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Session 1

DENERVATED MUSCLES



FES TRAINING OF DENERVATED MUSCLES IN HUMAN

H. Kern*, C. Hofer*, M. Mddlin, C. Forstner, D. Raschka-Hogler, W. Mayr**, H. Stohr

"Ludwig Boltzmann Institute of Electrostimulation and Physical Rehabilitation,
Department of Physical Medicine, Wilhelminenspital Wien, Austria
“Department of Biomedical Engineering and Physics, University of Vienna, Austria
***Department of Biomedical Research, University of Vienna, Austria

SUMMARY

Prior clinical work showed that electrical stimulation therapy with exponential current is able
to slow down atrophy and maintaining the muscle during non permanent flaccid paralysis. But
exponential currents are not sufficient for long-term therapy of denervated degenerated
muscles (DDM).

We initiated a European research project investigating the rehabilitation strategies in human
but also studying the underlying basic scientific knowledge of muscle regeneration from
satellite cells or myoblast activity in animal experiments.

The necessary stimulation parameters used in the prior studies that are sufficient for long-term
treatment of DDM are forbidden by current EU regulations. In spite of this fact we were able
to show that stimulation training of denervated degenerated muscles is possible. At beginning
of training only single muscle twitches can be elicited by biphasic pulses with durations of
120 — 150ms. Later with an improved structural and metabolic muscle state the tetanic
contraction of the muscle with special stimulation parameters (pulse duration of 30 — 50ms,
stimulation frequency of 16 — 25Hz, pulse amplitudes of up to 250mA) can be achieved /14/.
Since there are no nerve endings for conduction of stimuli large size anatomically shaped
electrodes are used for stimulation. The electrodes made of soft conducting rubber are applied
with a wet sponge cloth or gel directly to the skin. This ensures an evenly contraction of the
whole muscle.

PRIOR RESEARCH

In the last 15 years we examined the possibility of training denervated human muscles by
means of functional electrical stimulation (FES) in complete denervated paraplegics.

In patients with complete conus cauda lesion (Frankel A) was examined if by using
appropriate electrical stimulation muscular degeneration could be prevented and and already
degenerated muscles could be improved to an extent that tetanic contractions and functional
movements could be triggered using FES. These patients started training with electrical
stimulation within the first 2 years after the lesion. Tetanic muscle contractions with knee
extension moments of about 20Nm could be obtained after one and a half year.

Muscle training was begun in the sitting position with single twitches (biphasic rectangular
pulse, average pulse width 120 ms). Later on training with tetanic contraction cycles (on: 2
seconds, off: 2-4 seconds) was performed. Initially without weight until nearly complete knee
extension was achieved and later with weight cuffs 0,5 — 1 kg on the ankle (8 — 12 repetitions,
4 - 6 series, once a day).

Improvement in muscle force (+60%) and muscle cross-section area (about 35%) within 1
year of tetanic muscle training was documented by means of torque measurement and
computer tomography respectively.

As knee stabilization in the standing position requires relatively low muscle force and



standing up is supported by the upper body, standing training can be started early on. In our
patients FES started 1 — 2 years after lesion (complete conus cauda). Standing training could
be carried out 9 — 12 months after commencement of FES.

CLINICAL PROBLEMS OF FES OF DDM IN HUMAN

The prior study showed that denervated muscle can be treated with electrical stimulation, but
at the same time highlighted problems that remain unsolved:

1. Maximum time span between injury and onset of stimulation training where successful
restoration of DDM is still achievable

2. Slow increasing contraction force

Daily time expenditure for training is very high

4. High variation in developed contraction force (knee extension torque varies 20-25%) due
missing warning signal in case of overstraining the muscle like pain or co-contraction that
are reducing the knee extension torque

5. Muscle endurance is very low despite daily training of up to 2 x 30min.

(98]

Maximum time span elapsed after denervation

Stimulation therapy for denervated musculature should start within 5 years after denervation.
After 5 years degeneration of muscle with connective tissue and fat is progressed so far that
restoration of muscle tissue is hardly achievable. But to date 2 patients with a complete conus
cauda lesion started stimulation after about 25 years and 1 patient with a plexus lesion started
stimulation after 12 years are participating in our program.

The underlying mechanism of regeneration of denervated degenerated muscle and the factors
triggering this mechanisms are at present unknown. Especially if there is a spontaneous
regeneration of myoblasts (autonomous regeneration) or an electrically induced activity of
satellite cells is to be answered still.

Long time span for hyperplasia and hypertrophy

If training with FES is commenced late after injury and the muscle is already degenerated,
restoration of muscle takes at least two years. Within this period about 1 — 2 (4) Mio. new
muscle fibers have to be built. That equals a synthesis rate of minimal 1000 new fibers per
day over a period of 3 years.

This explains the slow increasing muscle force and combined with it the slow functional
improvement of the muscle.

Intramuscular structural changes are much bigger than measurable gain of muscle force
because of connective tissue and fat as well as broken sarcomeres have to be transformed and
rebuilt.

Daily training time expenditure

Due to the fact of missing nerves and thus no distribution of the stimulation pulses each
muscle or muscle group respectively has to be trained individually. Treatment of multiple
muscles is impossible because of technical limitations regarding the maximum stimulation
current. Connective tissue and fat acting as an electrical shunt are reducing the difference of
electrical potential that is needed to excite the muscle cell membrane. The decreased
membrane resting potential and the reduced metabolism of the muscle fiber seem to be the
reason for the long pulse duration and the slow twitch character and fatigue of the muscle.



High variations in developed knee extension torque

In spite of continuous FES training with constant pulse parameters and treatment protocols we
observed variations of up to 25% in developed knee extension torque.

Different co-activation of the hamstrings by the electrical field distributed over the whole
thigh could be one of the effects causing this variations. Another reason for this effect could
be a local overstrain of the muscle that is not prevented because of missing warning signals
like pain. An accompanying monitoring of CPK acting as an indicator for muscle overstrain
would be desirable in the future. We did not perform in our outpatients this monitoring of
CPK because of its short half-life period and the necessary frequent measurements.

Endurance of muscle is very low

In the experimental work already done the concentration of aerobe muscle enzymes recovered
up to the normal range. Nevertheless muscle endurance during standing exercises with
switching stimulation alternating left and right (simulation of gait) was not very high. With
this intermitting stimulation (1s on- 1s off-time) sufficient blood circulation was ensured, but
the stimulated musculature fatigued very fast.

This behavior might be caused by the long diffusion distance between the capillaries and the
muscle fibers because of the intrafibrillary located mitochondria in electrically trained
muscles. Contrary to voluntary trained muscle where the mitochondria are subsarcolemmal
located. These observations and the hypothesis regarding the long diffusion distance are to be
proved in the proposed European project. Additionally should be examined if the site of
mitochondria formation could be influenced by FES in animal experiments.
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SUMMARY

The article describes the project RISE that was selected for funding by the European Community FP5
program. The project start is expected for October/November 2001.

A novel clinical rehabilitation method for patients suffering from long-term flaccid paraplegia
(denervated degenerated muscles - DDM) with no chance of recovery of the nervous system, will be
developed. It will restore their muscle fibres (and mass), muscle function (tetanic contractions, weight
bearing) and thus their ability to rise (’standing up’) and maintain a standing posture (’standing’). Based
on the results of animal experiments on rabbit and pig and initial clinical trials the associated technology
will be developed and an application for modification of EU-standards is planned. It will provide
European industry with a novel product. The method addresses the needs of about 100 patients per
million EU inhabitants.

STATE OF THE ART

Current practice in the clinical treatment of patients suffering from muscle denervation and degeneration
is unsatisfactory (Fig. 1). There is no adequate rehabilitation method for patients with long-term
denervated degenerated muscles (DDM), caused by peripheral nerve lesions (plexus paresis, conus cauda
lesion, poliomyelitis, multiple sclerosis, etc.).

Fig.1: CT-scans through the mid-quadriceps
region of the thigh of two different
paraplegic patients,
about 4 years post-injury.

Left - of a patient with a conus cauda lesion,

right - of a patient with a spastic lesion

The use of electrical stimulation for denervated muscles is still considered to be controversial by many
rehabilitation facilities and medical professionals. This is largely because current teaching and training for
therapists is still based on the scientific and technological knowledge of the fifties and sixties.

There are few basic scientific studies relevant to FES treatment of DDM in the literature and the potential
for this technique is not generally appreciated within rehabilitation facilities.

The literature contains a limited number of studies of the effects of long-term stimulation on denervated
muscles in the rat and rabbit. These have been designed mainly to address basic scientific issues
[Lit. 1, Lit. 2]. In virtually every case the muscles were denervated only for a short time before stimulation is
commenced, and the results therefore have limited relevance to this human condition, in which long-
standing denervation has already resulted in severe atrophy and degeneration of muscle fibres. Other
experimental work has been concerned mainly with strategies for reinnervation. A clinical study by
Eichhorn et al. has, however, shown that degeneration after denervation could be slowed down, even with
less than optimal equipment [Lit. 4].

Although there is a substantial literature concerning the electrical stimulation of paralysed muscle, there
are only few published studies that are directly relevant to muscles that are also denervated.



One study showed that FES delivered via implanted electrodes could maintain the action of the
denervated sheep cricoarytenoid muscle for up to 18 months [Lit. 3]. Only two functional clinical studies
have been published. Valencic et al. have demonstrated correction of dropped foot by FES of the
denervated tibialis anterior muscle [Lit. 5]. The other study, conducted by Kern et al., is the basis for the
project. Preliminary experiments were conducted on 3 patients with complete injury of conus and cauda
equina at spinal level T12 / L1, and motor and sensory loss in both legs. The study showed that the
problems of muscle training and restoration of basic lower extremity movements in cases of flaccid
paraplegia could be solved in principle, but also highlighted some of the problems that must be overcome
before the technique could be used in clinical practice [Lit. 6]. The training regime was based on trial and
error. It took more than 2 years to achieve muscle strength and endurance and 2 hours stimulation,
delivered twice a day. This burden is unacceptable to most patients.

To create more acceptable protocols, we need to acquire a better understanding of the features of the
training regime that induce muscle regeneration and that improve and maintain endurance and force. We
also need to establish safe limits for stimulation. These and other open questions are to be addressed
systematically in the project.

Technical equipment for FES treatment of DDM is not available commercially, and the current EU
standards for medical stimulators are not appropriate for this application. We believe that it is possible to
use stimulators safely at higher current densities than those specified within the EU regulations. Safety in
use will be a paramount consideration in the development of the new equipment. The work will be used
as a basis for revising existing regulatory standards, so that effective stimulators can be made available
commercially for clinical use.

OBJECTIVES AND EXPECTED ACHIEVEMENTS

Objective 1: To create a systematic body of basic scientific knowledge about the restorative effects of
electrical stimulation on muscles that have undergone degeneration through long-standing denervation.
Objective 2: To use this knowledge base to design an optimised protocol for the therapeutic use of
electrical stimulation to treat denervated degenerated muscles (DDM) in patients. The protocol for home
use must be effective but must not intrude excessively into the patient’s normal daily activities.

Objective 3: To assemble a scientific basis for revising existing EU Regulations governing the use of
electrical stimulation, which currently exclude the possibility of therapeutic use in patients with DDM.
Objective 4: To design, construct, and bring to the point of commercial adoption, equipment that will
enable patients to use the new therapeutic stimulation protocol safely and effectively in their own homes.
Objective 5: To design, construct, and assess the value of new diagnostic and measurement equipment
(dynamometry, surface accelerometry, recording of M-wave) for monitoring the progress of the therapy
during the periodic assessment of patients in the clinic.

Expected achievements:

To illustrate the way in which this study may be expected to lead to patient benefits it will be convenient
to examine a typical case history.

A patient suffered a conus cauda lesion with peripheral denervation in the gluteal region and lower limbs.
After the accident he was operated for stabilization of the spine at T11 — L 1. After one week he was
transferred to the rehabilitation centre for spinal cord injury. Following wound healing he was instructed
in bladder and bowel management, given training in the use of a wheel chair and in prevention of
pressure sores. After 4-6 months he was released from hospital to his home and family. There was little
adaptation of his home and no professional re-integration. He was left to his own resources to manage
daily living. Information was available to him about training for the muscles of his upper body, but not
for his denervated gluteus and limb muscles.

After 2 months he developed a pressure sore and had to be undergo plastic surgery with transfer of a
musculocutaneous flap and resection of the ischial tuberosity. Post-operatively he was required to lay on
his stomach for 4 — 6 months.

He then heard about electrical stimulation and began to seek information at a specialized clinic. He was
anxious to prevent a recurrence of pressure sores and to acquire a more acceptable cosmetic appearance



of his legs during swimming exercise. He was accepted into the stimulation program.

