Nerve Stimulation (PNS)

G. Weigel, W. Girsch

Orthopedic Hospital Speising Vienna, Austria, Hand team, 1. Department

Abstract:

Introduction:

Central nerve stimulation (CNS) already has proved its efficacy for treatment of chronic severe pain. The aim of our
clinical study was to prove the effectiveness of Peripheral Nerve Stimulation (PNS) for treatment of chronic
neuropathic pain syndrome of the extremities.

Material and Methods:

From 2005 to 2013 31 patients (19 female, 12 male, aging 18-67 years, mean 45a) suffering from Complex Regional
Pain Syndrome (CRPS) - mainly CRPS?2 (chronic neuropathic pain) - were selected for treatment with PNS. All patients
had a history of microsurgical procedures to their peripheral nerves and every possible conservative treatment, but
without any significant pain reduction. None of the patients was able to use the extremity functionally. Pain level at the
Numeric Rating Scale (NRS) was in mean 9, even at rest, requiring not only psychological treatment but somatical
intervention. Stimulation leads were implanted in 28 patients to the upper and 5 patients to the lower extremity in a
position along and close to the epineurium of the peripheral nerves. After a testing phase using percutaneous leads the
electrodes were connected with an implanted stimulator.

Results:

Relief from pain occurred immediately after onset of stimulation. The positive effect was directly correlated with PNS,
and stable over years. PNS was effective to reduce pain from NRS mean 9 to NRS mean 3 and to regain functional use
of the extremity in all patients. Several complications as electrode dislocation and technical defects but also infections
had to be noted.

Discussion:

PNS reduced pain deriving from peripheral nerves reliable and effective. Regarding our follow up period of 2,5 years
PNS produced a stable, nearby pain free interval in all patients. Positioning of

the electrodes direct to the brachial plexus and to the sciatic nerve allowed movement of upper and lower extremity to
nearby normal ROM. PNS seems to represent an important technology for treatment of CRPS in carefully selected
cases.
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Robotic assisted training in combination with functional electrical
stimulation to improve lower limb function after spinal cord injury
Bersch I 1, Koch S', Sandner Ez, Brust AKZ, Frotzler A

'"Therapy Management, Swiss Paraplegic Centre Nottwil, Switzerland
?Clinical Trial Unit, Swiss Paraplegic Centre Nottwil, Switzerland

Abstract:

Introduction: Functional electrical stimulation (FES) is used for neuromodulation after spinal cord injury (SCI) and
can be combined with robotics to increase motor function of the lower limbs. The aim of the present study was to
investigate the FES-induced and voluntary induced power output of the lower limbs using a stationary robotic system.
Method: Data of SCI inpatients who trained lower limb mobilization on a stationary robotic system were
retrospectively analyzed. The primary outcome was the improvement in power output from the first through to the last
training, during FES-induced as well as voluntary induced flexion and extension.

Results: 22 SCI patients (AIS A to D, median lesion duration 77 days) each completed a median of 13 training sessions.
There was a significant increase in median power-output from 2.14 to 3.38 W for FES-induced extension (p=0.020) and
from 1.13 to 3.01 W for voluntary extension (p=0.001). In contrast to FES-induced flexion (p=0.058), voluntary flexion
increased significantly from 0.88 to 1.89 W (p=0.001). No significant correlations were found between FES-induced
and voluntary movements for flexion (r=0.243, p=0.275) and extension (r=0.382, p=0.079).

Conclusion: Robotic assisted lower limb training with FES seems to support the recruitment of further motor units

during recovery, which results in increased motor function and power output of the legs.

Keywords: Functional electrical stimulation, Robotic, Spinal cord injury, Neuromodulation

Introduction

Restorative neurology works through the modification of
residual nervous system function and is part of the
rehabilitation in spinal cord injuries (SCI). Techniques of
neuromodulation belong to restorative neurology (1). One
of those techniques is functional electrical stimulation
(FES), applied with surface electrodes to the treated
muscle or muscle group. Depending on the type of lesion,
i.e. whether the upper motor neuron or lower motor
neuron is damaged, the stimulation occurs via the nerve
or directly through the muscle. The approach via nerve
needs intact peripheral nerves and neural signal
processing of the section of spinal cord which remains
after the impairment (2). The following article will focus
on patients with an upper motor neuron lesion due to a
SCI. FES is often applied in the acute and sub-acute
stages after SCI to support the neurological recovery and
provide neuromodulation(3,4). Due to neuromodulation,
motor function and power output often increase. Robotic
assisted training of the lower limbs in combination with
FES seems to be a promising method of supporting
neurological recovery.

The aim was to investigate the difference between FES-
induced and voluntary induced power output of the lower
limbs in patients with SCI in the sub-acute phase using a
stationary robotic device (MotionMaker™).

Material and Methods

Data of inpatients with acute and sub-acute SCI were
included in this retrospective analysis. Data of patients

who actively trained limb mobilization during clinical
routine for neuromodulation using a stationary robotic
system  (MotionMaker'™)  was  analyzed.  The
MotionMaker™ is a stationary robotic device which
performs movements of the lower limbs in extension and
flexion. A closed loop electrical stimulation system
allows application of stimulation in real time based on
integrated sensors inside the orthosis, that enable the
assessment of position and torque during the movement.
Each training session consisted of FES-induced and
voluntary repetitive movements of the lower limbs in
flexion and extension. First the voluntary movements
were performed followed by the FES- induced
movements. During the voluntary movements of the legs
no electrical stimulations is applied. The integrated power
sensors measure the voluntary force of the extensor and
flexor muscles of the right and left leg separately. In
contrast during the FES-induced extension and flexion of
the lower limbs, the following muscles were bilaterally
stimulated: M. glutacus maximus, M. quadriceps (rectus
femoris, vastus medialis and lateralis)), Mm.
ischiocrurales, M. gastrocnemius, M. tibialis anterior.
(Figure 1) In the latter case the the FES-evoked force is
measured as described before. To perform extension of
the legs the M. glutaeus maximus, M. quadriceps (rectus
femoris, vastus medialis and lateralis) and M.
gastrocnemius were stimulated. To perform flexion, the
Mm. ischiocrurales and the M. tibialis received
stimulation. Stimulation parameters remained unchanged
for each patient. The pulse duration was 300 psec and the
frequency 35 Hz. The amplitude was individually
determined for each patient but remained unchanged over
the training period.
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Primary outcome was the improvement in power output
(Watt) of the legs from the first through to the last
training session during FES-induced as well as voluntary
induced flexion and extension. Secondary outcome was
the sum score of active muscle function of seven lower
limb muscles before and after the training period. Group
differences were analyzed using Wilcoxon-Test and
correlation was analyzed wusing the Spearman’s
correlation

Figure 1: Movements of the lower limbs and stimulated
muscles during extension and flexion performed on a
stationary robotic system. In the first box the movement is

Results

Twenty-two patients with SCI (AIS A to D, median age
59.22 years, median lesion duration 77 days) each
completed a median of 13 (range 3 to 19) training
sessions. Within the observation period there was a
significant increase in median power-output, from 2.14 to
3.38 W for FES-induced extension (p=0.020) and from
1.13 to 3.01 W for voluntary extension (p=0.001). In
contrast to FES-induced flexion (p=0.058), voluntary
flexion (p=0.001) increased significantly from 0.88 to
1.89 W (Figure 2). No significant correlations were found
between the changes in power output from the first to the
last training session in FES-induced and voluntary
movements for flexion (1=0.243, p=0.275) and extension
(r=0.382, p=0.079). However, it must be taken into
account that the reproducibility of power output may be
reduced due to day to day variation of the electrode
placement. The median muscle sum score was 17 points
at baseline and 22 points at the last session.

.
e FES-Flexion

[ Voluntary Flexion

I FES-Extension

[ Voluntary Extension

Mean power-output [Watt]

=

0 T T
first training last training
error bars: 95,% Confidence Interval
Figure 2: Development of the power-output in Watt
presented as Mean and 95% Confidence Interval (CI)
using FES-induced and voluntary movements at the first
and last training session on the MotionMaker™ (n=22).
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Discussion

The results of this retrospective study demonstrates the
increase in FES-induced as well as in voluntary power
output of the lower limbs in patients with complete and
incomplete SCI, The fact that FES can increase torque
and power output in persons with motor complete and
incomplete SCI has been described in several previous
studies (5-8). Our results are therefore consistent with the
existing literature. Nevertheless, our results highlight
some additional interesting observations. The technical
features of the MotionMaker ™ allowed us to differentiate
between the increase of the FES-induced power-output of
the extensor muscle group and the flexor muscle group of
the legs. The extensor muscle group increased
significantly in contrast to the flexor muscle group. One
explanation for this discrepancy could be the difference in
the number of stimulated muscles. The stimulation in
extension included three muscles, whereas the M.
quadriceps has three separate pairs of electrodes for each
muscle part (rectus femoris, vatus medialis and lateralis).
In contrast, the stimulated flexor muscle group contains
only two muscles, the hamstrings and the dorsiflexor of
the foot. It should also be taken into account that based on
clinical observation, mostly the flexor muscles, namely
the hamstrings, show slower and less neurological
recovery during primary rehabilitation. Regarding the
increase in voluntary power output during the training
period in the present study, the extensor muscle group
developed more power output (1.88 W) compared to the
flexor muscle group (1.01 W). Furthermore, the
correlation between FES-induced and voluntary induced
movements for flexion and extension were not
significantly related. In other words, the patients were
probably not able to use and transfer the gain of the FES-
induced power output into their voluntary leg movements
neither in extension nor in flexion. That leads to another
clinical observation that patients training with FES on the
MotionMaker™ reported difficulties in coordinating their
own voluntary muscle activity with the FES given activity
of the stimulated muscles.
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Conclusions

Robotic assisted training with FES seems to support the
recruitment of further motor units during recovery, which
results in increased motor function and power output of
the lower limbs. The lack of correlation between FES-
induced and voluntary movements mainly for extension
may indicate that the patient is not able to transfer the
gain in FES induced power output into voluntary
movements in the same dimension.
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Abstract:

We present results from a multicentre clinical trial on the value of adding myoelectrically controlled

functional electrical stimulation to task oriented therapy in the rehabilitation of subacute and chronic stroke patients.

Keywords: FES, EMG, Rehabilitation, Stroke, Task oriented therapy

Introduction

In stroke rehabilitation the active participation of the
patient is important for the outcome. Task-oriented
therapy (ToT) is used for promoting motor relearning of
the upper limb [1]. To facilitate activation of impaired
movements a combination of EMG and functional
electrical stimulation (FES) can be used to overcome the
threshold of little motor activity [2]. Spontaneous
recovery and the effect of therapy has a large between-
subjects variation on the results. Therefore a large sample
size is needed to demonstrate superiority of novel
interventions. This paper aims to highlight some
preliminary results of a multicentre clinical study
investigating the increased efficacy of EMG controlled
FES (MeCFES).

Material and Methods

Sub-acute and chronic stroke persons with impaired upper
extremity were recruited into this prospective randomized
clinical trial with a foreseen sample sized of 120 patients.
Subjects in the control group were treated 25 times for
45min with standard ToT. The experimental group was
treated similarly but also with the use of MeCFES during
the ToT. The MeCFES is a multi-channel experimental
device using surface electrodes to record myoelectric
activity while simultaneously stimulating selected
muscles. The therapist may use this to ‘boost-up’ residual
motor activity by letting the muscle control stimulation of
itself; typically activating the wrist/finger extensors to
facilitate grasping activity. The EMG inputs may be
arbitrarily used either as inhibitory or excitatory signal to
control FES intensity and, consequently, to modulate
paretic muscle contraction. An example is letting shoulder
activity minus inadvertent finger flexors contraction
control stimulation of hand opening, in a way to train the
subject to reach & open while relaxing finger flexors.

Primary outcome was the change score of action research
arm test (ARAT) from pre-treatment, intermediate, post-
treatment, and 1 month follow up (FU).

Results

Eighty-two subjects were enrolled, 68 completed the
treatment and 45 were seen at follow-up. Summary
statistics of treated subjects are shown in table 1.

Table 1: Summary statistics of the two groups as median
[interquartile range]

Exp. group (A) Control (B)

N. of subjects 32 36

Age [yrs] 68 [56;76] 68 [57;78]
Time since 11 [4;31] 8 [5;14]
CVA [months]

ARAT-pre 6 [0;27] 6,5 [0;31]
treatment

ARAT-post 21 [2-38] 13 [3-40]

Upper extremity ability was initially low in both groups
with a median ARAT score about 6. Both groups
improved significantly (p<0.05) with the experimental
group being superior in recovery with respect to the
control group, see figure 1. Within the subjects seen at
FU, motor recovery remained stable from post treatment
evaluation to FU; median ARAT scores post treatment
were 23 & 17 and ARAT FU were 24 & 18, experimental
& control respectively.
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Figure 1: Median ARAT score during the trial (13 subjects
missing at FU)

Discussion

Adding MeCFES to physiotherapy may enhance motor
recovery. Not having reached the sample size, the results
of the study are not conclusive. However, there is a clear
and consistent improvement in the experimental group
indicating that MeCFES may help the therapist in
promoting functional recovery of the paretic upper limb
in post-stroke subjects.
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biomechanical viewpoint
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Abstract: The goal of Functional Electrical Stimulation (FES) cycling is to provide the health benefits of exercise to
persons with paralysis. To achieve the greatest health advantages, patients should produce the highest possible
mechanical power. However, compared to normal cycling, the mechanical power output produced during FES cycling
is very low. Unfavourable biomechanics is one of the important factors reducing power output. The purpose of this
study was to investigate the power generation and the role of antagonistic co-contraction in FES cycling.