Now, 3 years later, he stimulates his muscles for about 30 min a day, stands up 20 times a day by means
of electrical stimulation, and is satisfied with the normal appearance of his leg muscles. He feels fit, does
not get breathless when propelling his wheelchair uphill, and although he fell from the wheelchair during
a transfer he did not break any bones. His skin is in good condition and he is not troubled by pressure
sores during his daily and professional activities.

PROJECT WORKPLAN

The objectives will be achieved through an experimental programme conducted in rabbits, pig and man.
The rabbit is the animal of choice for establishing most quickly and economically the conditions for safe
and effective stimulation, protocols for training and maintenance, and the most appropriate outcome
measures. The results will be used to refine protocols for testing in the pig, an animal whose musculature
is physically more similar to that of man. Equipment, such as the stimulator devices and electrodes, will
be evaluated and modified in the course of the animal experiments. The equipment and protocols will be
transferred to the clinic for trials to be conducted in patients. Any problems that arise at this stage will be
addressed through further animal experiments.

The Project is organised as 5 interdisciplinary workpackages which will interact closely. Each
workpackage has its own director. Within a given workpackage specialists are responsible for important
modules such as developing special technical equipment, performing an experiment, or conducting
laboratory investigations. The Gantt chart (Fig. 2) shows the time plan of the whole project, divided into
workpackages, and the approximate timing within the workpackages.
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OUR EXPERIENCE WITH SLOW PULSE STIMULATION IN PATIENTS
WITH POST-TRAUMATIC NEUROPATHIES

Terzis, J. K. and Liberson, W. T. [deceased]

Eastern Virginia Medical School

Objective: To share our experience with slow purse stimulation of denervated skeletal muscle in
patients that underwent microsurgical repair following devastating lesions of the brachial plexus,
in obstetrical paralysis and facial paralysis.

Methodology: A “slow pulse stimulator” was developed by one of the authors [W. L. Liberson]
that permits a rational technique for treating denervated muscle. First, slow pulses are calibrated
as to their duration so that the latter may be chosen for each individual patient according to his
needs. The pulses are delivered automatically at a rate that may be harmless. We are now
satisfied with the fact that stimuli succeeding each other at a rate of one during each 10 seconds
do not harm the skin if applied for a period of 20 to 30 seconds. The stimulator has a timer
limiting sessions to 20 minutes.

In areas where denervated fibers may be mixed with normal muscle fibers, to avoid stimulation of
the normal muscles, the use of progressive onset of the stimulating pulses has been successfully
employed. A time of onset on the order of 100 or 200 msec indeed suppresses the contraction of
the innervated muscles. We limit the total time of stimulation to 5 hours for adults and 3 hours
for children. The treatment sessions are 20 minutes each, with an interval of 1 hour in between.
The patient is warned never to restimulate an area that remains red following the previous session
of stimulation.

We have used this type of “slow pulse stimulation” for the past 15 years in all our patients that
have undergone microsurgical reconstruction of the injured brachial plexus, in cases of obstetrical
brachial plexus palsy and in selected cases of facial paralysis.

Results: Outcomes of microreconstruction all combined with this form of “slow pulse”
electrotherapy will be presented and benefits outlined.

Conclusion: Our technique allows simultaneous stimulation of practically all upper extremity
muscles by placing one electrode on the shoulder and the other on the palmar aspect of the
fingers.

Although the wisdom of stimulation of denervated muscles has often been challenged, we believe
strongly that this does not apply to human denervated muscle. Until new therapeutic procedures
are developed to compensate for the loss of the nutrient axon, “slow pulse” electrotherapy is an
effective alternative for the treatment of denervated muscle.

Dr. Julia K. Terzis, MRC
Eastern Virginia Medical School
700 Olney Road, Room 2055
Norfolk, VA 23501 USA
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FUNCTION OF SKELETAL MUSCLE TISSUE FORMED AFTER MYOBLAST
TRANSPLANTATION INTO IRRADIATED MOUSE MUSCLES

A. Wernig, M. Zweyer, A. Irintchev

Department of Physiology, University of Bonn

Pretreatment of host muscles with ionising radiation enhances the formation of donor-derived tissue
after myoblast transplantation in the mouse but there is little evidence for improvement of muscle
function. To investigate this, we implanted myoblasts from an expanded, male-donor derived,
primary culture (i128) into X-ray irradiated (16 Gy) or irradiated and damaged soleus muscles of
female syngenic mice (Balb/c). Three to 6 months later the isometric contractile properties of
transplanted and control muscles were studied in vitro, and the Y chromosome positive progeny of
the implanted cells was visualised on muscle cross-sections.

Irradiated and vehicle-injected muscles had significantly smaller weights than untreated solei and
produced less twitch and tetanic tension (all about 18%). Such deficits were not found in irradiated
solei implanted with 10° myoblasts. Increase of muscle mass and strength was due to the integration
of donor-derived cells. No deficits in nerve-evoked tension were found.

Repeated freezing/thawing in situ of irradiated muscles led to formation of soleus remnants devoid of
or containing only small amounts of contractile tissue (1-50 muscle fibres). Myoblasts (10°)
implanted into such destructed muscles generated numerous muscle fibres (1200-5000 per muscle).
Upon direct electrical stimulation these fibres produced considerable twitch (53% of normal) and
tetanic tensions (35%). The newly-formed muscles were, however, insufficiently innervated
presumably due to radiation mediated arrest of Schwann cells. Separate studies on nerve
regeneration following x-irradiation and nerve crush or botulinum application will be demonstrated.
In any case, even after complete muscle destruction the disorganised suspension of donor cells will
produce new organised contractile tissue thus replacing the host muscle. Limiting factor is the
reduced capacity of the nerve to regenerate after x-irradiation.

Apart from these results, the role of the satellite cell in muslce fiber repair as well as a possible
source for pluripotent stem cells will be discussed. The deviating behaviour of human myogenic cells
in their limited proliferative capacity and telomere lenght related senescence will be mentioned.

Department of Physiology, University of Bonn, Wilhelmstrafle 31, D-53111 Bonn, Germany
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PARAPLEGIA, UPPER MOTOR NEURON LESION
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A TASK ORIENTED APPROACH BY MEANS OF A TRANSCUTANEOUS
NEUROPROSTHESIS: A 7 YEAR CLINICAL EXPERIENCE FOR EXERCISE,
STANDING AND WALKING ON SCI SUBJECTS

H.A. Cerrel-Bazo'., A. Rizzetto'., E. Cora'., R. Bogoni'., A. Bolner'., S.W.Brown?

Centro di Neuroriabilitazione e Ricerca di Villa Margherita, Arcugnano, Vicenza, Italy!
Metropolitan State Hospital, Norwalk California, USA?

Aims of the Study: Train spinal cord individuals to perform a task by means of FES and analyse
metabolic and physiological responses, energy efficiency and performance of SCI standing and
walking by means of a transcutaneous FES system (TFES).

Methods: 60 motor complete SCI are able to stand and walk following a computer-controlled
FES exercise program (CCE) and a gait training program (GTP) by TFES. Under standard
conditions the above mention variables were recorded while standing (Tilt-Table and by TFES)
for 30 min and walking (on a treadmill) for 6 min (at 5,10,15,18,20 m/min speed) and for 45
minutes (at self preferred maximum speed [SPMS]). All data were entered into a Statview SE+
for computer. ANOVA was used to assess energy cost between groups (the TFES group was
compare to a control group [able body and ARGO SCI users]).

Results: CCE-GTP and ability to stand-walk independently with TFES average 5-6 months. Base
on standing and walking endurance TFES walkers were classified: Good walkers: Speed (m/min)
14, walking distance (m) 580 m, walking time (min) 42, standing time (min) 30. Moderate
walkers: Speed (m/min) 10, walking distance (m) 160 m, walking time (min) 12.5, standing time
(min) 23. Poor walkers: Speed (m/min) 8, walking distance (m) 42 m, walking time (min) 3,
standing time (min) 3. The TFES group showed higher statiscally significance (p<.001) values
for most variables analysed when compare to the control group. Oxygen cost increase one time
fold from sitting to TFES-standing and 3 to 4 times fold when TFES-walking. At SPMS 45 min
walking post-hoc analysis showed a higher metabolic efficiency for the able body group compare
to the TFES and ARGO group. During standing-walking metabolic and physiological responses
were significantly higher for the TFES group. Statiscally significant differences were reported for
lactic acid, O2-Pulse, ventilation and catecholamines, higher for the TFES group.The TFES mean
total sweat rate was higher and statistical significant compare to the able body group.

Discussions: Well selected and trained SCI can perform a task oriented approach by means of
TFES. Functional achievment was not the goal. Treadmill-Walking at a costant speed is
metabolic demanding. Good TFES walkers adapt their cardiovascular and polmonary responses
to the physical effort. Good standing-walking performances appear to be correlated to a higher
metabolic efficiency, daily changes of the SCI system need to be study to better address the
problem of efficient continuative performance. TFES standing and walking is a good active
physical therapy on well selected SCI subjects.
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MUSCLE ACTIVITY DURING NORMAL WALKING AND ITS RELEVANCE FOR THE
FUNCTIONAL ELECTRICAL STIMULATION APPLICATIONS

Sabine Mangold*, Thierry Keller**, and Milos R. Popovic***

* Automatic Control Lab., Swiss Federal Institute of Technology - ETH Ziirich, Switzerland
** ParaCare, University Hospital Balgrist, Switzerland
*#* Institute of Biomaterials and Biomedical Engineering, University of Toronto, Canada

SUMMARY

Exact knowledge of the temporal pattern of muscle activity during walking is important for a proper
sequencing in Functional Electrical Stimulation (FES) supported locomotion. The objective of this study
was to give an overview of the EMG activity of functional muscle groups that control movements of the
hip, knee, ankle, and subtalar / transverse tarsal joints during normal walking. In literature about 25
important muscles were identified as the muscles that actuate these joints during walking on a plain
surface. From the mean EMG profiles of these muscles three ranges of muscle activity 25%-50%, 50%-
75%., and 75%-100% of the maximum EMG activity during the stride were extracted. Agonistic muscles
were identified and analyzed with respect to their function and estimated activity level during the single
gait phase cycle. Seven characteristic muscles for the articulation of the lower limb joints were selected
for this presentation. We believe that this information is essential in identifying which muscles and
muscle groups have to be stimulated, to which extent, and in which sequence to facilitate dynamic
walking.

STATE OF THE ART

Currently existing FES systems that support or facilitate walking generate gait patterns that look like sets
of static leg positions with abrupt and jerky transitions between these static positions. Since such “static”
walking patterns are slow and physically demanding it is essential that new generations of FES systems
for walking facilitate gait cycles which resemble as much as possible the able body subject’s dynamics
during walking. Muscular activity during locomotion was already quantified by EMG profiles of normal
subjects /1,2,4-6/. On-off patterns, i.e. the temporal distribution of each muscle’s activity (on) and
inactivity (off) during the gait cycle, were derived from these EMG profiles /1,2/ and used for FES-
supported walking /1/. These on-off patterns make no difference between higher and lower activity levels
during the gait cycle, although it might be an important factor for the creation of stimulation patterns.

The objective of this study was to deliver more sophisticated stimulation patterns serving as a model for
FES-supported walking.

MATERIAL AND METHODS

EMG profiles from two standard publications on gait pattern /2,4/ that presented data of 25 important
muscles for locomotion were analyzed and compared. Normalized average EMG profiles of normal
subjects during free level walking were used. In /4/ the normalization was carried out by adopting the
mean value of each subject’s EMG over the stride period as the reference value (100%). In /2/ EMG
profiles were normalized by an additional manual muscle test (MMT) that was used to measure the
maximum voluntary EMG activity as the reference value (100%).

The different activity ranges were extracted in the following way: For the EMG profiles of /4/ it was
chosen to cut off a basic activity of 0%-25% of maximum activity (Fig. 1). For EMG activity below 25%
the activity could not be clearly attributed to the measured muscle, since the measurements were
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performed with surface electrodes that might also record activities of neighboring muscles. Low (25% -
50%), middle (50% - 75%), and high (75% - 100%) activity ranges normalized to the maximum EMG
activity during the stride were defined as illustrated in Fig. 1. In /2/, where wire electrodes were used, the
basic activity was already cut off so that the profiles were subdivided into three activity ranges (low,
middle, high) comparable to those of /4/.

Furthermore, the maximum activity during the gait cycle [% MMT] was singled out from the average
EMG profiles from /2/. These values indicate the percentage of the maximally voluntary activity that a
muscle needs for level walking.
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Fig. 1: The method that was used to extract different activity ranges from average EMG profiles in /4/.
M. vastus medialis is shown as an example.
a) Average EMG profile (modified from /4/) and the definition of the different activity ranges.
— Average EMG profile; -+ standard deviation.
b) Extracted graduated EMG activity.

RESULTS

In Fig. 2 the activity ranges of the muscles 1. for foot eversion and ankle dorsiflexion (extensor digitorum
longus); 2. for foot inversion and ankle dorsiflexion (tibialis anterior); 3. for ankle plantar flexion
(soleus); 4. for knee flexion (biceps femoris short head); 5. for knee extension (vastus medialis); 6. for hip
flexion (adductor longus); and 7. for hip extension (gluteus maximus) are presented. The number of
subjects (N) varied for the different muscles. In /4/ the median was N=17 (range: 12-26). In /2/ the
median was N=25 (range: 8-51).

The results of both authors are not completely congruent. Three major differences could be observed: 1.
In some cases EMG activity was measured in only one of the two references as for example the first 20%
of the gait cycle in the adductor longus. 2. EMG activity occurred sometimes in significantly different
activity ranges, e.g. the tibialis anterior shows during the swing phase in /4/ a low activity, but in /2/ a
middle to high activity. 3. A temporal shift between the data of /2/ and /4/ was observed: For most of the
muscles the onset as well as the cessation of the activity was measured earlier in /2/ compared to /4/.
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Fig. 2: Activity ranges that were obtained using the method explained in Fig. 1.

EMG Activity reported in /4/
------------- EMG Activity reported in /2/
— Overlapping EMG activity reported both in /2/ and /4/
* This muscle part (i.e. short head of the biceps femoris) was only reported in /2/
** The upper and lower part of the gluteus maximus were examined separately in /2/. For
presentation the profiles were taken together to be comparable with the data of /4/.

DISCUSSION

The presented study compared EMG profiles obtained from standardized data published in /2/ and /4/.
Three different ranges of EMG activity were extracted with the aim to retrieve stimulation patterns that
can be used in neuroprosthesis for walking.

When applying the presented patterns for FES supported walking, two main sources of uncertainty have
to be considered: I. Delays due to EMG signal processing used in /2/ and /4/ and muscle excitation-
contraction delays; and II. Muscular-skeleton system redundancies.

L.

II.

It was observed that the EMG data published in reference /4/ were delayed compared to reference /2/.
Different signal processing methods might be one of the main reasons for this shift: In /4/ a temporal
delay between real muscle activity and its corresponding EMG profile was estimated to be about 90 ms
(8% of the gait cycle) /5/. Thus, in Fig. 2 the data of /4/ (=) should be shifted about 8% to the left.
Furthermore, because of the excitation-contraction delays of the muscle of about 20-50 ms /3/ the
stimulation profiles have to start 2-4% earlier in the gait cycle than the presented EMG profiles of both
references.

Redundancies in mono- and biarticular lower limb muscles facilitate different combinations of muscle
activity patterns that lead to similar lower limb kinematics. This might be one of the reasons for the
incongruity between the data of /2/ and /4/. Specifically, the activity of proximal muscles during
locomotion has a higher intersubject variability than of distal muscles /5/ and the activity of biarticular
muscles have a higher intersubject variability than of monoarticular muscles /5,6/.

Thus, the presented data in Fig. 2 have to be considered as a scheme that can be used as a starting point
for the synthesis of stimulation patterns for FES supported walking. We suggest to apply the proposed
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and time shifted activity patterns in a first step and, if necessary, to modify the timing and amplitudes
individually to the subject’s anatomical and muscular conditions.

Using time-corrected EMG patterns with different activity ranges has the potential to make FES
supported walking smoother and to facilitate a more dynamic locomotion. Furthermore, it accelerates the
creation of an appropriate stimulation patterns for the subjects.

Our next step will be the implementation of such delay compensated muscle activity profiles in our
neuroprosthesis for walking with the aim to generate smoother and more dynamic walking patterns.
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SUMMARY

Research groups in the field of Functional Electrical Stimulation (FES) are often confronted with the fact
that existing and commercially available FES stimulators do not provide sufficient flexibility and cannot
be used to perform different FES tasks. The lack of flexibility of the commercial systems until now forced
various FES research teams to develop their own stimulators.

This paper presents a newly developed firmware and programming software for the commercial
Compex 2 stimulator that enhances the stimulator's versatility and capabilities from a medical and
therapeutic device to a neuroprosthesis and research tool. With the new firmware and a new graphical
user interface software the stimulator can now be used to develop various custom-made neuroprostheses,
neurological assessment devices, muscle exercise systems, and experimental setups for physiological
studies. The new stimulator, called "Compex Motion", can be programmed to generate any arbitrary
stimulation sequence that can be controlled or regulated by various external sensors, sensory systems or
laboratory equipment. By interconnecting two or more Compex Motion stimulators the number of
stimulation channels can be increased to multiples of four channels (8,12,16,20,...). The stimulation
sequences and the control strategies are stored on exchangeable credit-card sized memory chip-cards read
by the stimulator. The chip-cards are programmed using a standard PC. The function of the stimulator is
changed instantaneously by simply inserting a different chip-card. The stimulator has four biphasic
current regulated stimulation channels and two general purpose analog input channels that can be
configured to measure the output voltage of a variety of sensor systems like goniometers, inclinometers,
gyroscopes, or EMG sensors. For real-time EMG control of the stimulation patterns an EMG processing
algorithm with software stimulation artifact blanking was implemented. The Compex Motion stimulator
is manufactured by the Swiss company Compex SA and is currently undergoing clinical trials.

STATE OF THE ART

Several portable microprocessor or microcontroller FES stimulators for transcutaneous stimulation have
been developed to improve upper and lower limb functions in spinal cord injured (SCI) and stroke sub-
jects /1-4/. Most of these systems were built for one specific application and did not have an open
architecture. In general the setup options were limited, device dependent and the control options were
fixed. The preprogrammed stimulation patterns were stored internally. A fixed set of sensors combined
with a control algorithm triggered the preprogrammed stimulation sequences. Some systems allowed
changes of the stimulation intensity either during the initialization phase or during stimulation on-line. In
some cases, a separate PC software allowed one to download new settings for trigger levels and
stimulation sequences.

In this article we are describing a new generation of transcutaneous electric stimulators called "Compex
Motion". This stimulator represents further evolution and expansion of the already existing ETHZ-
ParaCare FES system /5,6/. The new portable stimulator "Compex Motion" exceeds the limitation of
other systems by providing to the user a high flexibility in the programming of the stimulation sequences,
the control schemes, and the choice of the man-machine interfaces.
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MATERIAL AND METHODS

Hardware
"Compex Motion" is a microcontroller based electric stimulator with four stimulation channels (see
Table 1) used for transcutaneous electrical stimulation of selected muscles or muscle groups. The
stimulator can deliver current regulated stimulation pulses of maximal 100 mA with a rise time of 3 us. It
has two input channels A and B, and a special purpose port C. A and B can be configured either as analog
or digital input channels with a voltage range of 0-5 V. The special purpose port C is used to interconnect
two or more stimulators, to serially communicate with a PC, or to trigger the stimulator using a push
button. By interconnecting two or more stimulators the number of stimulation channels can be increased
from four to multiples of four channels (8,12,16,...). In such an arrangement, one of the stimulators
operates as a master stimulator and all other stimulators operate as slave stimulators. The master
stimulator ensures that all interconnected stimulators operate synchronously

| T |

I Pulse width (PW)

| Amplitude + Freq

¥[Analog Amp Control
ser Interactions = Ré‘ad‘bf‘]‘i‘p =
dliext Program Chip Card

Figure 1: Compex Motion electric stimulator: Figure 2: Main window of the Compex Motion GUI sofiware. It shows

1) stimulator, 2) keypad with 9 push buttons; 3) three four horizontal timelines associated with each stimulation channel

memory chip-cards; 4) two EMG sensors; and 5) two (center and right), pulse amplitude and pulse width safety limits (left),

stimulation electrodes pulse type settings (center bottom), memory chip-card functions (right
bottom), and setup functions (left bottom).

The Compex Motion stimulator has a rechargeable NiMH battery that provides eight hours of continuous
stimulation and is recharged in less than two hours. The stimulator also has a dot matrix LED display that
provides a visual interface between the user and the stimulator. The user can interact with the stimulator
via nine push buttons on the stimulator (see Figure 1) or via any other user interfaces that are connected to
port A, B and C. Currently, EMG sensors and a push button can be purchased with the stimulator. These
interfaces can be used to control the stimulation sequences and to regulate the stimulation intensities.
Additional stimulator features, accessories, and hardware data are provided in Table 1.

Software

The Compex Motion stimulator is programmed with a Graphical User Interface (GUI) software that is
installed on a PC (see Figure 2). The GUI software used a “drag-and-drop” technique to program the
stimulation sequences. This is done by sequentially placing icons called primitives on a timeline that de-
scribes the chronological sequence of the tasks that will be carried out by a stimulation channel. There are
four such time lines, one for each stimulation channel. A total of 56 primitives are available in order to
take the full advantage of the full flexibility of the system (see Table 2). There are two classes of
primitives: global and local. Global primitives represent tasks that affect all active stimulation channels
while local primitives affect only the specified channel. The drag-and-drop technique make it easy to
compose rapidly precisely timed stimulation sequences including customized pulse width ramps, loops,
branches, pauses, user interaction rules, and text display.
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The primitives used for user interactions define how a subject must interact with the stimulator and can be
customized to individual needs. For example the user can initiate or terminate a stimulation sequence via
a predetermined analog or digital sensor signal curve profile detected at the input port A or B. Two
different sensor signal curve profiles can be used to select between two different stimulation sequences.
Sensors such as EMG sensors, force sensitive resistors, gyroscopes, foot switches, and push buttons have
already been successfully applied with the user interaction primitives.

Continuous regulation of the stimulation intensity can be achieved in real-time using an analog input
signal, i.e. the pulse amplitude depends on the voltage level of the input signal. This dependence can be
arbitrarily defined by a lookup table that can be imported as an ASCII file and can be edited both
graphically and numerically. Each stimulation channel has its own lookup table. Thus far sensors such as
EMG sensors, sliding resistors, and potentiometers have already been successfully used with this control
strategy.

RESULTS

Table 1 shows the specification of the Compex Motion hardware. Table 2 lists the available primitive
types. Using the drag-and-drop technique these primitives are stacked by the programmer in any desired
chronological order in a timeline, which form the stimulation sequences.

Feature Characteristics

Current regulated
Pulse amplitude
Pulse width

Stimulation frequency

4 stimulation channels
resolution: 1 mA (8 Bit)
resolution: 500 ns (14 Bit)
resolution: 1 Hz (8 Bit)

Range: 0-100 mA
Range: 0-16 ms
Range: 1-100 Hz

2 digital input ch. (A & B) Range: 0-5V TTL

2 analog input ch. (A & B) | Max sampl. freq.: 8 kHz Range: 0-5V resolution: 20 mV (8 Bit)

1 special purpose port (C) | Push button, serial port communication, and stimulator interconnection

Working regimes Master/slave
Stimulation pulses Monophasic/biphasic; monopolar/bipolar; and alternating/non-alternating
Microcontroller Motorola HC11
dot matrix LED display No. pixels: 165 x 64 dimensions: 72 mm x 30 mm
chip-card Can store up to 255 primitives per channel and all relevant stimulation parameters
NiMH battery Rechargeable, 8 h of continuous stimulation
Stimulator dimensions 148 mm x 80 mm x 30 mm & 420 g
Accessories AC/DC adapter, push button, 4 cables, self-adhesive electrodes, EMG sensor, ...
Table 1: Compex Motion data sheet specifications
Pulse Width Primitives: Primitive Sequence Control:
Icon Name Description Icon Name Description
constant Generates a pulse with a constant width (4 T jump back Program jumps back » times in the sequence to
pulse width | different values are available per channel) A the marker primitive, where n=1-255, or n is
pulse width | Profile for changing the pulse width (2 differ- r infinite (n=0).
ramp-up ent profiles are available per channel; profiles A
are described with 16 values) ﬁ synchronize | Synchronizes otherwise independent stimula-
pulse width | Profile for changing the pulse width (2 differ- tion sequences in all 4 stimulation channels
ramp-down | ent profiles are available per channel; profiles Human Interaction Primitives:
are described with 16 values) Icon Name Description
no stim Pulse width equal to 0 user This primitive waits for a specific user action
—: a interaction to trigger a stimulation sequence. One can use
an arbitrary triggering profile and a sensor.
delay Keeps the actual pulse width at the previous user branch | Two trigger criteria set with the user interac-
LN level for the given time interval tion primitive are used to generate branching.
Pulse Amplitude Primitives: 2 2 A If criterion 1 is fulfilled the program proceeds
Icon Name Description with the next primitive in the line. If criterion 2
change Changes the amplitude from previous to new ‘\' A is fulfilled the program jumps to a predefined
m amplitude value in a specified time period (change is marker and proceeds with the next primitive
linear) after the marker.
Pulse Frequency Primitives: ” user One trigger criterion set in user interaction
Icon Name Description ON interrupt primitive is used to generate interrupt. If this
change Changes stimulation frequency (4 different }cl)FF cor;:t;rlﬁn is fulfilled between magki‘rs %N anl((i
Freq frequency values are available and they apply to all the program jumps foa predetined marker
stimulation channels) ‘\ and proceeds with the next primitive after the
marker.
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General Primitives: Icon Name Description
Icon Name Description random Activates the stochastic variation of the pulse
m end Terminates stimulation in the specified channel pw pulse width | width in the specified channel(s). The pulse
— time line width varies randomly about the nominal
turn off Turns off the stimulator p ‘Tw value, within a specified range (+ 0-100%),
¥ following a uniform probability distribution
display text | Displays two text lines with 8 characters in function
each text line random Activates the stochastic variation of the pulse
generate Generates a melody (2 different short melodies Arh p amplitude amplitude n the spef:lﬁed channel(s). The
sound are available) actual amplitude varies randomly about the
Special Primitives: f\?“ ip nominal value, within a specified range (+ 0-
Icon Name Description IQO%), f‘ollowing. a uniform probability
q random Activates the stochastic variation of the distribution function
Fré frequency frequency. The frequency varies randomly
B2 q about the nominal value (+ 0-100%), following
g a uniform probability distribution function.