Sixteen subjects with complete SCI pedalled a stationary recumbent tricycle at 60 rpm and a workload of 15 W per leg,
while pedal forces and crank angle were recorded. The joint moments, power and work were calculated using inverse
dynamics equations. Two characteristic patterns were found; in 12 subjects most work was generated by the knee
extensors in the propulsion phase (95% of total work), while in 4 subjects work was shared between by the knee
extensors (49%) and flexors (51%), respectively during propulsive and recovery phases. Hip extensors produced only
low net work (7-12%). For both patterns, extra concentric work was necessary to overcome considerable eccentric
work (-82 & -96%) .The primary power sources were the knee extensors of the quadriceps and the knee flexors of the
hamstrings. The antagonistic activity was generally low in subjects with SCI because of the weakness of the hamstrings

(compared to quadriceps) and the superficial and insufficient hamstring mass activation with FES.

Keywords: Generalised muscle moment, Joint power, Electrical stimulation, cycling, Spinal cord injury

Introduction

The mechanical power output produced during FES
cycling is very low (i.e. 8 - 35 W). However, the health
benefits bestowed by FES cycling are strongly related to
the power output that can be generated. Therefore, it is
important to produce the greatest mechanical power
possible to enhance the health benefits bestowed. Three
factors are thought responsible for the lower power
outputs achieved with FES cycling in persons with SCI,
poor muscle biomechanics, inefficiency of artificial
muscle activation, and muscle changes including early
fatigue, due to chronic paralysis and disuse.

The imprecise nature of surface electrical stimulation is a
main cause of poor biomechanical cycling performance.
Compared to normal voluntary motor control activation,
electrical stimulation is much cruder and coarsely recruits
groups of mono- and bi-articular muscles (e.g.
quadriceps, hamstrings, or gluteal muscle groups). This
crude activation strategy of muscle groups does not allow
accurate synergistic and antagonistic joint control.
Moreover the imprecise activation of muscle may
contribute to both positive and negative work across
different joints. During FES cycling co-contractions
result in a considerable amount of both positive and
negative power across the joints, which is assumed to
consume considerable metabolic energy, but only their
net difference contributes towards PO at the pedal crank.
Thus to understand the low power production in
individuals with SCI performing FES cycling, the power
patterns of the muscles across the joints must be known.
The purpose of this study (1) was to define the primary
source of power generation during SCI FES propelled

cycling by investigating the power patterns at the hip and
knee joints. Such information would be useful for
optimising muscle stimulation patterns and developing
training programs for individual muscles in subjects with
SCI [1,2].

Material and Methods

Subjects and equipment: Sixteen subjects with motor
complete spastic SCI pedalled a stationary recumbent
tricycle using FES at 60 rpm and a workload of 15 W per
leg (total 30W). For reference purpose, passive pedalling
(driven by the tricycle motor) at 60 rpm was also
recorded. Tangential and radial pedal forces and crank
angle were recorded by instrumented crank arms and an
angular decoder.

Data processing: The joint moment and power were
computed based on inverse dynamics, and referred to the
crank cycle, composed of a knee extension and flexion
phase (TDC =0°). The joint extensor and flexor moments
contribute to total mechanical power sequentially, by
generating in able-bodied (AB) subjects typically four
power components produced by concentric action of the
knee extensors, hip extensors, knee flexors and hip
flexors, in this order (Fig. 1). However because of the
action of bi-joint muscle groups, each concentric
extensor/flexor action at a joint may be associated with an
eccentric extensor/flexor action from the other joint.
Accordingly the first power component (P1) occuring in
the early-middle knee-extension phase was defined as the
net difference of concentric knee extensor and eccentric
hip flexor power (Fig: 2); the second component (P2) in
the middle-late hip-extension phase defined as the
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Fig. 1. Joint muscle moments and power in the leg of
able-bodied subjects. (C) Knee(dashed), hip (dashed-
dotted) and net (continuous) power patterns. Power
components P1, P2, P3 and P4.

concentric hip extensor and eccentric knee flexor power;
the third component (P3) occuring in the early-middle
knee-flexor phase defined as the net of the concentric
knee flexor and eccentric hip extensor power. The
component (P4) flexor phase was defined as the
difference of concentric hip flexor end ecc knee extensor.

Results

Two different power patterns were observed: in 12
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Fig. 2. Joint muscle moments and power in the leg of a
subject with SCI. See also Fig. 1.(C)

subjects with SCI the major part of work (>80%) was
extension phase work (P1P2 group, Fig. 3C). In 4 subjects
work was produced largely balanced in extension and
flexion phase (P1P3 group, Fig. 4C). Thus the power
distribution of the P1P2 group strongly contrasts to that in
AB subjects. While the power distribution in the P1P3
group is fairly similar to that of AB subjects, the
fractional contributions of the power components are
different.

In subjects with SCI, the propulsion phase power was
dominated by the P1 component, as the contribution of
the P2 component was small or absent (Fig. 3C, Fig. 4C),
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while in AB subjects propulsion phase power was distri-
buted largely equal between P1 and P2 (Fig. 4C).
Whether the P2 component is present depends directly on
the hamstrings strength, because this is the only muscle
that can produce concentric hip extensor power in the
propulsion phase (Fig. 2C). Thus, the reduced size of P2
in persons with SCI implies that the contribution of the
hamstrings was reduced in the late propulsion phase
compared to AB subjects. The high variability of the
hamstrings stimulation firing range compared to
quadriceps or a delayed increase of the contraction force
due to spasticity might be responsible for low hamstrings
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Fig. 4. Joint muscle moments and power for the P1P3
group. For explanations see also Fig. 1(C)

torque production in this phase.

During the recovery phase, little work was generated by
the P1P2 group (small P3) compared to AB subjects due
to poor knee flexor torque production from the
hamstrings. However strong hamstring contractions were
possible for the P1P3 group. The tendency of the
hamstrings to develop spasticity in subjects of the P1P3
group, might explain in part the occurrence of the sizeable
P3 component in the P1P3 group. AB subjects produce a
pronounced P4 component using hip flexors (iliopsoas)
during the middle-late recovery phase of volitional
recumbent cycling (Fig. 1C). Since m. iliopsoas wasn’t
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stimulated, only a small P4 power component due to end
recovery phase stimulation of the quadriceps was found in
the P1P2 and P1P3 groups.

In summary, the net cycling work was generated in
subjects with SCI according to two alternative patterns
depending on the hamstrings strength. If the hamstrings
were weak compared to the quadriceps, the concentric
knee extension work of the quadriceps generated most of
net work (83%), while if the hamstrings were strong (or
spastic) enough, most of net work was produced equally
by the concentric knee extensor (42%) and flexor torques
(44%) evoked by the quadriceps and the hamstrings,
respectively. The primary positive power generating
source was the knee joint (during P1 and P3) and the hip
mainly absorbed negative power (during P1 and P3). The
findings contrast with the balanced power distribution
previously found in AB subjects performing volitional
cycling using the same setup, workload and cadence (P1
28%; P2 32%, P3 27% and P4 13%;).

Discussion

The FES cycling power patterns generated adhered to one
of two characteristic patterns. Power was either generated
only from the knee extensors in the propulsion phase (Fig.
3C) or balanced by the knee extensors in the propulsion
phase and the knee flexors in the recovery (Fig. 4C). Net
power generation was always accompanied by the
absorption of considerable amounts of eccentric power.

In the subject shown in Fig. 2C the Pl and P2
components bear considerable amounts of eccentric hip
flexor and eccentric knee flexor power, produced by the
quadriceps and the (sufficiently strong) hamstrings
muscles, respectively. In this case a small degree of co-
contraction exists, and thus eccentric power cannot be
efficiently cancelled by summation of the P1 and P2
components. However if large co-contraction crank angle
ranges of quadriceps and hamstrings exist, corresponding
to overlapping stimulation firing ranges, then the
summation of the P1 and P2 components results in
diminishing or reducing the eccentric power . This
happens by cross-cancelling: e.g. the concentric knee
extensor power of P1 cancels the eccentric knee flexor
power from P2. However, even if sufficiently large
overlapping muscle stimulation firing ranges are given,
but there is a pronounced imbalance of the component
magnitudes (P1 large, P2 small), the eccentric hip flexor
power belonging to Pl cannot be cancelled.
The overlap (co-contraction) of the quadriceps and
hamstrings activation in the middle and late propulsion
phase is obvious in AB subjects and known as Lombard's
Paradox.

The presented results show that power components P1
and P3 demonstrated considerable negative eccentric
power in subjects with SCI (Fig. 3C and Fig. 4C). This
strongly contrasts to the situation previously described in
AB-subjects, who absorbed only small amounts of
eccentric power (Fig. 1C). The occurrence of substantial
amounts of eccentric work assigned to P1 work can be
explained by the small degree of co-contraction of the
quadriceps with the hamstrings muscle that occurs

because of the insufficient hamstring contraction during
propulsion (small P2). Similarly, because no co-
contraction of hamstrings and iliopsoas muscle exists in
subjects with SCI, the eccentric power assigned to P3
could not be cancelled by P4.

The work performed by hypothetical joint moment
actuators can be used as a measure of the energetic cost of
movement. This approach assesses the muscular
mechanical energy expenditure (MMEE) as the sum of
positive and negative work done by the joint moments.
For the P1P3 and the P1P2 group presenting considerable
amounts of negative power, the fractional transmission of
MMEE to pedal work is 15.06]/ (29.50J+14.44))=0.34
and 14.93J/(27.23J+12.30J) = 0.38, respectively. This
suggest that 2/3 of the MMEE is lost in subjects with SCI
because of inefficient co-contraction, while for AB
subjects who present only a small or negligible amount
of negative power (Fig. 1), the fractional transmission is
via much more efficient co-contractions ~1.

Conclusions

The majority of subjects with SCI produced the greatest
proportion of FES cycling power from quadriceps knee
extension. In a minority of subjects power was generated
approximately equally from quadriceps knee extension
and hamstring knee flexion. The co-contraction activity of
antagonists is generally low in subjects with SCI because
of the weakness of the hamstrings (compared to
quadriceps) due to the superficial and insufficient muscle
mass activation with FES and the missing iliopsoas
activation. Low  co-contraction however causes
considerable amounts of inefficient eccentric power.

Thus clinicians are advised to use overlapping stimulation
ranges and to increase hip extensor contribution by
developing individual training programs for increase
strength and fatigue resistance of the hamstrings and
glutei muscles, rather than seeking a selective stimulation
of the quadriceps to achieve high knee extensor and low
hip flexor moment.
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Abstract: FES driven lower limb cycling has been studied and the results here presented are from the case of a
complete spinal cord injured participant. Two stimulation patterns were applied. In the first one, two muscle groups
were stimulated, the hamstring and the quadriceps. In the second stimulation pattern, four muscle groups were
stimulated on each leg: three parts of the quadriceps separately (vastus lateralis, vastus medialis, rectus femoris) and
the hamstrings. We compare the parameters of the two stimulation patterns and present differences in power output and
mechanical energy. The cadence of cycling was on average 47-48 rpm (revolutions per minute) in both stimulating
conditions. We note that when stimulating four muscles per limbs, lower current amplitude (per muscles) was sufficient
to reach a higher power output compared to the stimulations with two muscles per limbs. The participant preferred to
cycle longer when only two muscles (per legs) were stimulated. The power output was lower in this case but the total
energy (during the training) did not differ significantly in the two examined stimulation conditions.

Keywords: stimulation pattern, power output, current amplitude

Introduction

In Hungary, FES driven cycling training is available at 2
locations - at the National Institute for Medical
Rehabilitation (NIMR) and at the University of Physical
Education in cooperation with the University of Pecs, the
Pazmany Péter Catholic University (PPCU) and the
Wigner Research Centre for Physics. During the
application of FES assisted training the stimulation device
and the stimulation patterns have been continuously
developed [1,2,3] and applied to generate cycling
movements for Spinal Cord Injured (SCI) individuals.
Here we compare the efficiency of two stimulation
patterns through the results obtained during the training of
one SCI person who participates twice a week in FES
driven cycling training in NIMR. The Ethical Committee
of the NIMR approved the procedures.