Table 2: List of GUI primitives

DISCUSSION

The new portable and programmable electrical stimulator "Compex Motion" that can be used for a wide
range of transcutaneous Functional Electrical Stimulation (FES) applications has been presented. The
stimulator can be used to develop various custom-made neuroprostheses, neurological assessment
devices, muscle exercise systems, and experimental setups for physiological studies. The Compex Motion
stimulator can be programmed to generate any arbitrary stimulation sequence, which can be controlled or
regulated using any external sensor, sensory system or laboratory equipment.

Currently, a number of patients are using the Compex Motion stimulator as a neuroprosthesis for grasping
or walking at our facilities. Besides walking and grasping the system was used to treat shoulder
subluxation and to strengthen muscles in some patients. Multi-center trials are expected to start by the end
of this year.
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SUMMARY

An eight-channel stimulation system, currently intended for stimulation of lower extremities was
developed and is introduced. Major development goals were easy handling, modularity to make the
system easy adaptable for other FES applications and a wide stimulation parameter range for application
specific parameter optimisation.

For paraplegic stepping the system worn by the patient consists of two four channel stimulation modules,
a central unit holding the battery and circuitry for power management and communication control, a
wireless remote control unit and a palmtop computer as main control and input device.

A software package for MS-Windows supports the design and optimisation of stimulation sequences in
the rehabilitation centre.

First tests with patients used to FES showed smoother movements during stepping and acceptable good
handling. In combination with the PC software the required stimulation sequences could be created in a
very short time.

STATE OF THE ART

Stimulation of leg muscles in spastic paraplegia to restore standing up from the wheelchair, stepping and
sitting down into the wheelchair is a well-known FES application /1/. Muscle activation with implanted
stimulators via nerve and motor point attached
electrodes /2,3,4/ or with external stimulators via

4-Channel 4-Channel surface electrodes /5/ are state of the art.
stimulation module stimulation module

Surface stimulation needs careful system setup
before usage, has a limit in the amount of useful
channels and a worse muscle selectivity in
comparison to implanted systems but does not
require any surgical intervention.

MATERIAL AND METHODS

The introduced stimulation system (Fig. 1)
consists of two four-channel stimulators (one for
each leg), a control device (Central unit) and a
Windows CE based palmtop computer. An

” z\f‘/\\{vv/?;less additional battery powered Command Unit can be

[2C Interface LAN mounted on a crutch or a walker for manual

' wireless stimulator control by pressing push
buttons.

Fig. 1: Block diagram of the eight channel A special software package, installed on a

stimulation system
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standard PC or Laptop computer supports stimulation ..
pattern design and interactive testing. @7
Stimulation module: g’
The stimulation module houses four independent i
stimulation stages (channels). Each channel is
controlled by its own microprocessor (PIC 16F876,
Microchip, Chandler, AZ, USA) and can deliver any
stimulation sequence that can be defined by moving the
corner points of the burst envelope shown in Fig. 2.
Stimulation frequency and pulse duration of the positive and negative part of the biphasic rectangular
impulses can be set individually for each greyed region.

The micro controller drives the impulse generating output stage. For safety reasons and to keep the
electrodes potential free an output transformer is used.

Electrode impedance measurement and m-wave acquisition are implemented even though the m-wave is
currently not evaluated.

All channels are linked together and are controlled via Inter-Integrated Circuit bus (I2C bus).

The chosen microprocessor is flashable and allows in circuit firmware update.

Cont. 1. part 2. part

Fig. 2: Envelop of a stimulation burst

Central unit:
The central unit holds the batteries, power supply
and battery charging circuitry, bus management
circuitry, the RS232 / 12C translation unit and the
433 MHz receiver (RX2-433, Radiometrix Ltd,
Hertfordshire, England) for the Command Unit.

433 MHZ Two RS232 ports are available to connect a
RURREECCS Palmtop Computer and a PC. During the
initialisation phase the Bus Manger can be
programmed to connect the PC to the RS232 / 12C
Interface or palmtop computer to the RS232 / 12C
Interface giving them access to the stimulation
devices or to connect PC and palmtop for direct
data transfer via RS232.

Beside this the Bus Manager is also responsible for
the decoding of the control signals sent by the

command unit (standard RS232 protocol, 9600
baud). The state of the Command Unit can be
polled either from the Palmtop or the PC. Further
more the Bus Manger can be configured (via 12C) to trigger autonomously the stimulation devices on
Command Units request. Therefore multimaster management had to be implemented in both, 12C
interface and Bus Manger.

Bus Manager
(PIC 16F876)

RS232
(9.6k Baud)

Battery,
Voltage converter

Fig. 3: Block diagram of the Central Unit

Command Unit

The Command Unit is based on a commercially available 433MHz FM transmitter (TX2-433,
Radiometrix Ltd, Hertfordshire, England) and a microprocessor (16F876) with integrated A/D converter.
The state of up to four pushbuttons and the value of up to 4 analog signals are continuously scanned,
encoded and sent. To get a data transfer rate of 9600 Baud a coding strategy is necessary that keeps the
digital signal DC free. This is simply done by consecutive sending one byte and the inverted byte, a
technique also useable for data validation.

The described data transmission procedure results in a sample rate of the pushbuttons of 250/s, in 250/s
for one analog channel and 62.5/s each for four analog channels.
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After an idle time of 10 minutes the command unit enters sleep mode to reduce power consumption.
Wakeup is performed when any button is pressed.

The radio link can be bypassed by a cable connection in the case when more Command Units are
operating in a close distance and interfere with each other.

Palmtop Computer

A MS-Windows CE based device with touch screen (Ipaq 3130,
Compaq, Houston, Texas, USA) is used as portable main control
unit. The advantage is that the operating system takes over all the
‘ ‘ interface handling, offers convenient methods for database access
and synchronisation between Plamtop and PC and also network
access.
As development environment MS Embedded Visual C++ is used.
ADOCE, also a MS product, supports data exchange with MS
Access databases while ActiveSync provides all drivers for
automatic database synchronisation.
E i =D= The graphical user interface is designed as simple as possible. The
1 often used buttons are sized to be easily activated with the fingertip.
[v] Saund After turning on the device, the patient can choose a stimulation
sequence from the database for standing up, walking and sitting
. e down. In the next step each single channel can be tested with the
Fig. 4: Screenshot from the possibility to adapt the stimulation amplitude within a 20% range.
Palmtop Computer software Finally the stimulation is activated and the Palmtop can be stowed
away. Then the control is handed over to the Command Unit.
When the stimulation is running the screen shown in Fig. 4 offers the opportunity to adjust the stimulation
amplitude of all channels at once, again in a 20% range.
Changes of the device’s state like switching from standing up to walking are confirmed by either playing
a wav-file or activating the beeper. Obviously the sound volume can be adjusted or switched off.
A wireless LAN connection to the PC, also supported by the operating system and ActiveSync, can be
used for data exchange but requires additional hardware (a PCMCIA wireless LAN card and a PC card
jacket) to be mounted on the Palmtop Computer.

o START

yolurme

PC Software Package

The software package for Laptop Computer or PC is designed to devise and optimise stimulation
sequences.

Different visual and non-visual software components were created with Delphi (Borland, Scotts Valley,
CA, USA) and provide the basic functions like communication with the hardware, graphical stimulation
pattern editing and data handling. These components can be easily integrated in any user specific Delphi
application or can be converted to ActiveX components and then implemented in most other MS-
Windows development environments. After compiling the source code with Kylix (Borland) Linux
applications are also supported. For a more detailed description please refer to the poster presentation of
M. Russold at this conference.

In this particular case the described components are used to build a comfortable Graphical User Interface
(GUI) to ease the patient individual stimulation parameter optimisation. During the testing phase the PC
controls the stimulators via cable connection directly or with the wireless LAN connection via the
Palmtop Computer.

After the stimulation pattern works satisfying the patient related data is extracted from the underlying
MS-Access database and transferred to the Palmtop Computer for patients personal use.
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RESULTS

The strictly kept modular concept (in hardware as well as in software design) allowed to break down the
whole functionality to specific tasks and to distribute them to eleven microprocessors that cooperate
among each other and with one PC and one Palmtop Computer reliably.

First tests showed that the whole system is easy to use although some software improvements are still
ongoing.

The previous version had nearly the same features like the described system, but was more bulky and was
not intended to be used outside the clinic or rehabilitation centre. Two T6 patients, familiar with FES
supported stepping with a six channel surface stimulator, used the prototype and participated in first trials.
Both patients agreed with the therapists that smoother and better coordinated movements could be
achieved by exploiting the available parameter range during the optimisation phase /5/.

The prototype was also successfully adapted for a project where paraplegic patients rode a newly
constructed tricycle by means of FES /6,7/.

DISCUSSION

The introduced eight-channel stimulation system for lower extremities is now subject to an industrial
transfer project with Otto Bock Austria. After first testing clinical trials will start soon.
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SUMMARY

The purpose of this study was to compare a newly developed functional electrical stimulation (FES)
assisted rowing machine (ROWSTIM) with arm ergometry (ACE), FES cycling (CFES LE), and hybrid
cranking and cycling (CFES LE + ACE). Five SCI participants (C7-T12) underwent a progressive
maximal peak oxygen assessment to ascertain peak physical work capacity across 4 conditions. Three
trials per exercise modality were completed to examine peak physical work capacity and to establish
reliability of measurement. A one-way ANOVA with condition as the main factor showed peak absolute
and relative functional aerobic capacity and heart rate to be significantly lower for CFES LE versus ACE,
CFES LE + ACE and FES ROW measures (p < 0.05). However there were no significant differences
between both hybrid exercise conditions or between hybrid exercise and arm ergometry. Preliminary
results suggest that the ROWSTIM is as effective as an exercise device or training tool for SCI as FES
cycling or hybrid cycling and cranking. However, a larger sample size and further technological
developments of the ROWSTIM are needed to demonstrate the efficacy of rowing over upper extremity
exercise and hybrid cycling and cranking.

STATE OF THE ART

Interest in enhancing exercise opportunities for persons with SCI has been mediated by evidence of
increased risk for heart disease in this population./1/ One possible solution to enhance physical activity of
persons with SCI is through functional electrical stimulation (FES)-assisted exercise technology.
Demonstrated fitness and health related benefits of FES assisted exercise include 1) increased cardiac
function, such as oxygen uptake, cardiac output and myocardial function; 2) increased venous return by
activating the muscle pump below the lesion level; 3) (theoretically) reduced risk for deep vein
thrombosis; 4) increased bone mineral density; 5) increased muscle area and joint range of motion; 6)
increased muscle strength and endurance; 7) improved pulmonary function; and 8) increased self esteem
and enjoyment of the social contact./2/ More recently research has been focused on combining FES leg
ergometry with voluntary arm ergometry, referred to as hybrid exercise (HE). This theoretically augments
the cardiovascular stress during exercise and consequently increases cardiovascular training effects./3,4/
Most commonly used in this hybrid approach is the addition of FES cycling to upper arm ergometry.
Several studies have already demonstrated increased oxygen consumption levels and cardiovascular
training effects during submaximal and maximal work compared to upper or lower extremity exercise
alone./3,5,6,7,8/ Others have focused on a new form of hybrid exercise, FES rowing./5/ An FES assisted
rowing machine (ROWSTM) was developed at the Robert Steadward Centre, Edmonton, Alberta by Dr
Garry Wheeler and associates, to examine the potential for extending hybrid training opportunities for
persons with SCI./4,9/ Studies by Laskin (1993) and later by Wheeler et al. (in press) suggest that the
peak oxygen consumption measures achieved using the ROWSTIM I and II systems are comparable or
superior to those reported in literature for other hybrid exercise systems. In addition, it has been
demonstrated that up to 36 sessions of progressive FES rowing produces significant changes in
cardiovascular fitness in spinal cord injured participants./5/ Such data are important since the FES rowing
device is a much less expensive option for training and is very well tolerated and accepted by SCI
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participants who have used it (personal communications during the Laskin et al. (1993), the Wheeler et al.
(in press) studies and this investigation).

The purpose of this study was therefore to conduct a within subject comparison of peak physical work
capacity as defined by peak functional aerobic power (VO, peak) across 4 different types of exercise: arm
crank ergometry (ACE), FES leg cycling (CFES LE), hybrid cycling and arm cranking (CFES LE +
ACE) and electrical stimulation assisted rowing (FESROW)).

MATERIALS AND METHODS

5 participants, 4 with complete and 1 with incomplete SCI underwent a progressive maximal peak oxygen
assessment to ascertain peak physical work capacity across 4 conditions. Conditions were arm ergometry
(ACE), FES cycling (CFES LE), FES cycling combined with arm ergometry (CFES LE + ACE) and FES
rowing (FESROW) with 3 maximal exercise trials per exercise modality to establish reliability of
measurement. Each test was preceded by a 2 minute rest. The protocols for each exercise modality were
the following:

ACE: Participants were instructed to crank an arm crank ergometer (Monark Model 881, Varberg,
Sweden) at 15 Watts for 2 minutes. Every 2 minutes thereafter, power output was increased by 15 Watts
until voluntary fatigue. Peak functional aerobic power was defined as VO, at the point of failure to
maintain 50 rpm arm cranking for at least 15 seconds or until the participants voluntarily stopped
cranking.

CFES LE: CFES LE was performed on the ERGYS II cycle ergometer. The test protocol consisted of a 5
minute warm up with assisted pedalling. Participants were then instructed to cycle at 0 Watts for 2
minutes. Every 2 minutes thereafter cycle load was increased by 3 Watts. Peak functional aerobic power
was defined as VO, at the point of failure to maintain 35 rpm at maximum stimulation.

CFES LE + ACE: The test protocol consisted of a combination of the ACE and the CFES LE protocol.
Power output for cycling and cranking were increased every 2 minutes with 3 and 15 Watts respectively
in a way that participants were both cycling and cranking simultaneously at their maximum as defined by
their previous isolated ACE and CFES LE tests until fatigue. Peak functional aerobic power was defined
as VO, at the point of failure to maintain 35 rpm cycling at maximum stimulation, failure to maintain 50
rpm cranking or until the participants voluntarily stopped cranking.

FESROW: Participants were instructed to start arm rowing at a heart rate equivalent to 40 % of their
ACE functional maximum aerobic capacity. After 2 minutes, participants started arm rowing with assisted
passive leg rowing at 50 % of their VO, max for 2 minutes. Thereafter, participants rowed (with leg
stimulation) for 2 minutes at 60 % of their VO, max. After a 1 minute resting period, participants rowed
for 2 minutes at 80% of their VO, max, and after another 1 minute resting period participants were
instructed to row at their maximum until fatigue as defined by collapsing legs during the pull phase /5/ or
if the subjects reached exhaustion.

RESULTS
VO, peak and HR were significantly lower for CFES LE versus ACE, CFES LE + ACE and FES ROW

measures (all p < 0.05). VO, peak was consistently lower for ACE across all trials versus CFES LE +
ACE and FESROW, but the reported differences were not significant (p>0.05). (Table 1)

ACE CFES LE ACE + CFES LE FESROW
VO, (Vmin) 1.72 1.02 2.03 2.06
VO, (mI/min/kg) 20.47 12.23 24.28 23.79
HR (bpm) 160 103 161 162

Table 1: Mean peak absolute (I/min) and relative (ml/min/kg) VO,, and HR (bpm) during ACE, CFES

LE, CFES LE + ACE and FESROW
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DISCUSSION

The need to develop exercise opportunities for persons with SCI has already been demonstrated. Ashley
et al. (1993) previously suggested the ROWSTIM may be an alternative exercise solution for persons
with SCI. Wheeler et al. (in press) demonstrated a 11.2 % increase in peak O, consumption after a 3
month progressive rowing training program. However, the only available comparison with other electrical
stimulation (ES) assisted exercise modes to date was through literature data. Clearly the next step in the
development of the ROWSTIM was to conduct a within subject comparison to determine peak work
output from 4 different exercise modalities.

Interestingly, the data indicate how limited the potential CV training effect of cycling is. In agreement
with the findings of previous studies, data show that values for hybrid training are significantly higher in
comparison with the values of cycling only and clearly suggest that hybrid exercise is superior to simple
leg exercise./6,10/ In addition, Hooker (1992) and Laskin (1993) demonstrated a significant difference of
hybrid exercise over ACE.

ES assisted and hybrid exercise has already been associated with a number of physiological and
psychological benefits. However, additional benefits of FES rowing in terms of client appreciation have
also been reported. All participants preferred FES rowing over hybrid cycling and cranking as rowing was
considered to be a more natural movement. In addition, since rowing utilises the shoulder retractors and
muscles of lower and upper back and forearms, this exercise could have additional benefits reducing the
risk of overuse and other wheelchair use related shoulder problems./5/ As well, the ROWSTIM is a
minimally adapted version of an exercise tool for able-bodied people and is therefore easier and cheaper
to manufacture.

However, there remain a number of considerations that have to be taken into account. Only a small
sample size was used, reducing the statistical power of this investigation. Clearly a larger sample size is
necessary to further demonstrate the superiority of hybrid rowing over upper extremity exercise and other
hybrid training modalities. In addition, there’s a number of modifications to the ROWSTIM that have to
be considered. Regarding electrode placement, an attempt was made to stimulate the common peroneal
nerve to facilitate the forward movement during the return phase. The authors suggest that by stimulating
the common peroneal nerve a less powerful spring could be used, increasing the muscle work during
training. As well, power output during rowing can not be controlled. Clearly a controllable power output
would facilitate comparing hybrid and other training modalities in terms of mechanical efficiency.
However, the authors suggest that with further technological developments, rowing represents a better
hybrid training activity than ACE or CFES LE + ACE. A brake that would sufficiently prevent the legs
from collapsing during the arm pull phase would neutralise the forward momentum originated in this
phase. Consequently, leg fatigue would be delayed and exercise time and arm power output would further
increase peak functional aerobic capacity. As well, a combination of hybrid exercise and upper extremity
exercise alone would allow new participants to continue training while the legs are recovering. As a
consequence of these technological developments, an increased arm power output and therefore a further
increase in VO, peak by neutralising the forward momentum during the pull phase, can be expected.

CONCLUSION

Previous studies have already demonstrated the safety and efficacy of the ROWSTIM II system and
suggested that this device represents a great potential for cardiovascular training for persons with SCI.
This study clearly demonstrated that the aerobic demand during hybrid exercise and ACE were
significantly higher than elicited during electrical stimulation assisted cycling. However, no significant
differences were found between both hybrid exercise modalities and ACE. Further technological
developments to the ROWSTIM II system are now necessary to further increase the metabolic demand
during rowing. At present the team is working on a new break that would allow persons to train longer by
minimising the force necessary to control for the forward momentum generated in the legs during the pull
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phase. In addition, we are confident that this break will also allow persons to train at a higher power
output.

10.

REFERENCES

Mohr T, Andersen JT, Biering-Sorensen F, Galbo H, Bangsbo J, Wagner A, Kjaer M. Long-term
adaptation to electrically induced cycle training in severe spinal cord injured individuals. Spinal Cord
1997; 35 (1): 1-16.

Andrews BJ, Wheeler GD. Functional and therapeutic benefits of electrical stimulation after spinal
cord injury. Current Opinion in Neurology 1995; 8: 461-466.

Hooker SP, Figoni SF, Rodgers MM, Glaser RM, Mathews T, Suryaprasad AM, Gupta SC.
Metabolic and hemodynamic responses to concurrent voluntary arm crank and electrical stimulation
leg cycle exercise in quadriplegics. Journal of Rehabilitation Research and Development 1992; 29
(3): 1-11.

Laskin JJ, Ashley EA, Olenik LM, Burnham R, Cumming DC, Steadward RD, Wheeler GD.
Electrical stimulation-assisted rowing exercise in spinal cord injured people. A pilot study Paraplegia
1993; 31 (8): 534-541.

Mutton DL, Scremin AM, Barstow TJ, Scott MD, Kunkel CF, Cagle TG. Physiologic responses
during functional electrical stimulation leg cycling and hybrid exercise in spinal cord injured
subjects. Archives of Physical Medicine and Rehabilitation 1997; 78 (7): 712-718.

Raymond J, Davis GM, Climstein M, Sutton JR. Cardiorespiratory responses to arm cranking and
electrical stimulation leg cycling in people with paraplegia. Medicine and Science in Sports and
Exercise 1999; 31 (6): 822-828.

Gurney AB, Robergs RA, Aisenbrey J, Cordova JC, McClanahan L. Detraining from total body
exercise ergometry in individuals with spinal cord injury. Spinal Cord 1998; 36 (11): 782-789.
Krauss JC, Robergs RA, Depaepe JL, Kopriva LM, Aisenbury JA, Anderson MA, Lange EK. Effects
of electrical stimulation and upper body training after spinal cord injury. Medicine and Science in
Sports and Exercise 1993; 25 (9): 1054-1061.

In press:

Wheeler GD, Andrews BJ, Lederer R, Davoodi R, Natho K, Weiss C, Jeon J, Bhambhani Y,
Steadward RD. Functional electrical stimulation assisted rowing: improvements in hybrid exercise
technologies for persons with spinal cord injury. Archives of Physical Medicine and Rehabilitation.
In press.

Gurney AB, Robergs RA, Aisenbrey J, Cordova JC, McClanahan L. Detraining from total body
exercise ergometry in individuals with spinal cord injury. Spinal Cord 1998; 36 (11): 782-789.
Phillips W, Burkett LN. Augmented upper body contribution to oxygen uptake during upper body
exercise with concurrent leg functional electrical stimulation in persons with spinal cord injury.
Spinal Cord 1998; 36 (11): 750-755

ACKNOWLEGEMENTS

The authors wish to acknowledge the Alberta Heritage Foundation for Medical Research for providing a
Phase I technology commercialisation grant in support of this investigation.

AUTHOR’S ADRESS

Joeri Verellen
Katersberg 25
2440 Geel, Belgium
joeriverellen@hotmail.com

-35-



LEG POWERED PARAPLEGIC CYCLING SYSTEM USING SURFACE FUNCTIONAL
ELECTRICAL STIMULATION

T.A. Perkins*, N. Donaldson*, R. Fitzwater**, G.F.Phillips**, D.E. Wood***

*UCL Department of Medical Physics, London, UK
**Royal National Orthopaedic Hospital, Stanmore, UK
*#*Salisbury District Hospital, Salisbury, UK

SUMMARY

We have established a simple system for Spinal Cord Injured (SCI) patients to achieve leg propelled
cycling using surface Functional Electrical Stimulation (FES). We initially intended our partial lesion
T11/12 male paraplegic subject to achieve outdoor leg powered cycle rides that would be useful for both
exercise and mobility. We hoped this added function would encourage the patient to greater effort,
particularly as more intense exercise /1/ has reportedly given some recovery in bone density as well as the
other health benefits expected from more moderate exercise levels /2/. Our first surface stimulation
volunteer has repeatedly cycled about 12km at a time (both indoors and outside). After 20 months of FES
exercise (at almost 150 minutes per week), bone density in his more paralysed left leg had increased in
several sites, that in the tibial tuberosity by 44+/-2%. Other health benefits, including increased muscle
bulk and voluntary function /3/ were also noted.

We are currently extending this English pilot study to complete-lesion paraplegics. So far, two out of our
three complete paraplegic subjects have already attained kilometre plus leg powered cycling capability.