The power output produced during FES cycling by SCI
people depends on many factors. Such factors are cycling
cadence, crank resistance and the current amplitude, pulse
width and frequency of the stimulating current. Here we
examine the dependence of power output on the
amplitude of the stimulating current. Current amplitude
varies among FES cycling protocols. We report on results
obtained with stimulation applying low current
amplitudes, 20-45mA per muscles, and led to a power
output of 7-11W depending on the number of stimulated
muscle groups. The aim is to check if the power output is
higher when more separate muscle groups are stimulated.
In particular we stimulated the quadriceps muscle group
as a whole with one pair of electrodes in one stimulation
pattern (SP) and in the other SP 3 parts of the quadriceps
(vastus medialis, vastus lateralis, rectus femoris) were
stimulated separately by three separate pairs of electrodes.

Material and Methods

For the trainings we used a MOTOMED Viva 2
ergometer and an 8 channel stimulator developed at the
PPCU in Budapest, Hungary. The hamstring and
quadriceps muscle groups of both legs were stimulated
through bipolar surface electrodes (PG473W TENS
ELEC 45x80mm). The adjustable stimulation parameters
were current amplitude, pulse width and pulse frequency.
Pulse width (rectangular, monophasic) was set to 300 ps,
stimulation frequency was 30 Hz in each training. Current
amplitude varied among trainings. The participant sat in a
wheelchair in his usual sitting position. At the front of the
wheelchair a MotoMed Viva 2 cycle ergometer was
placed. The distance between the wheelchair and the
ergometer was established keeping in consideration that
the wheelchair should not prevent the motion of the pedal
and allows appropriate knee extension. The participant’s
feet were placed on the pedals in pedal boots fixed to the
pedal and their shanks were strapped to the boots.

The stimulator was connected to a rotation sensor that
recorded the ergometer’s crank position (100Hz sampling
frequency). The stimulator device allowed the selection of
a reference crank position and the direction of cycling and
then received the crank angle value during cycling.

The training started with a warm up period while the
ergometer’s motor rotated the cranks and carried the legs.
Then we started stimulating the muscles. The current
amplitude for each muscle was increased until the
muscles started to generate the cycling and the cranks
were rotated at 30rpm, at this time the motor stopped and
didn’t work during the active cycling period, this is the
time interval in which the participant cycled by his own
stimulated muscles without the assistance of the motor.
The stimulating current was further increased until the
cadence reached an approximately constant value
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between 45-50 rpm. When this cadence was reached then
the current amplitude remained constant during the active
cycling period for each muscle. In pattern H2 the same
current was applied to all muscles. In pattern H4 the 3
parts of the quadriceps were stimulated with the same
current amplitude but the hamstrings’ stimulation current
was further increased in the 5™-10" training (Table 2).
The active cycling period was finished when the cadence
fell below 40 rpm or when the participant wanted to stop
cycling. He was free to stop cycling at any time when he
wanted to finish even when the cadence didn’t drop below
40 rpm. The active cycling periods varied among
trainings and lasted for about 20-40 minutes (Table 1.)
The finishing part of the training is a cool down when the
ergometer’s motor generated the cycling movement
without electrical muscle stimulation and physiological
parameters of the participant reverted to the default levels.

The product of angular velocity and crank resistance
(torque) gave the cycling power output and it was
averaged across time during the active period in each
training. The energy output was calculated as the product
of average power output and active movement time.

Heart rate and blood pressures were measured with a
blood pressure monitor 5 times during the training: before
the warm up, after the cool down period and 3 times
between these measurements (with intervals of 8-9
minutes) within the active cycling period. Mean arterial
pressure (MAP) was calculated from measured systolic
and diastolic blood pressure values (SBP and DBP
respectively) by the following formula:

MAP = (SBP — DBP)/3 + DBP

We applied 2 stimulation patterns. We name these
patterns as H2 and H4 referring to the number of muscle
groups stimulated on one leg. With the H2 pattern we
applied 2 pairs of surface electrodes on each leg, one for
the quadriceps and one for the hamstring muscle groups.
With the H4 pattern three parts of the quadriceps muscles
- vastus medialis, vastus lateralis and rectus femoris -
were stimulated separately, and the hamstrings. Training
set up is presented in Figure 1. and figure 2 for cycling
with H2 and H4 stimulation patterns.

Stimulation patterns were based on data obtained during
cycling of able-bodied people [1,4]. They performed
cycling movements on the stationary ergometer and their
muscle activities (EMG) were recorded by surface
electrodes, while the crank position and crank angle
respect to the top dead position was computed from
marker coordinates recorded by a ZEBRIS movement
analyzer system. Ranges of crank angles in which a
muscle was active, were established for each muscle. First
the quadriceps and hamstrings activity was recorded
applying pairs of electrodes for each of these muscle
groups. The electrodes were placed on the muscular belly
with an inter-electrode distance of approximately 50 mm.
In a separate measurement the activity of three parts of
the quadriceps (Vastus lateralis, vastus medialis and
rectus femoris) were measured and the hamstrings. The
angular ranges of crank positions, in which a particular

muscle was active, were established. A muscle was
considered active when its EMG amplitude exceeded the
35% of its mean EMG amplitude. These ranges of muscle
activities were used to define H2 and H4 stimulation
patterns.

Figure2: Training setup with the H4 stimulation pattern.
Three parts of the quadriceps are stimulated.

A 34 years old participant with complete spinal cord
injury used both SPs. His level of injury was at Th8 and
he started to participate in FES cycling training four years
after the injury. Using H2 the participant had 27 training
sessions, and then he started to use the H4 pattern. We
compare the last 10 sessions performed with H2 and the
first 10 performed with H4. Thus the participant had
already practiced (17 trainings) and was experienced in
FES cycling when we started to include data into this
comparison. We compared statistically the power output,
the mechanical energy and the cycling time during the
FES assisted cycling with H2 and H4 patterns. The
differences between values obtained applying the two SPs
were assessed with Student’s T-test (p=0.05).

Results

Comparison of the total energy during the cycling with
two different stimulation patterns didn’t show significant
difference (p=0.559). However, the power output is
significantly higher and the active cycling time is
significantly shorter applying H4 comparing to the
application of H2 (p=0.001).
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Table 1: Comparison of the averaged parameters and
standard deviations of the two stimulation conditions

H2 H4
Cycling time (min) 27.1£3.6 22.3+2.6
Cadence (rpm) 47.4+1.17 48.5+1.3
Current amplitude (mA) | 35+7.45 25.94+3.7
Energy (kJ) 12.82+£1.82 13.41£2.08
Power output (W) 7.91+0.75 10.08£1.4

The power and energy output, obtained in each training is
presented in Figure 3. When H2 stimulation pattern was
changed for H4 a significant increase of power output
occurred. This change didn’t have a significant effect on

mechanical energy.
H2 H4
12
H2 H4

Figure 3. Power output (upper diagram) and mechanical
energy (lower diagram) in 10 trainings with H2 (grey
bars) and consecutive 10 trainings with H4 (black bars).
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In H2 quadriceps and hamstrings muscle groups were
stimulated. In H4 three parts of the quadriceps - vastus
medialis, vastus lateralis and rectus femoris - were
stimulated separately and the hamstrings.

The mean arterial pressure increased during the active
cycling period and dropped after the training (Figure 4.).
The heart rate remained approximately constant during
the training and dropped after the training (Figure 5)

e Average MAP

before the 1stpart 2ndpart 3rdpart, after the

training active cycling period training

Figure 4: Averaged (across trainings) Mean Arterial
Pressures and their standard deviations in five phases of
the trainings performed by H2 stimulation pattern: before
the warm up period, in the 1%, 2™ and 3™ parts of the
active cycling period and after the cool down period.
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Figure 5: Averaged (across 10 trainings performed by H2
stimulation pattern) heart rates and their standard
deviations in five phases of the trainings.

Table 3 shows the relation between cycling time, current
amplitude and power output in each individual training.

Table 3. Cycling time, current amplitude (per muscles) and power output in trainings by H2 and H4 stimulation patterns.

In the 5™-10" trainings with H4, the hamstrings’ stimulation current was higher than that of the 3 parts of the quadriceps.

H2 (waining’s Lo o2 | s a. 6. 7. 8. 9. 10. | Mean
serial number)

Cycling time (min) | 30 20 30 25 30 25 25 30 25 27.1
Currentamplitude | 351 45 | 45 | 35 30 | 30 | 30 | 30 | 25 | 35
(mA)

Power output (W) | 7.20 | 8.48 | 7.79 7.42 8.05 7.05 7.05 8.11 8.61 9.30 7.91
H4 1. 2. 3. 4. . 6. 7. 8. 9. 10 Mean
Cycling time (min) | 27 24 24 22 25 20 20 20 22 19 223
Current amplitude

(mA) (Quad/Ham) 25 20 25 25 30/40 | 25/35 | 20/25 | 25/30 | 25/30 | 25/35 | 24.5/29
Power output (W) | 10.94 | 10.98 | 8.15 8.92 729 | 11.02 | 11.02 | 10.58 | 11.02 | 10.80 | 10.08
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Discussion

By stimulating three parts of the quadriceps separately
instead of stimulating the quadriceps by one signal, our
SCI participant was able to reach a higher power output.
This was gained by lower stimulation current amplitude
per muscle groups. When instead of 2 muscle groups 4
separate muscle groups were stimulated, the total
stimulation current (the sum of the currents applied in all
of the channels) was of course higher, although, lower
current amplitude per channels may be favourable for the
muscles. While the participant reached a higher power
output, he preferred to cycle for a shorter time with H4
stimulation pattern, thus the total mechanical energy per
session didn’t differ comparing the two SPs. The order of
the applied SPs in consecutive sessions was not
randomized, but because the participant was already a
trained person (having 17 sessions before we involved his
results in this study) the training may had similar effect
on the results gained applying the 2 different SPs. In spite
of many studies and application of various SPs [5],
effective fatigue control is not well known yet. The
cardiovascular effect should also be further investigated.
We highlight that we applied relatively low current
amplitudes (20-40mA) per muscles. The average current
amplitude applied in FES driven cycling of SCI
individuals used to be at least around 50-70 mA per
muscles and it varies in a wide range [6]. In some
protocols current amplitude was increased until 120-140
mA to achieve power output around 10W [7] in extreme
cases 20W [8]. Szecsi and coworkers stimulated
hamstrings and quadriceps muscles with frequency as we
did (30 Hz) but with a higher current amplitude (70-90
mA) and wider pulse width (500 ps) when they reached a
power output around 30W [9]. In these works the
quadriceps stimulation was not distributed to stimulation
of 3 parts of the quadriceps as it was in our case.

Conclusions

We presented the results of a new stimulation pattern for
FES cycling by data obtained during the training sessions
of one participant. This case study shows that applying
more stimulating channels with lower current amplitudes
per channel can result in a higher power output.
Particularly, stimulating 3 parts of the quadriceps
separately, allowed the SCI participant to increase power
output in average by 27%. Further studies can investigate
this recommendation and may lead to new stimulation
protocols applied in rehabilitation of SCI individuals.
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Abstract: Functional Electrical Stimulation (FES) is utilized in both human and equine medicine to improve muscle
quality and function. When stimulation parameters of these two published applications are compared, differences are
evident. The main use of FES for human spinal cord injury (SCI) patients is to assist in standing, walking and sitting
activities, reduce muscle atrophy and/or spasms and to improve blood flow in the paralyzed muscle. One primary
limiting factor in the successful progress of the patient is early onset fatigue, as well as asymmetry in movement. The
main use of FES for horses is to improve muscle symmetry, reduce muscle spasms and atrophy as well as reeducate
muscle memory with progressively stronger muscle contractions. One primary limiting factor is the slow speed of the
muscle contractions, which does not mimic equine performance. The transfer of horse FES parameters to human SCI
physical therapy protocols may be of assistance to: 1. Improve spinal and limb symmetry while also assisting in
reducing the frequency of muscle atrophy and spasms; 2. Elicit progressively stronger muscular contractions to induce
functional movements of associated joints to improve endurance. The transfer of human FES parameters to horse injury
rehabilitation and performance enhancement may be of assistance to: 1. Quicken the reaction time of muscle
contractions, 2. Improve the speed of muscle contractions over time.