STATE OF THE ART

Leg propelled cycling was first demonstrated in the 1980s, both with surface stimulation /4/ and with
implanted electrodes /5/. Since then, most FES cycling exercise for SCI patients has been on static
ergometers, often in a clinic or laboratory for nominally three 30 minute sessions per week /6/, /7/ and /8/.
With compliance around 70%, this amounts to less than 10 minutes per day. Following the demonstration
of kilometre plus capability in two complete lesion paraplegics in 1998, /9/ and /10/, we felt it was time
FES cycling exercise moved out of the laboratory and into patients’ everyday lives, where we expected
more frequent and prolonged exercise would be possible. A reliable system for home use was therefore
required.

MATERIAL AND METHODS

Equipment

Commercially available recumbent tricycles (Trice and Windcheater) were chosen because of their
inherent stability and low seating pressure. Switches were attached to the handlebars for starting and
stopping the cycling program. A 7-bit shaft encoder was driven synchronously by the cranks. Purpose-
built foot-plates were attached to the pedals to help secure the feet as shown in Fig 1. For the paralysed
limbs, Ankle Foot Orthoses (AFOs) were attached to the foot-plates to hold the knees close to the sagittal
plane. To control pedalling speed, a throttle potentiometer adjusted stimulation strength (linearly
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interpolated between threshold and maximal). A resistance trainer stand was provided so that the tricycle
was turned into a static
ergometer for indoor cycle
exercise at home. For outdoor
use, the cycle was removed
from the trainer, keeping the
vital mechanical set-up for the
patient exactly the same. An 8
channel surface stimulator,
giving pulses of up to 500us
and 150mA, was used.

Key to Fig 1:- A: Trainer.
B: Electrode shorts. C: Tights
to retain cables & electrodes.
D: Stimulator. E: Throttle &
switches. F: Shaft encoder. G:
foot-plates.

A P

Fig 1. Partial lesion subject’s Windcheater tricycle at home.

Methods

Seat to pedal distance was adjusted for minimum passive resistance to crank rotation without excessive
knee extension. Two of our complete lesion patients required special cranks for this to be possible. For
our partial lesion subject, quadriceps, hamstring and gluteal muscles both sides were activated, with
gastrocnemius and tibialis

Partial T11/12 subject's FES Pedal Force 16 Feb 00 —4—Passive || anterior on the more

paralysed left side. The

3% —#—#1 RQ complete paraplegics used

30 gastrocnemius both sides,

o0 o5 —;—#2RG leaving out tibialis anterior.

e S RA In each case, stimulation
E 201 frequency was 20Hz.

£ 15 —k=#51Q Initially, static pedal force

; 10 —e—#1G reaflings were taken w'ith a

e spring balance for all likely

~ 5 —o—#71H crank angles, as shown in

0 Fig 2, in order to determine

5 ——#LTA favourable crank angles for

i stimulating each muscle

~0-#8LGste | group.,

Fig 2. Maximal stimulation pedal forces. Crank angle from Left hip
most flexed Top Dead Centre (LTDC).

For all our surface stimulated patients, control was derived from the crank angle shaft encoder, having set
start and stop angles for each muscle group as shown in Table 1. A time advance compensated for muscle
response delay. This time advance was initially varied in 50ms increments and the resulting pedalling
speed against fixed resistance measured with a stopwatch. We found 150ms was broadly optimal for these
subjects. Changes in cadence from about 25 to 55 rpm could then be accommodated on load.
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Mode 3, program 4

Channel
Muscle group
Pulse Current

Pulse Period

Threshold p.w.

Maximal p.w.

Start Angle
Stop Angle
LTDC offset’

Shaft sense

1

RQuad RGlut

110
50

40

304

183
312
315
255

(commutator)

2

60
50

40

300

205
318

150

3 4 5

RHam LGlut LQuad LTibA LHam LGstrc

60 60 80
50 50 50
40 40 100

300 300 296

318 45 3
68 139 129

6

7

8

Cycling program for partial T11/12

40 80 40 mA
50 50 50 ms
40 40 40 ps
300 302 300 us
225 115 180
315 219 270

Time Advance in ms

+ve=0/-ve=255

Table 1: Parameter block (from stimulator print out). Start and stop angles in degrees past LTDC.

Fig 3. Partial lesion subject cycling with FES. Note AFO on left.

RESULTS

Over the first 16 months, our
partial lesion patient averaged 21
minutes of daily FES training with
a simpler system /3/, /9/. He has
exercised for a further 16 months
with the system described here. At
20 months, bone density in his
more paralysed limb segments had
increased significantly, that in his
left tibial tuberosity by 44+/-2%.
With this new system, our subject
has repeatedly cycled ca. 12km at
a time either in a sports hall or on
near level ground outdoors (Fig 3).

In this English pilot study, we now have three complete lesion paraplegics (one implant and two surface
stimulated), all using Trice recumbent tricycles (with moulded cushions to reduce seating pressure). So
far, two out of these three complete paraplegics have already cycled more than one kilometre at a time
while powered by their own FES activated leg muscles.

DISCUSSION

We have clearly established a practicable system for FES leg powered cycling. This may be a valuable
function following spinal cord injury, giving considerable health benefits, especially as our patients,
training at home, are able to maintain a high level of exercise. We hope to design a new stimulator with
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more channels, so that tibialis anterior can be included for the complete paraplegics. Readily replaceable
battery packs and improved electrode suits are also under consideration. The high proportion of our
patients (3 out of 4) who have already achieved a kilometre plus cycling capability is most encouraging.
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SUMMARY

In this study static and dynamic measurements with paraplegic test persons on a freely adjustable test bed
were performed to determine the individual FES-cycling performance and to individually optimize the
stimulation patterns. Hydrogel surface electrodes were used to activate quadriceps, hamstrings, and
gluteus maximus and to elicit the peronaeus reflex. The optimized stimulation patterns were then applied
to cycling on a moving tricycle.

STATE OF THE ART

An important motivation in studying FES (functional electrical stimulation) - cycling is to combine the
physiological benefits of FES with the psychological incentive of independent locomotion. As paralyzed
muscles are mostly atrophied and only a limited number of effective leg muscles can be reached by
surface electrodes it is important to convert the generated muscle forces into drive power with the highest
possible efficiency.

Angeli /1/ has shown that the drive power output of neurologically intact subjects can be raised by
using an optimized pedal path, which is realized by a 4-bar linkage pedal drive, instead of the common
circular pedal path. In a simulation study this pedal path was also optimized for FES pedaling with
quadriceps, hamstrings, gluteus maximus and peroneal reflex /2/.

MATERIAL AND METHODS

The measurements with paraplegic test persons were carried out on a freely adjustable test bed (Fig. 1)
/3/. The paraplegic test person is seated on a specially adapted wheelchair. It was decided to use only one
leg for the measurements to make sure that the results are not influenced by spasms or other forces
generated by the other leg. The inclinations of seat and backrest are adjustable in 10° steps. The chair is
horizontally moveable along two guide rails, and its position can be fixed in 2.5 cm steps by an alignment
pin. For getting onto the test bed the chair is moved to the horizontal end position E to provide enough
space between chair and crank bearing. The crank bearing is mounted on an electrical vertical lift. The
crank axis is pivoted at the crank bearing, and the force measuring crank is mounted on the measuring
side. A chain connects the chain wheel to the torque measuring shaft which is coupled with a gear motor
by a torsional stiff coupling. Because the vertical movement of the crank axis the distance between crank
axis and torque measuring shaft is changed, but the length of the connecting chain is constant. Therefore
the measuring shaft and motor are mounted on a pivoting lever which changes its inclination according to
the vertical position of the crank axis. The lift with crank axis, along with the lever-carrying motor and
measuring shaft, are mounted on a ground plate. This plate is, like the seat, moveable along two
horizontal guide rails, and its horizontal position can be fixed by an alignment pin in 5 cm steps. The
pedal is either mounted directly to the crank in PA, as usual moving on a circular path, or to the coupler
of a 4-bar linkage in P. This linkage consists of wing, coupler and crank and makes the pedal move along
a non-circular pedal path. The wing bearing W is mounted on the same vertical lift as the crank axis C,
the bars are connected by pin joints in B and PA. The foot is fixed to the pedal by Velcro fastenings,
which means that both tensile and compressive forces are transferred. For paraplegic subjects it is
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necessary to fix the ankle joint rigidly because they are not able to stabilize the joint. This is done by an
orthosis which also supports side-to-side stability of the leg. The right foot is placed on the ground plate
of the test bed in a resting position.

backrest

hand grip

dal path . .
Peey P Figure 1: Schematic of

the test bed. K and H
ﬁgﬁrmg indicate knee and hip.
shaft The arrows show how
the elements of the test

bed can be adjusted.

measuring
crank
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Figure 2: Results of isometric force measurements at 20 points along the optimized pedal path,
stimulation of quadriceps of test person ZA. (a) Active loads (directly caused by active muscle
forces) at point D of the crank (passive loads have been eliminated). (b) Resulting pedal force
vectors in the parasagittal pedaling plane and region where positive drive torque is applied.
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For the static measurements 20 equiangular points were defined along the pedal path. In every point the
muscle was stimulated for 0.75 sec, the pedal forces were measured by a force measuring crank.
Orientation and magnitude of the active forces (directly caused by active muscle forces) applied to the
crank in the parasagittal pedaling plane were calculated for a number of geometrical positions of the rider
and variations of the stimulation parameters. Out of this data it could be seen in which part of the pedal
path positive drive torque was applied. Figure 2 shows results of static measurements.

In the dynamic measurements (Fig. 3) the muscle was stimulated in its concentric range, starting with
an estimated interval derived out of the static measurements. Then the start and end points of the
stimulation interval were varied to find out in which interval maximum positive drive torque could be

applied. Tests with all muscles stimulated together were performed to show how much the muscles
influenced each other (Fig. 3d).
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Figure 3: Results of dynamic measurements with test person ZA during one full rotation at 25 rpm: (a) -
(c) show the resulting active drive torque from stimulation of (a) quadriceps, (b) gluteus
maximus and (c) hamstrings (with optimized stimulation interval (stimulation voltage Ugim)).
(d) comparison between the summation of the results for the single muscles and the measured
results of the stimulation with all muscles during one full rotation of the crank

Finally a set of optimized parameters for stimulating all muscles together while pedaling was derived for
each individual test person and tested on a specially developed mobile tricycle for paraplegics. Figure 4

shows a paraplegic test person on the moving tricycle /4/ and results of measurements while cycling
average crank angular velocity 33 rpm.

-42 -



measurements

crank torque My [Nm]

I L I L I L I
0 45 90 135 180 225 270 315 360

crank angle €

Figure 4: Paraplegic test person on the moving tricycle and results of measurements during steady-state
cycling at crank angular velocity 33rpm. The results are compared to results of a simulation
study /5/.

DISCUSSION

Leg muscles are activated by surface stimulation and the measurements show which forces and torques
are applied to the crank. Thus, stimulation patterns and geometrical position of the rider may be
optimized for the development of an optimized cycling movement, influenced by individual parameters,
for paraplegic subjects. It has been shown that a moving tricycle can be powered by FES in the optimized
stimulation patterns.
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LEG-PROPELLED WHEELCHAIR USING FES
Richard B. Stein*, Su Ling Chong*, Kelvin B. James*, Gordon J. Bell, Ph.D.**

*Division of Neuroscience, University of Alberta, Edmonton, AB, Canada
**Faculty of Physical Education, University of Alberta, Edmonton, AB, Canada.

SUMMARY

A wheelchair has been developed that can be propelled by movement of the legs around the knee joint.
Knee movement is generated by FES of the quadriceps (knee extensors) or hamstring (knee flexor)
muscles or by voluntary movement. The movement is mechanically coupled to the rear wheel through a
combination of levers, gears and chain. Automatic control of the FES is enabled using a rule base
software program with knee angle as the input control. Efficiency of using the legs to propel the
wheelchair was tested using voluntary activation and FES. PCI measurements were made while subjects
wheeled with their arms and legs and where possible walked. Subjects consisted of complete spinal cord
injury (9), other motor disorders (13) and control subjects (13). Results show that arm wheeling took
significantly more effort (mean PCI = 0.52 beats/m) than walking (0.33) and leg wheeling required the
least effort (0.23) in the control sbjects. For SCI subjects leg wheeling with FES required less than 1/2
the effort (0.18) compared to arm wheeling (0.40). The subjects with other motor disorders could walk
with substantial effort (1.81) compared to arm (0.76) or leg wheeling (0.64). Control of the wheelchair
using FES of the lower extremities is more effecient than wheeling with the arms and may offer superior
whole-body fitness and mobility for the SCI subject.