Keywords: Horse, equine, SCI, stimulation parameters, protocols

Human FES parameters

Overall stimulation parameters

Stimulation frequency: 25-30Hz quadriceps and gluteus;
50Hz peroneal nerve

Stimulation pulse width: 600us (300us + 300us)

Pulse shape: Constant voltage biphasic symmetric
rectangular pulses, with no pause between positive and
negative phases

Introduction

The multiple uses of functional electrical stimulation
(FES) technology have been discussed in the literature for
decades. This paper will compare the parameters of two
applications of FES; 1. In human medicine for: Spinal
cord injury (SCI) patients during standing, walking and
sitting; The reduction in muscle atrophy and spasticity
and; The improvement in blood flow. 2. In equine injury
rehabilitation and performance enhancement for: The
improvement in muscle symmetry and muscle endurance;
The reduction in muscle spasm and atrophy and; The
reeducation of muscle memory. A comparison of the
research and clinical results of the two FES systems
shows that each system has been effective for their
specific applications. The purpose of this paper is to
discuss similarities and differences between the systems

Electrode design: self-adhesive disposable electrodes
Standing/Sitting - 2 channels, 4 electrodes, each leg
Stepping/Walking - 2 channels, 4 electrodes, each leg;
plus 1 channel, 2 electrodes over the peroneal nerve

Standing and sitting training
For standing, 2 stimulation channels (4 electrodes) on
each leg are positioned on both the quadriceps and gluteus

and to propose that a combined use, at different times
during the FES protocols, may improve clinical outcomes.

FES human and horse system comparisons

The basic differences between the human and horse FES
systems are as follows:

muscles. The ramp up to the preset stimulation intensity is
about 0.8-1 second (depending on the patient). The ramp
for sitting is longer in duration than for standing, to
achieve a slower and “softer” sitting down motion.
Stimulation of the quadriceps and gluteus muscles for
standing and sitting produces only a direct muscular
response, and is not used to produce a reflex flexion of
the knee and hip.
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Stepping and walking
assistance

For eliciting electrically activated stepping, initially the
stimulation of the quadriceps and gluteus muscles of the
non-supporting leg is switched off. The period of time the
signal is off is based on the timing of the individual’s
swing phase, which is typically 0.8-1.5 seconds.

The peroneal nerve is then stimulated to obtain
dorsiflexion of the foot and which also produces a reflex
flexion in the knee and hip that initiates the swing phase.
To obtain the swing phase of the stride, a third
independent stimulation channel on each leg produces a
short stimulation burst of 1.5-2 seconds in duration,
without ramping, and the stimulation frequency for this
channel is 50Hz. This specific stimulation combination
produces a quick activation of the peroneus and anterior
tibialis muscles and induces a reflex flexion in the hip and
knee.

At the end of the swing phase, stimulation of the
quadriceps and gluteus muscles are activated again to
obtain the tension needed for stabilization of the leg for
standing.

training with parallel bar

Research on the use of FES in humans

With the research on FES in humans for complete spinal
cord injury, Dr. Helmut Kern and his group has shown
positive effects over the past decades to:

e Prevent/revert muscle atrophy/degeneration
(Kern, 2014)
e Reduce spasticity (Doucet et al, 2012;

Hofstoetter et al, 2014)

e Generate standing and stepping-movements to
improve  walking speed, distance and
improvement of cardiovascular fitness and
metabolism (Kern et al, 2014; Graupe et al,
2008; Stohr et al, 1985; Holle et al, 1984)

e Encourage lower extremity blood flow (Kern
2014).

In addition, there are no lower- or upper-time limits to
begin a training program based on FES so the training can
begin at anytime after the lesion has occurred and still be
effective. (Kern et al, 2008; Graupe et al, 2008). FES has
also been used successfully in the long-term therapeutic
treatment of foot drop after stroke. (Dunning et al, 2015)

Horse FES parameters

Overall stimulation parameters

Stimulation frequency: 60 Hz

Stimulation pulse width: 500us + pause (250us + 250us)
Pulse shape: Constant voltage biphasic pulses with two
symmetric half waves (charge compensated) and pause in
between pulses.

Electrode design: 3 channels, 6 electrodes, asterisk pattern
of stimulation

Reduction in muscle spasm and atrophy

To reduce muscle spasm and atrophy in horses, the
voltage is gradually increased over the 3 stimulation
channels until a strong muscular contraction is produced,
resulting in spinal or joint movement. Typically, this

functional movement is obtained with an intensity of 6-8
volts. The production of functional movement can occur
during the first treatment, or it may take several
treatments, depending on the severity of the muscle spasm
or atrophy. The electrodes are placed evenly on each side
of the spine and the major goal is to obtain symmetrical
functional movement with smooth and consistent
contractions of the targeted muscles and associated
joint(s) while the horse is standing.

Reeducation of muscle memory

Treatment time is 35 minutes which produces 525 cycles,
to achieve the repetition of movement needed to help
reeducate muscle memory. Treatment times are spaced
close together in the initial stages with treatments
typically being given every day or every other day for 2-3
weeks. At times when the response to the FES treatment
is minimal, more than one treatment is given to the same
area on the same day.

Research on the use of FES in horses

Specific research on the use of FES for horse
rehabilitation has been performed over the past several
years. Studies have shown that FES training for horses is
a safe treatment that provides clinical improvements in
equine epaxial muscle spasms (Ravara, 2015a; Ravara
2015b; Schils, 2015; Schils and Turner, 2014; Schils,
2013). FES training has also been shown to produce a
positive effect on mitochondrial density and distribution
in equine epaxial muscle, which in turn may help create
healthier muscle tissue, that is better able to function
during exercise (Schils et al, 2015). Preliminary data
showing an improvement in the symmetry of the
multifidus muscles of horses after 8 weeks of FES is an
encouraging step to show empirically that changes in
symmetry are also possible with FES training. The use of
FES for horses has been able to produce quick and fairly
dramatic changes in muscle tissue. Figure 1 shows the
change in muscle atrophy over a period of 9 days with the
application of 5 FES treatments to the infraspinatus and
supraspinatus muscles, and 2 treatments symmetrically
applied across the spine to the thorax region.

Discussion

A comparison of the two FES protocols for human and
horse therapy illustrates some distinct differences, most
markedly the pause between the positive and negative
waves. The reasons for these differences is due to the
variation of the outcomes of the two FES therapies. In
humans, the purpose is to activate paralyzed muscle for
sitting, standing and walking activities. In horses, the
purpose of the FES stimulation is for injury rehabilitation
and performance enhancement.

The human FES parameters for SCI uses short “bursts” of
signal on and off to elicit the appropriate combination of
support and swing phases of the limb producing dynamic
movement. In addition, the peroneal nerve is stimulated
individually to obtain dorsiflexion. In the literature, which
discusses the parameters of human FES systems,

- 94 -



frequency, pulse width and duty cycle vary a lot but
commonly 20-50Hz, 300-600us and cycles of 1:2-1:3 are
used respectively (Doucet 2012). FES parameters should
be tailored to the individual client’s needs to reproduce
normal activation patterns, optimize force output and
reduce fatigue. In humans, home-based therapy in the
individual’s private environment is increasing rapidly and
therefore it is hard to accurately evaluate and record
outcomes when compared to a stationary/laboratory
setting as practiced in the majority of horse therapy. In
addition, the activities of daily living, and personal
limitations and effort, cannot be influenced as easily with
humans when compared to horses.

In the horse, the stimulus is always used for non
paralyzed muscle and this is a distinct difference between
the horse and human protocols. One of the short-term
effects of horse muscle stimulation may be due to the
consequences of reflex activity of the non paralyzed
muscle, which is the result of sensory stimulation. To
obtain the desired outcomes in horses, functional joint
movement is obtained while the horse is stationary. In
most cases, the signal crosses the spinal column and is
symmetrically applied, however treatments to specific
unilateral muscle groups is also performed.

Typically, during the first several FES treatments to the
horse, the joint rotations obtained are not biomechanically
correct. This incorrect movement pattern of the joint,
which is most frequently observed as a lateral twist,
illustrates the outcome of asymmetrical muscle
development, As FES treatments progress over time, the
joint rotation becomes more and more mechanically
correct. Clinical observation after several treatments
reveals an improved movement pattern in the horse
resulting in better balance and performance.

The treatment area over the epaxial muscles of the horse
is about 60 cm in length, and the specific area of the
topline which is stimulated is changed periodically to
target different muscle reactions. Observation of the
movement patterns obtained with a variety of placements
of the electrodes, trial and error, and observation of
results over the past 20 years has refined the treatment
protocols. Changes in the movement patterns of the
muscles can happen quickly, and this could be due to
several factors. One is that the horses are ambulatory so
they move around most of the day keeping the muscles
active. Horses lay down for only short periods of time so
the muscles are constantly stimulated to a certain degree
to support the mass of the horse. Second, a series of
physical exercises are used to supplement the changes in
movement patterns obtained by FES training, and in
horses where the rider follows these exercises in
combination with FES training, the improvements in the
horse have an increased possibility of being quick and
long lasting.

An improvement, which may be useful for human FES
training outcomes, would be to increase muscle
endurance and improve muscle symmetry in SCI patients
through the use of horse FES training. In addition, the

longer time frame of the horse FES treatment protocols
could assist in the re-education of muscle memory and
improve blood flow over an extended period of time.

One of the improvements that could be made in the horse
FES training outcomes is to mimic the short bursts of
activity required in equine performance, since the current
stimulus pattern is based more on muscle endurance
enhancement. This ability to improve the “quickness” of
the muscle reaction time could prove to be a valuable
addition to the horse FES protocol, especially for
performance enhancement. In addition, increasing the
speed of the muscle contractions could also improve the
overall outcome of the horse FES training protocols by
improving the variety of muscle responses, again better
mimicking actual performance. The utilization of the
human FES parameters would be wuseful for these
purposes.

The use of the horse FES parameters to obtain stronger
and stronger symmetrical muscle contractions over time,
which more closely resembles functional movement, is an
important element to the success of the outcome. If these
stronger contractions are used in SCI patients for a longer
period of time, care must be taken that the skeletal and
soft tissues can withstand these intense contractions. A
gradual increase in the strength and length of time of the
contractions is essential for a positive outcome to occur.
However, if the stimulus is not strong enough to elicit
functional movement, then the full benefits of FES
training are likely diminished. In addition, the use of the
asterisk design of the horse FES parameters may help to
vary the stimulation area and could prove a useful
addition to the human protocols.

Conclusions

A discussion of the uses of FES in humans for SCI, and
for horses rehabilitating from injury or for performance
enhancement, has shown distinct differences between the
parameters of the two modalities. The stimulation of
paralyzed muscle in SCI patients where the sensory reflex
is not present is different from the stimulation of non
paralyzed muscles in horses where the sensory reflex is
present. In addition, the main purpose of human FES is
for short “bursts” of muscle activity for sitting, standing
and walking. In comparison, the use of horse FES is
mainly for improvements in muscle symmetry, the
reduction in muscle spasms and atrophy, and for muscle
re-education.

Could the FES parameters used for improvement in
muscle function in humans and horses be combined to
improve outcomes? The use of the horse FES parameters
in human SCI physical therapy may be of assistance to: 1.
Improve spinal and limb symmetry while also assisting to
reduce frequency of muscle spasms and atrophy which
occur during early and long-term disuse; 2. Elicit
progressively stronger muscular contractions to induce
functional movements of associated joints, while sitting,
to improve endurance and increase blood flow. The use of
the human FES parameters during rehabilitation from
injury and for performance enhancement in horses may be
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of assistance to: 1. Shorten the reaction time of muscle
contractions; 2. Improve the speed of muscle contractions
over time.

A review of the similarities and differences between the
human and horse FES has shown distinct and varying
benefits of each protocol. It is intriguing to hypothesize
that the combination of human and horse FES protocols
may be useful in improving outcomes of both species.
Future research must be performed to explore if the
combined usage of the two types of protocols proves to be
valuable.
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Online assessment of Volitional Muscle activity from Stimulation Electrodes
in a Drop Foot Neuroprosthesis

Valtin M', Werner C2, Schauer T!,
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Abstract: This contribution investigates the feasibility of realtime muscle activity assessment in an adaptive drop foot
stimulator for control of stimulation intensity or for biofeedback. A surface electromyography (sSEMG) measurement is
realized from the two stimulation electrodes also during active stimulation in between the stimulation pulses using a
stimulation device with integrated EMG measurement. A non-causal digital high-pass filter with optimally chosen initial
conditions is applied to the batch of EMG samples between two stimulation pulses in order to extract the higher frequent
part of the volitionally induced EMG activity. After rectification and averaging of the filter output vector we obtain at
stimulation frequency a scalar measure of the residual muscle activity within the last stimulation period. The feasibility of
such realtime EMG-processing has been demonstrated with one healthy subject by monitoring the superposed volitional

support by the subject during electrical stimulation induced dorsiflexions.

Keywords: Functional Electrical Stimulation, Drop Foot Stimulation, Electromyography, Gait, Signal Processing

Introduction

The limited ability to lift the inner (medial) or the outer (lat-
eral) edge, or both, of the foot by voluntary muscle activa-
tion is known as drop foot syndrome and is present in about
20% of the ambulatory chronic stroke patients [1]. The
electrical stimulation of the peroneal nerve for correction
of foot drop during the swing phase of gait is an established
rehabilitation method with proven orthotic and therapeutic
(carry-over) effects (see e.g. [2]). In a standard transcuta-
neous drop foot stimulator, a pair of surface electrodes on
the skin close to the head of fibula and on the insertion of
the m. tibialis anterior to activate the muscles tibias anterior
and fibularis longus. Until now, all commercially available
devices have been solely based on open-loop architectures,
i.e. they only use sensors to time the stimulation [3] — typi-
cally a simple heel switch.

Current research direction aims at the following: 1st) to re-
place the heel switch by an inertial sensors at the foot or
shank for a more detailed gait phase detection and better
synchronization of the electrical stimulation with the pa-
tient initiated gait, 2nd) to adjust the stimulation intensity
to the patients need by sensing the foot motion and 3rd)
to promote the volition support of the foot movement by
the patient. We developed recently an adaptive drop foot
stimulator that uses an internal sensor at the foot to detect
gait events and phases and to monitor the foot motion [4].
Based on the obtained measurements iterative learning con-
trol is applied to realize a desired physiological foot motion
during the swing phase within a couple of strides. For a not
changing reference motion the resulting stimulation inten-
sity might be used to assess the patient’s active involvement
as lower intensities indicate a higher patient involvement.
Alternative approaches propose the use of EMG measure-
ments to trigger or to drive the electrical stimulation of the
dorsiflexors in order to directly involve the patient [5, 6, 7].
The volitionally induced EMG activity is extracted from the

recorded EMG in between the stimulation pulses by either
applying a high-pass filtering approach or by subtracting the
predicted M-wave (the electrical stimulation induced EMG
activity) (see e.g. [8]). The first 20 to 30 ms after each stim-
ulus are usually discarded from the analysis as this period
contains the electrode discharging transients and the higher
frequent parts of the M-wave.

Most existing systems require separate electrodes for EMG
measurement that may restrict the transfer of such systems
into clinically usable systems. A direct EMG measurement
from the stimulation electrodes would be a clear technolog-
ical advantage. Compared to the setup with separate stim-
ulation and EMG electrodes there are several challenges:
Ist) The voltage potential difference between the stimula-
tion pulses (up to 150 V) and the EMG signal (less than 1
mV) is huge, 2nd) the electrode area of stimulation elec-
trodes is much bigger than the one of EMG electrodes, and
3rd) the capacitive rest charge on the electrodes will cause
significant discharging transients in the EMG recordings
that are difficult to predict and make EMG measurements
impossible without additional discharge of the electrodes.
Protection and passive discharging circuits in front of the
EMG amplifier are therefore required. The feasibility of
an EMG measurement from the stimulation electrodes was
demonstrated in [9, 10] by using classical analog EMG am-
plifiers, analog high-pass filtering and discharge and protec-
tion circuits.

In this contribution we present a stimulation system with an
integrated 24-Bit analog front-end for EMG measurements.
An input circuit with PhotoMos switches protects the ana-
log front-end and allows passive discharging of the stim-
ulation electrodes after each stimulus. For the extraction
of the volitional EMG activity we introduce a digital high-
pass filter with optimally chosen initial conditions to reduce
transients in the filter output caused by the discharging. The
system was initially tested to detect volitional foot lift dur-
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Figure 1: RehaMovePro stimulator block diagram with the
main components from [11].

ing active stimulation from stimulation electrodes used in a
drop foot stimulator setup.

Materials and Methods
Combined Stimulation and Measurement System

The RehaMovePro stimulation system is used for stimu-
lation and EMG measurement [11]. Fig. 1 depicts an
overview of the device. The stimulation module supports
four demultiplexed current-controlled stimulation chan-
nels and is controlled by MCU1, an ARM Cortex M4
microcontroller (STM32F407, STMicroelectronics). The
task of MCUI is to generate and monitor the stimula-
tion waveform, as well as to control the EMG protec-
tion and the demultiplexer. The second microcontroller,
MCU2 (STM32F407, STMicroelectronics), is responsible
for less safety-critical tasks, like receiving data from the
EMG front-end and communication with external devices.

Surface electromyography (SEMG) measurements are sup-
ported by two of the four stimulation channels through a
protected 24 bit EMG front-end (ADS1294, Texas Instru-
ments). The protection circuit enables SEMG recordings
even during active stimulation. The inputs of the EMG
front-end will be disconnected from the stimulation elec-
trodes during the stimulation pulses by two galvanically iso-
lated PhotoMos switches. A third PhotoMos switch, which
is located before the two protection switches, is activated
directly after the stimulus, when the protection is still ac-
tive, to passively discharge the electrodes by shorting the
pathways coming from the two electrodes. The start time
and the duration of this short-circuit can be adapted in re-
altime. Any remaining voltage transients from the stimula-
tion pulse is later removed with a non-causal high-pass fil-
ter. A SIMULINK interface is available to set all parameters,
to control the stimulation intensity and to receive the EMG
data with marked stimulation time pointsl. Hence, control
and signal processing algorithms can be easily developed in
MATLAB/SIMULINK and real-time code can be generated,
e.g. by using the Linux Target for SIMULINK Embedded
Coder?.

In this work, only one stimulation channel with an EMG
measurement at 4 kHz is used. Electrodes are placed on the

! Also for pulses with zero intensity the marker is set with the corre-
sponding stimulation frequency.
Zhttp://lintarget.sourceforge.net/

skin close to the head of fibula and on the insertion of the m.
tibialis anterior. The stimulation frequency is set to 25 Hz.
In between two stimulation pulses, 160 EMG samples are
collected. EMG;(k), k = 1,...,160, represents the k-th
sample within the ¢-th stimulation period. The shortening
of the stimulation electrodes starts immediately after each
stimulus and lasts for 10 ms.

EMG filtering

To determine the volitional EMG activity in each interpulse
interval, we first extract the EMG from sample N7 to N af-
ter the last stimulus. This interval contains beside volitional
EMG activity the low-frequent tail of the M-wave and the
voltage transients from the remaining charge. To remove
the two latter both and to extract the higher frequent part of
the volitional EMG activity® we apply a non-causal high-
pass filtering in which the initial filter states are chosen so
that filter transients become minimal. A 6%h-order elliptic
high-pass filter with a passband edge frequency of 200Hz,
3 dB of ripple in the passband, and 80 dB of attenuation in
the stop band is used to filter the EMG data forward and
backwards in time. To determine the optimal initial filter
states we rewrite the entire filter process in vectorial form.
Let the input vector for the filtering process be

U = [EMG; (N1),EMG; (N1 +1),--- , EMG,; (N,)] " .

Filtering forward in time: The 6th order Elliptic high-
pass filter is given in form of a state-space model represen-
tation (F' € R%%6, G € R5*! | E € R'*6, D € R):

z(k+1) = Fz(k) + Gu(k)
ys(k) = Ba(k) + Du(k),

where k = Nip,..., Ny is the sample index and u(k) are
elements of U. The vector of the output samples of this
forward filtering process is

T
Y= [yr(N1) yr(Ni+1) ys(No)]
Using the Toeplitz matrix
[ D 0 e 0 0
EG D e 0 0
EFG EG e 0 0
Q = . . . . .
EFY3G EFN'G - D 0
\EFY?’G EFN3G EG D |
and the observability matrix
O =|E,EF,EF?, ... EF"']"

we can write the forward filtering problem as
Y;=QU + 0Oz

where & = a(N7) is the initial state of forward filtering.

3The spectral energy of the volitional EMG activity is located between
30 and 300 Hz with a peak around 120 Hz
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Non-causal filtering: Let us introduce first the row and
and column reversion operators R and C with the following
properties (A, B and C' are compatible matrices):

A = BC
R(A) = R(B)C
C(A) = Bc(C)
BR(C) = C(B)C
C(R(BC(R(C))) = C(R(B))C
C(R(A)) = AT if A Toeplitz

The forward-backward filtering involves these steps:
1. Filter U through (F', G, E, D) forward in time to ob-
tain the vector Yy,

2. Reverse the result Y7 in time by applying the row re-
version operator,

3. Filter the reversed
(F, G, E, D) again,

4. Time-reverse the last filter output again to obtain the
forward-backward filtered sequence Yy

sequence R(Y}) through

Using the previously introduced matrices @ and O we can
write this process as follows
Yy QU + Oz
Y = R(QR(Yy) + Ox)
= R(QR(QU + Oz) + OF)
= R(QR(QU + R(L)R(O)z + R(O)z
= 0"oU +Q"0z +R(O)=

with the initial states  and & = x(Nz) of the forward and
the backward filtering, respectively.

Determine the optimal initial states: The initial state
_1T . .
VeCtor Tinitial = [@, m] is chosen in such a way that the

cost function J = Y}FbY b becomes minimal in order to re-
duce filter transients. To determine the optimal initial state
vector, we set the first derivative of the cost function to zero
T
WYp¥Yp_
O0%initial
and solve for @ipjtia1. This yields the optimal initial state
t

opt

Linitial

- [(1e"0 =) @70 R©))]

T
(-eTeu)" [@"0 ®R(0)))
where T is the pseudo inverse. The non-causal filter is then

Yy, = Q'QU+[QTO R(O)| z")

initial*
The volitional muscle activity EM G} of the interpulse in-
terval ¢ is finally obtained by rectification and mean value
calculation of the forward and backward filtered EMG:
1 aE
EMGY = ——o—o k).
= mw Y et
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Figure 2: Detected volitional EMG activity and dorsiflexion
angle during electrical stimulation. The last five stimulation
intervals are superposed by a voluntary muscle contraction.
For all remaining time points the subject was relaxed.

Experimental Validation

To evaluate the proposed EMG measurement setup and the
filtering approach, first experiments with one healthy sub-
ject have been conducted. Informed consent of the subject
was obtained and the trials have been approved by the ethics
committee of Charité Universititsmedizin Berlin. The sub-
ject sat on a table with the shank free to swing. Stimulation
was applied during ten predefined time intervals in order to
lift the foot by FES. The subject was asked to relax during
the first five intervals and to add volitional effort during the
last five time intervals. The dorsiflexion angle with respect
to the rest positions was monitored by an inertial sensor at-
tached to the instep of the foot.

Results

Fig. 2 shows the observed volitional EMG activity (with
N;=80 and N»=160) during the experiment together with
the measured dorsiflexion angle. Stimulation intervals are
indicated in red. During these intervals, bi-phasic pulses
with a pulsewidth of 400us and a current amplitude of
21 mA were applied at a stimulation frequency of 25 Hz.
It is clearly visible that stimulation without volitional mus-
cle activity does not lead to an change of the detected vo-
litional EMG activity (it stays at base line) when the initial
filter states are chosen by the proposed optimization. Volun-
tary muscle contraction during the stimulation intervals can
be clearly detected by an increase of EMG) (blue line).
Without optimization of the the initial states, also stimula-
tion intervals without voluntary muscle contraction are mis-
interpreted as periods with volitional muscle activity. The
Fig. 3 and 4 show exemplarily interpulse intervals with and
without volitional muscle activity during active stimulation,
respectively.

Discussion and Conclusions

The feasibility to detect residual volitional muscle activity
from the stimulation electrodes during active stimulation
was proven. It was demonstrated that a proper selection
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Figure 4: Interpulse interval w/o volitional muscle activity.

of initial filter states is required. The non-causal EMG fil-
ter does not introduce any time-shift. This is important for
an analysis of the volitional EMG activity vector between
to stimulation pulses, e.g. when H- or F-waves are of in-
terest. In future, the system must be evaluated on stroke
patients under real walking conditions and the gained in-
formation exploited for stimulation intensity control or for
biofeedback. Furthermore, an optimization of filter param-
eters (order, edge frequency and intervals) must take place.
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The Intracortical Visual Prosthesis (ICVP) System
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Abstract: For the past fifteen years, the Illinois Institute of Technology (IIT) has led a team-based IntraCortical Visual
Prosthesis (ICVP) project, consisting of multiple institutions and companies, to develop the ICVP system - for which
micro-sized wire electrodes, contained within the Wireless Floating MicroElectrode Array (WFMA), provide electrical
stimulation directly to the visual cortex for the purpose of restoring visual perception to individuals with blindness.
Based upon the development of electrode materials, electrode array fabrication, implantable wireless hardware design,
implantable stimulator fabrication and use, non-human primate psychophysics, normal human psychophysics, surgical
feasibility assessment, and psychological assessment/testing methods, the ICVP has reached a state of readiness for a

clinical trial.