STATE OF THE ART

Many disabled individuals use a wheelchair because they can walk only with great effort, if at
all, using either voluntary control or FES. Cerny ef al. /1/ showed that the decision of persons with SCI
to walk or use a wheelchair depended on the energy costs. Subjects who could not walk aerobically with
a velocity of at least 54 m/min. tended to use wheelchairs, whereas those who could walk faster within
aerobic limits tended not to use wheelchairs. A number of FES systems have been developed that allow
people with complete SCI to walk with or without additional bracing /2/3/4/5/. Use of suitable bracing
reduces the energy cost somewhat, but the cost is still high and the speed low compared to use of a
wheelchair /6/7/. Thus, most individuals use FES systems only for exercise and rely on a wheelchair for
mobility in daily tasks.

For such individuals there is no good alternative to the wheelchair at present, but with a lack of
exercise the legs become progressively weaker. Bones also atrophy (osteoporosis and osteopenia) with
the lack of loading /8/9/. As the muscles atrophy, the wheelchair becomes increasingly necessary, which
leads to further atrophy in a vicious cycle. Glaser ef al. /10/ proposed using FES of leg muscles to propel
a wheelchair or a tricycle. These authors built and commercialized a stationary, FES-powered exercise
bicycle /11/ with success although it did not offer the user mobility.

Therefore, we built devices that allow individuals to propel a wheelchair with their legs either by
voluntary activity or electrical stimulation. The stationary foot rests of a conventional wheelchair were
replaced by movable foot rests that allowed movement of the legs about the knee center (Figure 1). This
rotation is coupled to movement of the wheels by a sprocket, a chain and a gearbox that converts
bidirectional rotation to unidirectional rotation and increases the magnitude by a ratio of 1:3. Thus, FES
or voluntary movement of the legs can produce forward movement of the chair. A steering lever is used
to control the direction of the wheelchair.
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Figure 1; Schamatic diagram of leg powered wheelchair.

MATERIAL AND METHODS

Three groups were studied: control subjects (13) who had no known neural or muscular disease, subjects
with complete spinal cord injury (9) who required FES for leg movements and those with a variety of
motor disorders (13) who still retained some voluntary control of the legs. The third group included
people with incomplete spinal cord injury (4), hip problems (3), head injury (1), spina bifida (1),
Parkinson’s Disease (1), balance problems (1), stroke (1) and chronic obstructive pulmonary disorder
(1). We included such a variety of disorders in this group to see which types of disabilities would benefit
most from this new device. In later studies we will concentrate on more homogeneous populations, but
some general principles emerged by studying a diverse group initially.

The physiological cost index (PCI) was studied in all subjects. The PCI measures the change in
heart rate (beats/min.) during exercise, divided by the velocity of movement (m/min.) /15/. Therefore,
the PCI has units of heart beats per meter and is a measure of the effort expended to cover a given
distance.

Resting heart rate was measured for 2 min.; then subjects wheeled or walked for 4 min. around a
200 m track. Finally, another 4 min. was recorded, while their heart rate returned toward the resting
value. The heart rate during the last 2 min. of exercise was compared to that in the final 2 min. before
and after exercise. For subjects who could walk, the resting heart rate was measured while they were
seated before and after the 4 min. of exercise for comparison with the other conditions. The order of
measurement was randomized between arm wheeling, leg wheeling and walking.

For subjects with a motor-complete SCI, electrical stimulation was provided by an eight channel,
portable stimulator. Three electrodes were placed over the quadriceps muscles close to the motor points
of vastus medialis, vastus lateralis and rectus femoris muscles. Two or 3 electrodes were also placed
over the hamstring muscles, as required for effective stimulation. The stimulus pulses were typically
200-300 ps in duration and were applied at a rate between 20 and 25 Hz. The pulses were partially
charge-balanced (an active charge recovery phase followed a monophasic stimulus pulse). Maximal
torques produced by stimulation were quite reproducible (+ 5%) in subjects who were measured on
more than one occasion.

Knee angle was measured using a potentiometer mounted on the wheelchair coaxially to the knee
centre. The shaft rotated with the foot rest and produced changes in the resistance of the potentiometer
that were proportional to changes in the knee angle. When the knee angle exceeded an extension
threshold, stimulation of the flexors was turned on and stimulation of the extensors was turned off.
Later, when the knee exceeded a flexion threshold, the opposite pattern of stimulation began. In this way

- 45 -



the movement was controlled automatically, but the subject could adjust the stimulus intensity and the
upper threshold to make the movements most effective.

Physiological cost for 3 groups
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Figure 3. A) Mean (+ S.E.) of the physiological cost index (PCI) for the three groups of subjects.
Note that wheeling with the legs (left bars in each set) had the lowest cost in all three groups. The mean
change (+ S.E.) in the heart rate (B) and the velocity (C) that the subjects used during the exercise are
also shown, since these are the component elements that make up the PCI.

RESULTS

Figure 3A shows the average data (with the standard error, S.E.) for all three groups studied. For
the control group arm wheeling took significantly more effort (mean PCI=0.52 beats/m) than walking
(0.33; Students t-test, p< 0.02). Leg wheeling was the most efficient (0.23, p<0.05), requiring less than
half the effort of arm wheeling and 30% less effort even than walking. For complete SCI subjects leg
wheeling with FES (0.18) was also significantly more efficient (p<0.05), again requiring less than half
the effort of arm wheeling (0.40). Subjects in the complete SCI group could not walk. Subjects with
other disabilities could walk under voluntary control, but with much more effort (1.81) compared to arm
wheeling (0.76) or leg wheeling (0.64). These last two values were not significantly different for reasons
that will be considered later.
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Since PCI is the change in heart rate divided by velocity, the differences described above could
be due to differences in heart rate or velocity or a combination of the two. Figure 3B shows that the
voluntary group produced a similar change in heart rate (about 20 beats/min.) under all three conditions.
However, this effort produced a much lower velocity when walking (Figure 3C) so the physiological
cost was much greater. In contrast, the control subjects matched velocity quite well under the three
conditions, so the difference in PCI was mainly due to the change in heart rate required to produce this
velocity. The SCI group had a somewhat higher velocity, but a much higher heart rate when wheeling
with the arms than with the legs (using FES), which explains the greater PCI during arm wheeling.

DISCUSSION

The major result of this paper is that most people require significantly less effort, in terms of
heart rate changes or oxygen consumption, to wheel a chair with the legs than with the arms. This was
true for 1) control subjects, 2) those with complete SCI who used FES to move their legs and 3) many
subjects with incomplete lesions who retain some voluntary movement of the legs. This is the first time
such a dramatic decrease in effort has been produced to our knowledge.
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A PERSONAL USERS VIEW OF FES CYCLING
Dr Roger Fitzwater
UK Spinal Injuries Association & Royal National Orthopaedic Hospital, London.
SUMMARY

Two years of FESC (functional electrical stimulation cycling) as a researcher and subject have given
me an insight into the direction that future FESC should take as well as providing me with significant
health benefits and an enjoyable and functional ability to cycle. If FESC is to benefit SCIPs (spinal
cord injured persons) researchers must turn their attention to making the activity convenient and
enjoyable.

What follows is a personal view and will be less scientifically rigorous than other presentations but
hopefully still of value. It calls upon my experience as a general medical practitioner with a special
interest in the value of exercise, a human powered vehicle enthusiast, an amateur FES researcher but
most importantly a SCIP and FES cyclist.

STATE OF THE ART

A number of researchers have developed systems of FESCE (functional electrical stimulation cycling
exercise) and shown that most of the probable potential health benefits, both general and specific, do
occur. Why then, when FESC is possible and the potential benefits enormous, are not a significant
number of SCIPs cycling around using their legs, not even in Holland?

Many studies failed to demonstrate sufficient power and endurance to make a significant cycle ride a
possibility. However most of the studies had what I regarded as an inadequate training schedule.
Twenty minutes three times per week for three months being fairly typical. None of the papers I read
used a cycle that was suitable for an open road cycle ride. All the protocols I read were laboratory
based making it extremely inconvenient for the subjects to commit themselves to regular and long-
term training. In fact none of these researchers had creating a take-home open road cycling function
as an objective.

MATERIAL AND METHOD

Before my accident I kept fit by recreational running and hill walking. Since then I have attempted to
maintain health and fitness by playing wheelchair basketball (very badly), swimming, wheeling in the
countryside and hand cycling. Perhaps this is the reason that I have two golfers elbows, one tennis
elbow and intermittently painful shoulders, neck and wrists. These musculoskeletal problems have
resulted in me giving up wheelchair basketball and they are beginning to cause me problems when
hand cycling.

After my recovery I became interested in the potential of FESC to benefit health and create an
additional sport, recreation and transport option. I could see no reason why FESC should not confer
all the health benefits on SCIPs that cycling confers on the AB (able-bodied). Such benefits as a
decrease in all cause morbidity and mortality, protection against cardiovascular disease, improved
fitness, maintenance of function, help in preventing obesity and diabetes, elevation of mood and
prevention of depression. As the benefits of exercise obey the law of diminishing returns SCIPs
should benefit more from any given amount of exercise than the AB.
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Much of the ill health and disability suffered by SCIPs is directly related to the inactivity of their large
lower limb muscles. Lack of muscle padding together with poor circulation predisposes to pressure
sores, gross muscle size decreases leading to thin unattractive limbs, blood circulation decreases and
coagulability increases leading to vascular problems, osteoporosis and joint contractures develop.
FESC has the potential to minimise these problems.

In October 1998 I started surface FESC by the method described in the conference manuscript by
Perkins et al.

RESULTS

In 1988 I received an injury which left me with an incomplete paraplegia at T11. Before the FESC my
standard neurological classification motor score left leg was zero (except for knee extensors 1, long
toe extensors 3). My right leg scored 4 for all measurements. My sensory score was a uniform 1.
Since the accident I have been a wheelchair user but able to slowly walk short distances with two
crutches.

Before I started my FESC training I was only able to rotate the pedals of my recumbent tricycle less
than one complete revolution, despite the fact that it was in its lowest gear on a flat, smooth, hard
indoor surface. I was unable to rotate the pedals beyond right bottom dead centre.

I have cycled over 10 km on the flat and continuously for over two hours on my trainer. I have even
used my FES cycle to accompany my family on a countryside walk. I know from my personal
experience that with the assistance of hand cranking, a tandem companion or a motor assist I will be
able to cycle as far as I would wish with my able-bodied friends and family. As well as benefiting my
health this has and will bring me great pleasure.

Muscle bulk, body image and pressure sores

Muscle bulk has increased benefiting body image and decreasing the likelihood of developing pressure
sores. Ultrasound measurements have shown increases in the thickness of the lower limbs. My thighs
showed an average increase in depth of 14.5% and my calves showed an average increase of 6.5%.
What was even more satisfying than this increase in size was that this increase was almost entirely of
muscle bulk. The average thigh muscle depth increased by 21% but the fat depth only increased by
3.75%. In the calves the average muscle depth increased by 8.8% while the average fat depth
decreased by 1.75%.

Left gastrocnemius and anterior tibialis were stimulated but due to insufficient stimulator channels
right lower leg muscles were not. Notably the non-stimulated calf muscles depth increased by only
3.5% but the stimulated calf muscles by 14%.

The buttock musculature was not scanned but the circumference measured across the anterior superior
iliac spines increased from 93cms to 96cms and the circumference across the greater trochanters from
96cms to 98cms. An average increase of 2.7%, perhaps not significant.

Osteoporosis

Significant changes have occurred in my bone density. Lumbar spine density decreased by 6.1% from
110% of ASAAN (age and sex adjusted average normal). Left hip increased by 4.3% (from 87%
ASAAN) but the right hip (the good leg) showed no significant change (from 91% ASAAN). The left
knee region showed an increase in bone density of 26%. The greatest increases in bone density were
seen in the areas of insertion of the muscles stimulated, there was an increase of 44% around the
insertion of the left patella ligament. I was pleased to see that the least dense areas of my scanned
bones showed an increase and that the indications were that bone density increases were as a result of
FESC muscle activity.
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Cardiovascular health. fitness

I believe the FESCE is benefiting my cardiovascular health and fitness. My resting pulse rate is
normally in the low 60s. During FESCE I become warm and maintain a pulse rate of around 100. I
believe that since my FESCE my legs have been less cold.

Mood

I always feel better after my FESCE even when it is indoors on the trainer, which I find boring. It is
the same mood improvement that I used to experience after running.

Function

I have had significant improvements in my voluntary function. It was expected that FES generated
knee extension forces would increase after FESC and they did, the right by 48% from 69Nm to102Nm
and the left by 32% from 72Nm to 95Nm. However what was not expected was the increase in
voluntary strength. The right increased by 45% from 59Nm to 85.5Nm while the left increased from 0
to 33.5Nm. This measured quantitative increase in voluntary strength has been mirrored in a
qualitative increase in functional ability. I can now pick things up from the floor more easily when
standing, walk short distances with one crutch and I use my crutches more and my wheelchair less. I
can now voluntarily move my left leg, something I find very useful to relieve cramp when sitting.