Keywords: Visual prosthesis, intracortical, stimulation, implantable

Introduction

Our hypothesis is that highly-organized, spatial-temporal,
intracortical electrical stimulation of the human visual
system can induce visual sensations which can be
integrated to provide a usable vision substitute for
individuals with blindness. To test this hypothesis, a
clinical trial has been defined that will evaluate the use of
a multitude of implantable sixteen-channel modular
stimulators in forming an artificial neural interface with
the occipital lobe of the human brain. From the
pioneering work of Brindley and Lewin [1], and later
work described in [2,3,4,5,6], it is generally regarded as
feasible to induce stable phosphenes via intracortical
stimulation. The work of Srivastava [7], and others
supports the concept that a multitude of irregularly sized
and spaced phosphenes can be used to form an integrated
visual perception. Our clinical trial will strive to answer
the key question: can individuals with blindness integrate
intracortically-induced phosphenes to form useful visual
sensory perceptions?  This trial addresses neuroscience,
health, and quality-of-life issues because, even with
currently existing compensatory strategies for vision loss,
over two thirds of individuals with blindness are not
gainfully employed; individuals with blindness
experience higher rates of depression and social isolation,
and experience a reduced quality-of-life.

Material and Methods

As reported in [8], and shown in Figure 1, the WFMA is
physically comprised of a ceramic substrate platform that
maintains the lateral position of eighteen (16 + reference
+ counter) Parylene-insulated iridium microelectrodes,
and provides electrical interconnection between a
superstructure that contains an electronic integrated
circuit and microcoil, to form a fully-integrated
autonomous wireless stimulator module. A group of
WFMAs comprise the implanted portion of the ICVP
System. The WFMA is operated by a 4.8 MHz inductive
link that provides both power and communication to/from

Figure 1 -

Microphotographs of the WFMA implantable
stimulator. Each WFMA has a unique address. No tethering cables
are necessary, reducing the physical stress placed upon the
surrounding brain tissue. Size: 5mm diameter x 0.5 mm thick.

the WFMA with about 4cm of separation between the
extracorporeal telemetry controller and the WFMA. A
summary of the WFMA ASIC performance parameters
are shown in Table 1. We plan that up to 40 WFMAs may
be implanted on the dorsolateral surface of the human

Value
4.8MHz; FSK Modulation;
1.2Mbits/sec
5V regulated;
2.5nF on-chip Capacitance
16 independent cathodic-first;
charge balanced;AIROF biasing
0-64pAin 0.5 pA steps

Parameter
Wireless
Inductive Link

Power Supply

Electrode Drivers

Pulse Amplitude

Pulsewidth 0-450 ps in 30 ys steps
Outward 145kHz; PWM; power supply
Telemetry and electrode voltage monitoring
ASIC Fabrication XFab CX08
Technology die size: 1.8mm x 2.2mm

Table 1 — Operational parameters of the WFMA stimulator.

occipital lobe using a high-speed (~Im/sec) insertion
method. Although electrodes will be placed in striate and
extrastriate cortex, we anticipate obtaining phosphenes as
shown in Figure 2. The WFMA devices have been tested
in-vivo within rat sciatic nerve [9] and macaque motor
cortex [10] as shown in Figure 3a, 3b.
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Phosphenes in the lower quadrant

k‘.\

WFMAs implanted on the dorso-lateral surface

Figure 2. Visual map (left) with various-sized
phosphenes and up to 50° eccentricities, for

electrodes implanted (right) on the lateral surface
area within a radius of 3cm from the occipital pole.

Figure 3a. WFMA devices mounted to silicone cuff used in Rat
sciatic nerve implantation. Left: next to nerve, Right: implanted
B — . .

Figure 3b. — WFMAs implanted in two macaques.

Results

The sciatic nerve WFMAs were used to produce distinct
movements of the rat digits. Continued operation of the
chronically-implanted WFMA was confirmed after 16
months (rats died of natural causes unrelated to the
WFMA implantations) with no evidence of electrical
malfunction, and stable neural thresholds throughout.
Table 2 shows the converging stability of the neural

WFMA Stability of Average uA Thresholds for
Peripheral Nerve Implanted WFMAs (32 electrodes)
Days Implanted % A per time period
Day 1 | Day 72 |Day 142| % A D1-D72 (% A D72-D142
8.4 12.1 13.6 40% 12%

Table 2 — Sciatic nerve stimulation result (142 days).

WFMA Stability for Macaque Cortical Implants
Averages for 32 electrodes (2 WFMAs)

Days Implanted
Electrode Parameter ivEro) D2y 6] ID2Y45
Access Resistance (kQ) | 12.6 61.7 52.4
Polarization (V) 0.92 1.25 0.99

Table 3 — Macaque WFMA telemetry data (43 days)

interface formed by the WFMA as evidenced in the
measurement of stimulation thresholds vs. time over 142
days. Reverse telemetry allows for the examination of the
electrode voltage waveform during constant current
stimulation as shown in Figure 4. In the macaques, we
measured electrode voltage waveforms from the WFMAs
via reverse telemetry at 14 and 43 days (experiment on-
going). These data are shown in Table 3.

Stimulated Electrode wrt Reference in-vitro after activation — 25uA, 200usec

T Access Resistance

04 l
kﬁ Polarization
v
N

0
2
=
S / e, mﬂ""
02 " J

. i

Possible Curve Shape
04 | (Data not visible in this 7771‘“*% [

part of curve)

Iy | |
0 50 100 150 200 250 300 350 400 450 500
usec

——Stimulated Electrode wrt Reference

Figure 4. — Representative electrode voltage transient for
constant current pulse recorded in vitro.

Discussion

Being able to assess the electrode conditions during
stimulation via the reverse telemetry of the voltage
waveforms is crucial to being able to evaluate the
continued operation of the system in-vivo. The critical
parameters of access resistance and polarization can be
used to determine the stability of the interface, and
observing the expected waveform shape permits the
verification that stimulation current is being delivered to
the biological tissue.
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Miniaturized Implantable Electrical Stimulator for small Animals
Preliminary Results
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Abstract: According to PubMed roughly 10% of the annually added publications are describing findings from the
animal model. Half of these studies are done in mice and rats. It can be assumed that there is a need for implantable
electrical stimulators which are flexible, reliable and small enough (~1 cm’) that even mice can tolerate it and move
freely. The MiniVStim 12A is a battery powered implant with an outer diameter of 15 mm and a volume of 1.2 cm’. It
can be preprogrammed according to the experimental protocol and controlled by resetting it with a magnet. It can
deliver constant current monophasic pulses up to 2 mA and Ims pulse width.

Keywords: Implantable Electrical Stimulator, Small Animals

Introduction

In vivo basic research is strongly supported by the animal
model. In 2014 roughly 1.2 Mio publications where added
to Pubmed [1]. Out of this 580000 publications are related
to humans (Search term: 2014[dp] AND "humans"[MeSH
Terms]) and 188000 are related to animals (search term:
2014[dp] AND "animals"[MeSH Terms:noexp]). Half of
the animal related publications deal with mice and rats,
making 9% of all added publications.

Investigations in the field of muscle physiology, muscle
conditioning and related require electrical activation of
the target tissue [2], [3], resulting in the need of a reliable
electrical stimulation system. Moreover, the availability
of genetically engineered mice to study specific diseases
might lead to an increased interest in reliable and fault
proof stimulators, well tolerated by these small animals.
Two major approaches for implantable stimulators for
small animals are found [4]. Battery powered implants on
the one hand and externally radio frequency (RF)
powered implants on the other. More or less the
advantages of one system are the disadvantages of the
other. Both systems require implantable electronic
components which have to be encapsulated in a
biocompatible and bio resistive material. Also both
systems require electronic circuitry but RF implants can
be typically built with fewer components. So battery
powered implants require, also related to the chosen
battery higher volume. Battery size is crucial. In
combination with the stimulation protocol it determines
the implants lifetime. A battery powered implant does not
require external components; the animal can move freely
throughout the entire investigation timespan and must not
be separated from the other animals during stimulation
time. Vice versa, externally powered implants have
“infinite lifetime” since there is no battery which drains
but require, when active, a transmission coil close to the
implant [5].

This might limit the animal’s freedom to move.
Alternatively the coil could be integrated in a special cage
[6] but this requires separation of the animal from the
others while stimulation is active, and only one animal at
the time can be stimulated in such a cage. There are also
hygienic issues with the coils attached to the cage and
with the other required external components like
transmitter electronics, power supply and cables.

With these thoughts in mind, a battery powered
stimulation implant, as long as it is small enough that
even mice can tolerate it (V ~ 1 cm®) seems to be a good
choice in terms of easy handling and reliability.

To fulfill the different requirements of studies the
stimulation protocol must be as flexible as possible in
terms of programmable stimulation parameters like pulse
width, pulse frequency and stimulation intensity. The
flexible deliverance of the stimulation dose over the
investigation time, like length of activity periods and rest
periods or even continuous stimulation are of importance
too.
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Fig. 1: MiniVStim12A, Microprocessor PIC16F1783 on
one side of the circuit board (right), electronic
components for power management, output stage
and reed switch (left)
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Fig. 2: Setup for calibrating the implantable stimulator
Components: PC with Microsoft Visual Studio program
for semi-automated testing, Microchip ICD3 flashing
device, Salea Logic 8 Logic analyzer

Material and Methods

The MiniVStim12A implantable stimulator (Fig. 1) is
built around the Microchip (Chandler, AZ, USA)
PIC16F1783 microcontroller. This microcontroller has an
integrated 8bit Digital to Analog Converter (DAC), an
integrated Operational Amplifier (OPA), an uncalibrated
31 kHz RC Oscillator for low power operation and a
calibrated 500 kHz RC Oscillator for higher
computational performance. Different sleep modes, quick
wake up time, the possibility to switch between the
oscillator frequencies programmatically and to turn on
and off the peripheral components (DAC, OPA) allow the
implementation of energy saving strategies within the
firmware.

A transistor output stage takes care of generating
monophasic constant current stimulation pulses. A
decupling capacitor in series with the electrodes keeps the
electrodes DC free.

The duties of an implemented reed switch are twofold. A
magnet attached to the implant interrupts power supply
and minimizes draining of the battery while the implant is
on the shelf. Bringing the magnet for a short time in
proximity of the implant resets the microprocessor. This
feature is used to advance in a circular manner through
pre-programmed stimulation patterns like Sleep —
Testing pattern — Study protocol pattern — sleep — ... .
This kind of implant control is not suitable to advance
through a high number of different protocols mainly
because there has to be some sort of feedback to confirm
the currently active pattern.

The first batch of manufactured implants revealed that
from device to device the integrated low power oscillator
(31 kHz) scatters in a £10% range from its nominal value.
Since all timing parameters are derived from the oscillator
they deviate from their nominal value in the same
percentage range. When thinking of the pulse width and
stimulation frequency in a physiological manner this
deviation might not be very crucial. But when looking at
the overall stimulation protocol, for instance 23 h rest and
1 h stimulation the stimulation might occur in a time
window of #2 h away from the expected onset. This
might be impractical when animal monitoring during
stimulation is desired. Furthermore the stimulation time
might shift from day to day.

So we decided to individually calibrate the stimulators
during the firmware flashing procedure. (Fig. 2)

The circuit board is connected to the Microchip
programming device ICD3 and the Salea (San Francisco,
CA, USA) Logic 8 Logic Analyzer. Both manufactures
provide a dynamic linked library (dll) that can be accessed
from within Microsoft Visual Studio .net development
environment. A custom built C# application first flashes a
very simple firmware into the microprocessor, just
producing a rectangular signal on the ICSPDat pin. The
logic analyzer evaluates the frequency of the signal. Out of
this the actual RC oscillator frequency can be calculated
and further, the related microprocessor register values to
achieve the desired stimulation parameters are calculated
using a parameter variation and optimization algorithm.
The calculated values are inserted in the source code of the
firmware; the final individual tailored firmware is
compiled and finally flashed via ICD3. All data are linked
to the serial number of the implant are stored in a MySQL
database.

Results

The fully encapsulated MiniVStimI12A (Fig. 3 right)
has a diameter of 15 mm, is 7 mm thick and has a volume
of 1.2 cm’. Achievable stimulation parameters are:
Monophasic, charge balanced constant current rectangular
pulses with amplitudes the range of 0 to 2 mA with 8 bit
resolution, pulse width ranging from 32 ps to 820 ps in
steps of 32 pus and stimulation frequency range from 0.1-
200 Hz.

Lifetime strongly depends on the chosen stimulation
paradigm. With a CR1220 (35mAh) battery (Fig. 3 left)
the lifetime is 200 days if every hour a Is lasting
stimulation train is delivered and goes down to 10 days if
continuous 20 Hz stimulation is applied.

The calibration procedure improved significantly the
overall accuracy of the time dependent stimulation
parameters. All implants from the initial batch with a
+10% deviation from the 31 kHz nominal oscillator
frequency stayed finally in a *1% range. The only
exception is the pulse width. It is directly derived from
the oscillator frequency and cannot be optimized for small
pulse width.
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Fig. 3: Circuit board with mounted battery (left)
Encapsulated battery and electronics (right)

Conclusions

A small battery powered implantable stimulator that even
mice can tolerate was developed. The stimulator receives
during the manufacturing process an individually tailored
firmware according to the study protocol. Oscillator
calibration during the manufacturing process brings time
dependent stimulation parameter accuracy to a +1% level.
Only the pulse width stays linearly related to the oscillator
frequency. Basic pattern control by magnet kept the
handling simple and was well accepted by the users.
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Implantable electrical stimulator optimized for animal studies
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Abstract: Implantable pulse generators (IPG) are used in animal studies to investigate neuromuscular changes related
to various trainings conditions in healthy and diseased organisms, at different ages. Compared to mechanical training
equipment like treadmill or running wheel, the use of an IPG has the advantage, that intensity and duration of
neuromuscular excitation can be precisely determined for days or weeks. The success rate of a study increases, if stress
factors that influence the animal are kept as low as possible, failure rate of the technical equipment is minimised and the
equipment handling is simplified. Beside technical requirements, these facts have been the main criteria for the
development of the “MiniVstim” IPGs.

MiniVstim’s s are programmed via a bidirectional RF link. Therefore the implanted animal is placed on a programming
tablet and the connection to the implant is established. Additionally, the programming tablet connects via Bluetooth to
an Android based computer offering a comfortable graphical user interface for setting up the entire stimulation protocol..
Amplitude, burst duration and frequency of single bursts can be freely defined and combined to stimulation blocks. These
stimulation blocks complemented with pause blocks are summarized to a trainings session, which are repeated depending
on the defined values, maybe once a day, twice a day or every other day. Once programmed, the IPG activates the
trainings sessions automatically. The IPG is powered by a single Lithium primary. Weight and volume 1,2cm’ and 2,3g
for devices intended for the use in mice and 5,1cm’® and 9,6g when used in rats.

The automated activation of the trainings session decreases the stress for the animals. The animals can remain in their
cages without any additional intervention. Moreover, this decreases the work load of the care takers. The programmer
was designed to operate completely wireless and without mechanical switches, two measures to reduce technical failures.
Complex training patterns can be created making by the system flexible and easy adoptable to the study protocol .
However, the possibility to choose from a huge range parameters increases the risk of handling failures.. In order to
minimize those errors various simplified input masks are implemented. The desired trainings patterns are setup from
experts in an unrestricted mask and pre-tested. The end user just downloads these patterns and uses a “light weighted”
user interface version during the study. Only relevant parameters to fit the pattern to the individual animal like the
stimulation amplitude are accessible. Actual and previous versions of the MiniVstim stimulation system have been
successfully used in four research studies up to now, each application helped to further improve the overall system
usability.

Keywords: Implantable pulse generator, animal study,
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Modular multi-channel real-time biosignal and sensor interface
for movement control applications
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Abstract: An active prosthetic arm as well as an FES-controlled paralyzed upper extremity need reliable control inputs
for accurate and safe positioning in the three-dimensional space. Here, we present a control concept based on
multichannel electromyography (EMG) and inertia sensors for positioning feedback. The modular hardware design is
based on an eight-channel interface-module, a motion capture module, a synchronization module and an electrical
stimulation module or an actuator control module. Recorded data are analyzed on a connected personal computer that
allows to perform complex decisions and control algorithms fast enough for real-time control of stimulator or prosthesis
actuators.

The recording system is capable of combining up to eight acquisition modules, each with eight bipolar inputs, and data
transfer using the USB-interface. Important for control applications as well as experimental multi-channel recording, is
reliable synchronization of all acquired signals. Therefore, the modules are synchronized by an external separated clock
module, which provides the time-base for the microcontrollers and generates repetitive trigger pulses. The developed
system ensures a synchronization error smaller than 10 us within 10 s. The analog front-end is based on the ADS1299
(Texas Instruments Inc., Dallas, TX, USA). In addition to EMG control inputs, the device is capable of acquiring sensor
and other bioelectrical signals like electrooculogram (EOG) or electroencephalogram (EEG) the latter e.g. for use in a
brain-computer interface.

The advantage of the system is a flexible design which supports real-time control of mechanical and neural prostheses.
Additionally, each module is directly connected to a computer, which reduces the front-end complexity and enables simple
integration of various module combinations.

Keywords: prosthesis, neuroprosthesis, control, electromyography, bioelectric signal, FES, ADS1299;

A further important application is the use of EMG for
control of prostheses and neuroprostheses [6]; in particular
there have been significant improvements in the
development and control of prosthetic arms [7], [8] in the
recent years. However, sensory feedback to the amputee or
paralyzed is still used rather rarely. This negatively
influences and limits the control performance of
prostheses, because proprioceptive and tactile sensory
feedback are  important integral components of a
physiological body image, as basis of movement control,
and interaction with objects [9]. E.g. Chai et al. [10] used
transcutaneous electrical nerve stimulation as a tactile
feedback modality and demonstrated that it is possible to
evoke haptic perception to some extend.

Introduction

Control of a prosthetic arm as well as of an upper limb
neuroprosthesis needs reliable control sources, accurate
tracing of the joint positions and sensory feedback is
desirable. Here, we present a modular concept, which
integrates a control system based on electromyography
(EMG), inertia sensors for position feedback and
functional electrical stimulation (FES) to provide sensory
feedback or control neuromuscular functions, respectively
an actuator control interface. In biomedical applications,
EMG recordings are widely used [1] and there are different
concepts for data acquisition systems for EMG signal
detection [2], [3]. However, most of them do not offer the
possibility to record as much as 64 channels or lack
synchronization.

One main benefit of multiple channels, EMG electrode
arrays and multi-channel data acquisition systems is that it

Our hardware design is based on four modules: eight-
channel recording module, motion capture module,
electrical stimulation module and synchronization module.

can replace the need of invasive needle electrode
techniques and calculate single motor unit activities from
multiple projections.in certain cases [4]. Another useful
application is the use of array based multi-channel EMG
recordings to identify optimal electrode positions without
multiple repositioning of skin attached electrodes by
applying quantitative selection algorithms [5].

The system is capable of combining up to eight acquisition
modules via universal serial bus (USB) data link. In
addition to EMG measurements, the device is capable of
recording various sensor or bio-electrical signals like
electroencephalogram (EEG) or electrooculogram (EOG).
A computer generates the control signals based on the
recorded biosignals which activate either actuators of a
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mechanical prosthesis or stimulator modules. Sensors on
the arm and finger tips can provide signals, which again are
processed and used for sensory feedback in the form of
electrical stimulation to appropriate skin surface areas.

Finally, the system should get comfortably wearable.
Therefore, it has to be lightweight, compact, and battery-
powered. For real-time signal analysis, the system requires
high computing capacity which will be solved by
integrating a compact single-board computer.

In this paper we present the exemplary configuration of the
system for control of a bionic arm prosthesis prototype.

Implementation of the system

We designed a modular system for data acquisition
(DAQ) which integrates recordings of EMG and motion
signals. The recorded data should be processed using
customized algorithms and support real-time control of an
upper extremity prosthesis.

EMG
module

Central
command
&
analysis

EMG
module

Motion
capture

Control
unit for
arm & hand

Fig. 1. This system configuration contains recording units
for electromyography (EMG) and motion capture. These
units are synchronized with a separate module (Sync
module). A personal computer (PC) or a Raspberry Pi 3
analyzes the input data and controls the prosthetic arm.

The prosthesis is a custom-built prototype developed at the
Center for Medical Physics and Biomedical Engineering,
Medical University of Vienna. Therefore, we designed
various modules interconnected with the USB-interface
that allows simple plug and play solutions. Reliable
synchronization of all acquired signals is necessary for
control applications as well as for data analysis. The main
drawback of comparable commercial devices is the limited
access to the raw data. Furthermore, simultaneous
recordings of different sensor signals are usually more
difficult to handle.

The designed system consists of one or more EMG
modules (usbEMG) that are connected to the participant
via surface electrodes to acquire the input control signals.
The USB port powers the modules and transmits the
measured data to a personal computer (PC) or a single-
board computer (Raspberry Pi 3, Raspberry Pi Foundation,
Caldecote, United Kingdom). The synchronization module
(usbCLK) is also directly connected to the computer, to set

up the clock rate and trigger outputs. Additionally, the
computer provides the power supply for the module.

The module for motion capture is currently in the
developing phase. We plan to use 9-axis sensors that
combine gyroscope, accelerometer, and magnetometer
(MPU-9250, InvenSense Inc., San Jose CA, USA). With
multiple sensors mounted on the prosthesis it will be
possible to detect its exact position in space. The main
purpose will be to generate a feedback signal for highly
accurate multi-joint movements of the prosthetic arm.

In addition, we plan to integrate a stimulation module to
generate cutaneous input for sensory feedback.
FES is not only suitable to reduce phantom pain or stump
pain caused by amputation [13], [14]. It is also known that
electrical stimulation of afferent nerves using implanted
electrodes can generate sensations of touch, joint
movement, and position in the missing phantom limbs of
amputees [13], [14]. Using different stimulation patterns, it
is even possible to convey various sensory feelings [10].
The external neural input should improve the control
performance of the prosthesis by providing sensory
feedback.

Hardware Design

The usbEMG module (Fig. 2) is based on an ADS1299
analog-to-digital converter (Texas Instruments Inc.,
Dallas, TX, USA) and is applicable for various electrical
biosignals. The ADS1299 is capable of simultaneous
sampling of eight channels with an overall sampling rate of
16 000 samples per second (SPS) and a resolution of 24-
bits. The amplifier gain is programmable up to 24. The
microcontroller (PIC32MX250F128D, Microchip
Technology Inc., Chandler AZ, USA) is used for
controlling the data stream. The clock frequency is up to
50 MHz, which allows a high recording rate. The
integrated 64 KB memory is used to buffer the data which
is received from the ADS1299. The microcontroller
provides a USB 2.0 compliant full speed interface.

Because of the fact, that the device will be used in medical
applications an electrical isolation barrier is mandatory. An
ADuM4160 (Analog Devices Inc., Norwood MA, USA),
which is suitable for this purpose, is implemented and
offers 5 kV isolation.

i 10¢cm

Fig. 2. Eight channel EMG module (usbEMG). 1 —
isolated DC/DC converter; 2 — digital isolator for clock
and trigger signals; 3 —microcontroller
(PIC32MX250F128D); 4 — LED driver; 5 — analog
frontend (ADS1299); 6 — USB port isolator.
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The usbEMG module can be used as a standalone device
with eight bipolar recording channels or integrated in a
cascaded system of multiple modules interconnected by an
additional USB cable for receiving clock trigger impulses
from the synchronization module.

To synchronize data from up to 64 inputs, another USB
module (usbCLK) was developed that acts as a clock
distributor, which provides the time base for the
microcontrollers and delivers trigger signals to reset the
timestamp of the data packets. The developed system
ensures a synchronization error smaller than 10 ps within
10 s for simultaneous signal recording. A microcontroller
generates a reliable clock source that is distributed to up to
eight different modules. The low-voltage differential
signaling (LVDS) standard was used to distribute the high
frequency clock signal to all peripheral modules.

The central element of the system is a computer (PC or
Raspberry Pi 3), which is used to process the data and to
generate control signals for the actuator control unit of the
prosthesis.

The prosthesis control unit is based on a Fubarino™ Mini
(Schmalz Haus LLC and Fubar Labs). The board is
Arduino API compatible, which uses a PIC32MX
microcontroller. It controls the motors and reads the
encoder values. Commands are processed and
corresponding pulse-width modulated (PWM) signals are
sent to servo motor controllers (Maxon motor — ESCON
Module 50/5, Maxon motor, Sachseln, Switzerland) that
drive the prosthesis.

Firmware

The firmware of the PIC32MX-microcontroller is
programmed with MPLABX an IDE (Microchip
Technology Inc.) which includes an assembler, software
simulator, and a debugger. The MPLAB Harmony
Integrated Software Framework (Microchip Technology
Inc.) offers a flexible, abstracted, fully integrated firmware
development platform for PIC32 microcontrollers.

Fig. 3 Actuator control unit. 1 — FubarinoTM; 2,3 —servo
controller (ESCON module 50/5)

The communication between ADSI1299 and the
microcontroller is realized via serial peripheral interface
(SPI). It offers data rates up to 25 Mbps. To ensure fast and

safe data transfer the direct memory access (DMA) module
is used to reduce CPU workload.

Using all eight channels and having a sampling rate of
8 kSPS the ADS1299 is producing 216 kB/s, which is
within the USB bulk transfer limit of about 1245 kB/s.

It is not possible to transfer the data in real time via USB,
therefore, a buffer is needed. Ideally, this is realized with a
ring buffer, to ensure data consistency. The ADS1299
writes data in blocks of 27 Bytes but the USB is reading 64
Bytes at once. Therefore, the smallest possible ring buffer
size is the least common multiple which is in that case 1728
Bytes. To get the best results, the ring buffer was chosen to
be as big as possible. The PIC32MX offers 64 kB RAM,
with the space occupied by the program itself, the resulting
ring buffer size is around 55 kBytes.

Software

A C# program was developed to process the data packets.
It allows digital filtering and visualizes the recorded
signals per channel. The software detects all connected
modules and offers the possibility to trace every channel
per device. It is also possible to set the configuration of
each module, i.e. sampling rate, gain, and other registers of
the ADS1299. Furthermore, the data can be recorded and
saved in the common Hierarchical Data Format (HDF5),
which is particularly useful for managing large amounts of
data. It is supported by many commercial and non-
commercial software platforms including C#, Java,
MATLAB. Data compression is necessary because of a
large amount of data. Eight channels sampled with 8 kSPS
generate about 13 MB data per minute. Using eight
modules, this would produce more than 100 MB per
minute. So structured data and especially compression are
essential.

Control signal

In a preliminary evaluation, we recorded an input signal of
the biceps brachii in a human subject. Therefore, an on/off
control signal was generated using the EMG signal. The
threshold of activating the actuator was set to 2 mV. Figure
5 shows the data stream of the myoelectric signal during a
contraction and the corresponding on/off signal for the
actuator control unit.

1 2 3 4 5 6 7 8
time (s)

Fig. 4 Exemplary control input based on a myoelectric
signal during a biceps brachii contraction. The EMG
signal is filtered in a range form 20 to 300 Hz.
Sampling rate: 8 kSPS; Gain: 6; Resolution 24-bit
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The surface EMG signal is a stochastic signal that displays
the overall activity of a muscle and its exertion is primarily
related to the amplitude of the signal. By calculating the
envelope of the EMG signal, the muscle activity intensity
can be measured. One of the most widely used methods is
the root mean square (RMS) [15].

Using this envelope signal, it is not only possible to
calculate an on/off signal but to control the speed of the
actuators based on the intensity of the muscle contraction.

Discussion

The advantage of the system is a flexible design which is
essential for advanced control of a prosthetic arm, but
keeps it also suitable for other movement rehabilitation
applications, as reactivation of a paralyzed arm by FES.
The modules are compact enough to be carried e.g. on a
belt as a light weight and small experimental recording
unit. We intend to use the system wirelessly, so power
consumption is essential. The estimated supply current of
the acquisition system is below 1 A. Because we use the
USB standard for all our devices, it is possible to use
commercially available power-banks. By using only one
core of the Raspberry Pi 3 the power consumption halves
[16].

The presented front-end device, ADS1299, is a versatile
component for EMG acquisition. The small size of the
chip, the low supply voltage, and low power consumption
make it especially suitable for small, battery-powered,
portable solutions. The flexible design is of great
importance for the intended primary application for
advanced real-time control of a prosthetic arm. The
modules are compact enough to be carried for mobile use.
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Frequency characteristics of power coils under
practical FMS conditions

M. Nalbach', J. Vargas Luna’, M. Krenn', H. Gondola', W. Mayr”

Technical University of Vienna, Austria
*Medical University of Vienna, Austria

Abstract: Over the last years the use of Functional Magnetic Stimulation (FMS) has importantly grown, due to some
advantages over conventional electrical stimulation. Unlike electrical stimulation, FMS uses a magnetic field, which
bypasses the skin’s impedance, to induce depolarization of deeper tissues and subsequently evoke action potentials on
targeted nerve fibers.

These magnetic fields are generated by coils, that are designed for stimulation of specific structures. While the main
consideration of coil design is the shape of the magnetic field, it is also important to consider the electric properties,
which significantly change with frequency and with the presence of conductive metals within the magnetic field—
implants and coil cores—which can heat up.In this work we compare the electrical characteristics of three different
coils, one with a laminated magnetic core and two air coils. Each coil was characterized by Bode plots in the range of
10Hz to 1.5MHz, whilst there either was no metal or a CoCr hip implant upon the coil’s center. The results show that
the usage of a laminated magnetic core significantly increases the parasitic ohmic resistance with frequency and
overcomes the wire’s resistance. In a similar way the presence of the CoCr hip implant near the coil’s center increases
the parasitic ohmic resistance and resonance frequency. This means that coil designs must consider the presence of
metallic parts, e.g.laminated magnetic cores and implants, because they may lead to an important heating process.
Moreover the shift of the resonance frequency is a suitable parameter to detect metals near the magnetic field.

Keywords: Connectors, cables, electrodes, Functional Magnetic Stimulation (FMS), Safety
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Magnetic field induced heating of metal implants during FMS on the
example of an artificial hip joint

Gondola H'2, Nalbach M., Vargas Luna J.L.2, Mayr W?>

!Vienna University of Technology, Austria

2 Center for Medical Physics and Biomedical Engineering, Medical University of Vienna, Austria

Abstract: Magnetic stimulation can be defined as a technology that applies a time varying magnetic field applied to
produce useful body function. [1] Despite many advantages such as stimulation of deep muscle structures, sensible
comfort, no direct skin contact, there is one main safety concern relating to performing functional magnetic stimulation
(FMS) on a patient who has a metal implant inside his/her body, namely: there is a potential of heating of metal objects
by induced eddy currents that can lead to several unwanted and dangerous side effects in the body. [2] The aim of this
study was to monitor the temperature dependence of the hip prostheses during the functional magnetic stimulation. The
measurements were carried out on prosthesis with different geometry and material that are in commercial use in order

to get a clearer picture about this issue.

Keywords: FMS, hip joint prosthesis, temperature measurements

Introduction

In magnetic stimulation, a time-varying magnetic field is
created by a short electric current I(t) pulse, that is driven
through a stimulation coil. The strong magnetic field pulse
induces an electric field (E) in the underlying biological
tissue. The high magnetic field strength is achieved by
discharging a capacitor charge of more than one kilovolts
through the application coil. The resulting current pulse,
with the peak current in the coil up to kiloampers, is
usually one decaying sine wave cycle. The strength of E is
proportional to dI(t)/d(t) and decrease significantly with
the distance from the coil. This field causes ionic current
flow in the intra- and extracellular spaces, depolarizing or
hyperpolarizing the cell membranes. The efficiency of the
stimulation has a dependence on the duration of the
stimulus, because the cell membrane behaves as a leaky
integrator. [3]

Heating problem

One possible safety hazard during FMS is the heating of
the metal objects by the induction of eddy currents. Eddy
currents are electrical currents induced by changing
magnetic field.

These eddy currents cause Joule heating of the metal
object. This heating is particularly severe if a train of
stimulating pulses is delivered at a higher frequencies (in
practice up to 100 Hz), so that the metal object does not
have time to cool down between pulses. [2]

Material and Methods

In this study in vitro measurements were carried out with a
Tesla functional magnetic stimulator (Iskra Medical Ltd.,

Slovenia). The implant component was placed on a
wooden desk. Before each magnetic stimulation the initial
temperature of the implant was measured with a
thermometer (Fluke 51, Fluke Corp,Walled Lake, USA) .
The magnetic coil was fixed axially above the prostheses
with a constant hight of 6.4 cm. In order to facilitate the
reproducibility of the temperature measurements, there
was always the same spot on the implant surface measured.
After the optimal coil placement was established, each
measurement was carried out under constant conditions but
with varied stimulation parameters (frequency, intensity of
the stimulation). During the measurements the temperature
changes under magnetic stimulation were monitored. The
goal was to measure the time that is needed to induce a six
degree temperature difference on the implant surface. The
increase was continuously monitored between the initial
and the maximum temperature during the active mode of
the magnetic stimulation. The duration of the
measurements was set to 15 minutes in the stimulating
device, but in case the desired change of the temperature
was reached earlier, the measurement was stopped. In
every measurement the ON and the OFF time of the
magnetic stimulation was 4 seconds. The experiments
were performed with selective osteosynthesis and joint
implants as provided by B.Braun Austria (B. Braun
Meissungen AG, Germany).

Results

Stem measurements

The first part of the experiment was carried out with three
different prostheses stems, the two with the product
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numbers of 1-4627G and NHO11 were made of titanium
and covered with a dioxide layer, and the one with the
product number of NA462 was made of uncoated titanium.
The time to reach the 6°C temperature increase varied
between 2-8 minutes.

Although the geomerties of the implants were similar, the
measurements showed very different behaviours. At the
implant NA462, the measurement duration was 1 minute at
100% at 35 Hz, while in a repetition with an intensity of
90%, it lasted 15 minutes to reach the same temperature
increase. Finally at 80% intensity the plus 6 degrees were
achived after only 15 seconds. Big differences occured also
in the tests at the frequency of 30 Hz: At 100% intensity
the heating time was 15 minutes, while at 80% only 40
seconds.

Nail measurements

The measurements were carried out with titanium and
titanium alloy nails. The protheses with the product
numbers 51485922 and 427.376 were made of titanium
alloy and the one with the number of 12-440L was made of
pure titanium. There was a significant difference between
the implant geomerties, the lenght of the 472.376 implant
was only half of that of the others.

The implant number 51485922 showed a measurement
curve at 35 Hz that is independent of the change of
intensity within the range 80 to 100 Hz, the same was
observed for implant 472.376 at 25 Hz.

Table 1: Stem measurements at 35 Hz

Head measurements

The temperature characteristics of two head parts (ball
shaped) were investigated. The one with the product
number NK544K was made of a CoCrMo-stainless steel
alloy, the product number of 249AJ was made of oxyde
ceramics (AlbO3/ZiO). Both implants had similar
geomertries. The measurements at 25 Hz and 30 Hz
showed, that the heating process occured faster at the metal
implant, which can be explained with the fact, that metal
has generally higher thermal conductivity, than ceramics.
Furthermore, it can be seen, that the implant showed less
cool down during the OFF time of stimulation, than
observed in stem or nail parts. It was also obvious, that the
cool down process at the ceramics prothesis was slower
than in similar metal parts. At 35 Hz with the intensity of
80% the temperature difference between ON time and OFF
time of stimulation was less than 1°C.

Cup measurements

The measurements were carried out on three different joint
cups, two with the product numbers 32-1244L+4 and
51025853 were made of titanium and one with the product
number NA882 was made of titanium alloy. The duration
of the heating processes was quite similar in each case, the
protheses components needed 1-4 minutes to reach a
temperature increase of 6° C. In only one case was the
heating time appeared significantly longer, taking 12
minutes to heat up the implant.

Product number Intensity (%) Tmax (°C) Twin(°C) Time
1-4627G 100 30.4 23.4 45sec
90 29.3 24.4 3min50sec
80 28.4 24.1 6min20sec
NA462 100 30.4 22.7 1min
90 27.6 252 15min
80 29 26.5 15sec
NHO11 100 31 23 14sec
90 294 24.1 2min25sec
80 29 249 12min45sec
Table 2: Nail measurements at 35 Hz
Product number Intensity (%) Tmax (°C) Tmin(°C) Time
51485922 100 29.1 22.9 Imin30sec
90 30 28.6 Imin50sec
80 31 26.8 Imin30sec
12-440L 100 31 22.9 40sec
90 29.8 24.2 Imin
80 29.5 25.4 9minl0sec
472.376 100 29.5 23.2 Imin50sec
90 29.3 25.1 6min40sec
80 28.8 25 15min
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Table 3: Head measurements at 35 Hz

Product number Intensity (%) Tmax (°C) Tmin(°C) Time
NK544K 100 31 25.8 2min40sec
90 30 28 Imin40sec
80 30.6 30 2min
249AJ 100 29.7 26 40sec
90 29.4 27.8 Imin
80 30 29.5 2min
Table 4: Cup measurements at 35 Hz
Product number Intensity (%) Tmax (°C) Tmin(°C) Time
NA822 100 28.6 25.1 2min
90 29.5 27.6 Imin50sec
80 29.2 273 4min40Osec
32-12441.+4 100 29.2 24 6min50sec
90 29.4 27.8 1min
80 29.9 24.8 12min40sec
51025853 100 30 24.7 20sec
90 30 28.6 1min50sec
80 31 26.8 Imin50sec

Discussion

The measurements were carried out on eleven different hip
joint protheses and osteosynthesis parts in order to survey
a first order of magnitude of induced temperature changes
in medical implants during magnetic stimulation. The
experiments were carried out with different frequencies,
intensities and implant possitions in relation to the
application coil for magnetic stimulation. Despite all
limitations of the set-up that the risk of heat induction in
medical implants by FMS cannot be neglected as a
potential serious treatment complication. A temperature
rise of 6° C at implant surfaces, which may already result
in protein denaturation in living tissue, was observed in
every measurement in significantly lower time periods than
usual application imes of 20 to 30 minutes.

Conclusions

These preliminary observations need to be verified in a
more realistic in vitro or in vivo model, where the implant
components are embedded in artificial are living tissue, to

support guidelines for save application of this novel and
growingly used therapy option.
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. Recovery of tetanic contractility
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If standing upright is accomplished:
o Improved cardiovascular fitness
Unloading of seating surface

The conclusion of the RISE project was, that there is an high
need for an electrotherapy device for home based FES.

Our Stimulette den2x is the first device, which delivers the
needed power (up to 300mA per channel) and technical
requirements to fullfil these steps.
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