I no longer get any clonus in my left leg nor inversion spasm about the left ankle, something that used
to be very troublesome and would on occasions prevent me crutch walking.

Problems and disadvantages

The two major problems with FESC are the relative boredom of indoor FESCE and the time taken.
Typically a one hour FESCE session at home takes me 2.5 hours mostly because of the time taken to
apply and remove electrodes.

DISCUSSION

Relative merits of FES walking and FES cycling

FES walking programmes often have a high profile and get reported by the media. A typical response
from most non-SCIPS to such reports is very positive, the researchers and research are "brilliant" and
the subject "brave". Many SCIPs respond differently; typically the research might be described as "a
waste of resources that could be better spent" and the subject as "mad or sad". Indeed high profile
FES walking research is one of the reasons responsible for the negative and cynical attitude that many
UK SCIPs have about SCI (spinal cord injury) research. They see researchers not as having the aim of
improving the quality of life for SCIPs but rather attempting to make them as much like their able
bodied selves as possible.

I do not share these views but I empathise with them. At our present level of technology it is difficult
to see how FES walking can be more functional than a wheelchair and thus it is difficult to see what
benefits it can offer. It is highly inconvenient, demands enormous energy expenditure and looks
grotesque. It is more disabling than enabling. FES walking and the training required does of course
offer some health benefits. However because FES walking is so functionally useless and so extremely
inconvenient it is doubtful if it will ever significantly benefit the health of SICPs in the foreseeable
future.
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By contrast FES cycling can be made functional, enjoyable and health promoting with today's
technology. It has been very well received by the UK Spinal Injuries Association and many SCIPs
have expressed a strong desire to participate.

SCIPs want to enjoy a good quality of life and the means by which that is achieved is not of prime
importance. Many if not most are not overly concerned with being "able bodied" or "being able to
walk". What they desire is to be able to conveniently access and do those things that are important to
them.

Conclusion

Despite the enormous health benefits of exercise SCIPs, like most other people, will not exercise
unless that exercise is convenient and enjoyable. Thus research and development's prime objective
should be to create a FESC function that is convenient and enjoyable enough to attractive a significant
numbers of SCIPs.

The FESC function should be capable of being used on the open road with or without friends and
family and be easily usable without any more assistance than that already required for the activities of
daily living. To achieve this objective it is necessary that-

o the training period is of sufficient duration, frequency and intensity to allow the development
of adequate muscle strength and endurance. This requires that the bulk of the training be done
at home.

o the application of electrodes and connecting to the cycle is reasonably quick and easy.

o the cycle is attractive, efficient and looks like a piece of recreational or sports equipment not
like a piece of disability or hospital equipment.

o the FES cycle system is capable of the required speed and distance. This will often require an

alternative power source such as an ancillary motor, a hand cranking arrangement, a tandem
arrangement or any combination of the three.

For many years we have had, through FES, the ability to exercise muscles paralysed through SCI, and
through FESC we have had the potential to develop a convenient and enjoyable method of doing so.
When FESC becomes convenient, attractive and readily available there will soon be a significant
population of SCIPs whose lower limbs will not be wasted. This population will provide the material
for much useful research and we will be able to accurately and reliably assess the long-term health
benefits of frequent and continued FES exercise.

The equipment developed and expertise gained in creating user-friendly FESC will surely be of
benefit in other FES applications. Perhaps it will even assist in the eventual development of a useful
and functional FES walking capacity although I suspect a wheeled orthosis will be needed!

The limbs of SCIPs continue to wither. The development and widespread provision of a functional,
convenient, and enjoyable FES exercise is long overdue.
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27 YEARS OF CLINICAL EXPERIENCE WITH IMPLANTABLE
NEUROPROSTHESES FOR VARIOUS APPLICATIONS

Ross Davis

Neural Engineering Clinic, 76 Eastern Av., Maine, USA.

SUMMARY

Since 1973, Dr. Davis has been implanting neural stimulators and later drug pumps to restore
or improve motor function in spinal cord and brain injury, stroke and multiple sclerosis. Also
these neural implants have been used to modulate and decrease pain (chronic pain
syndromes), spasticity (cerebral palsy, spinal cord injury, stroke and multiple sclerosis) and
reduce chronic intractable seizures.

During these 27 years, many worthwhile developments in the implantable neural equipment
have been realized, as well as many lessons learnt to improve operative techniques to ensure
safer and improved results for the Patients.

With the advent of regulatory Boards and increasing restrictions by Health Insurance
Companies, more challenges have arisen to allow new equipment and applications to be
started, tested and accepted for clinical use and hopefully for payment.

The relationships between Manufacturers and ‘Concept Originators’ have varied over the
years. Often, personalities can make or break the developmental process. The increasing
needs to patent ideas/intellectual properties, which sometimes have been around for years and
even previously published (missed by the patent officer), have lead to vigorous legal battles,
consuming money with time delays, or resulting in surrendering worth-while projects. There
is a need for a responsible independent Appeals Board, made up of senior experienced
Researcher, to review these disputed patent claims. Then their findings should be admissible
in Court, if the case should reach this stage.

Much has been accomplished in the Neuroprosthesis area by the expanding presence of
Biomedical Engineers, more scientifically trained Physician and Therapists, and successful
Biomedical Manufacturers. Because of the previous and continuing investments by Private
Individuals, Universities, Research Foundations, Private and Government Granting Bodies,
the future for Neuroprosthetic device development and use continues to look very bright.

STATE OF THE ART UP TO 1973.

Chronically implantable neural stimulators evolved from cardiac pacemaker technology, and
began in 1963 with the activation of the phrenic nerve for long-term artificial respiration. The
larger field of pain control started in 1965, with a single channel stimulator activating a
peripheral nerve, and in 1967 with spinal cord stimulators. In 1972 chronic cerebellar
stimulation (CCS) was used to activate the human anterior lobe cortex in patients with
disorders of posture and movements secondary to vascular stroke and to cerebral palsy (CP),
and achieved a reduction in muscular hypertonus, so allowing functional improvements. In
1973, chronic deep brain stimulation for pain control was started.
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CLINICAL EXPERIENCE WITH IMPLANTABLE NEUROPROSTHESES

In 1973, Dr. Davis started implanting stimulators chronically on peripheral nerve (PNS),
spinal cord (SCS) and cerebellar cortex (CCS). PNS and SCS were used to modulate and
decrease pain (chronic pain syndromes), and spasticity (spinal cord injury: SCI; stroke and
multiple sclerosis: MS). CCS was used to reduce spasticity in CP and brain injury, and
chronic intractable seizures.

During these last 27 years, many physicians and biomedical engineers have contributed
worthwhile developments in the field of implantable neural prosetheses. Many lessons were
learnt to improve operative techniques to ensure safer and improved results for the Patients,
and to improve the equipment the implanted.

A. Surgical lessons: The most important problem with implanting neural prosthetic devices is
the appearance of an infection in the tissues surrounding the implant. After a needle specimen
of the fluid around the device has been taken and cultured, antibiotics must be started
immediately. Then in the next 1-3 days, the device and electrodes must be removed; and
reimplanted in 6-8 weeks. The question always is how did this infection occur and how could
it be prevented. Most infections occurring in the tissues around implanted devices are from
the skin organisms, principally Staphylococcus epidermitus, which is low on the pathogenic
scale and takes months to show its presence as a swelling and slight color change around the
implanted and leads. Rarely, Staphylococcus aureus is found in the tissues around the device
and usually appears in the tissues as a swelling with considerable redness usually in the first
2-4 weeks following implantation. Very rarely does a blood-borne infection occurs in the
tissues around at the implant; these can occur from infected teeth, septicemia or other distant
sources, especially in diabetic patients.

Preventative techniques should be followed: 1. Do a thorough skin preparation with a
penetrating antiseptic solution. 2. Careful draping of the surgical area particularly with a clear
plastic adhesive covering to prevent touching of the skin. 3. Irrigate all wounds with antibiotic
solution regularly; leave antibiotic solution around the device and electrodes, and all wounds.
4. When closing the wounds, make sure there is no blood oozing from the tissues, and that
the subcutaneous tissues are sutured tightly as a barrier, before closing the skin. 5. Skin
sutures should be inserted carefully so that the edges come together evenly; this is the only
barrier to stop infection. Leave the skin sutures in for 14 days as a precaution against possible
skin opening. 6. Start [.V. antibiotics prior to anesthesia; continue for 10 days by mouth. 7.
For future prevention of blood-borne infection: give oral antibiotics when dental surgery is
undertaken, and when there are other sites of infection, particularly in diabetic patients.

B. The surgeon and implant devices: 1. It is assumed by the surgeon in the operating room
that the device has been fully tested before removing it from its sterile package. 2. The
Manufacturing company’s “Field Engineer” should be present during the surgery to assist
with any testing or calibration that has to be done to insure that the device does work. 3. The
engineer should return to the surgeon's office to instruct the nurse/ therapists / surgeon as
well as the patient as to how the external controller works and how the engineer can be
contacted for future follow-up. Although the above appears obvious, it must also be
understood that at this time only a few surgeons are interested or even skilled with the
implantable devices. They are generally busy with little time to be dealing with these
adjustments. In larger clinics, nurse clinicians and therapists are trained to make adjustments
to the patient external controller and accessories. Only in the past 4 years has mutual interests
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developed between the physicians and biomedical engineers, resulting in a sharing of each
other's society meetings and journal (‘Neuromodulation’).

C. The relationship between the physician and the manufacturer: Following the experience of
a physician implanting devices over time, new concepts of how the equipment could be
improved are discussed with the manufacturer. Depending upon the manufacturer, the
physician will find a combination of different responses, from one of indifference to one of a
partnership, which can benefit both and eventually the patients. The physician, who is the
advocate of the patient, may find a conflict of interest and then must seek legal assistance.
The physician, usually intent upon publishing his results and concepts, now faces secrecy,
patent applications and future royalties. The physician's time and effort now has to be
redirected in order that the device development and its animal and clinical testing are carried
out with the approval of the medical center's institutional review board. U.S.FDA/ CE
approval for early clinical investigations must be sort and carried out prior to further approval
to market the device. With a new device comes new surgical procedures; therefore
applications must be made for new codings so that the insurance companies will pay for the
devices and the procedures, this last step may take up to two years. The above entire process
requires considerable time, collaborative effort and understanding by all parties, plus the
infusion of sufficient money.

D. Patents: From most physicians’ experiences, little is known of patents, the process of
drafting and obtaining a patent, and the protections and problems that arise from patents in
industry. Many physicians, who have examined patents related to their specialty are often
surprised by a claim, for example, made in 1996, which was known by the physician to be
published in the medical literature some years before. From a physician's point of view, there
appears to be a basic lack of knowledge of the medical literature either by the person who is
making the claim or the patent examiner. Since industry is dedicated to producing safe and
useful products for the benefit of patients at considerable cost and time, it is recommended
that an independent advisory board be made up of experienced medical scientists to examine
and determine whether the claim is original or not, and so notified the patent examiners and, if
necessary, the court.

E. Patients: Above all, the patient and the medical problem are at the center of our interest
and endeavors. The devices that are conjointly developed, manufactured and tested should be
of the highest quality with the best support given for its continued care and performance after
implantation.

CONCLUSION

Much has been accomplished in the Neuroprosthesis area by the expanding presence of
Biomedical Engineers, more scientifically trained Physician and Therapists, and successful
Biomedical Manufacturers. Because of the previous and continuing investments by
Manufacturers, Private Individuals, Universities, Research Foundations, Private and
Government Granting Bodies, the future for Neuroprosthetic implantable device development
and use continues to look very bright.
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SUMMARY

The first generation injectable microstimulator was glass encased with an external tantalum capacitor
electrode. This second generation device utilizes a hermetically sealed ceramic case, with platinum
electrodes. Zener diodes protect the electronics from defibrillation shocks and from electrostatic
discharge. The capacitor is sealed inside the case so that it cannot be inadvertently damaged by surgical
instruments. This microstimulator referred to as BION®, is the main component of a 255-channel
wireless stimulating system.

BION® devices have been implanted in rats for periods of up to 5 months. Results show benign tissue
reactions resulting in identical encapsulation around BION® and controls. Stimulation threshold levels
did not change significantly over time and ranged between 0.81 to 1.35 mA for all the animals at 60 psec
pulse width. All of the tests performed to date indicate that the BION® is safe and effective for long-term
human implant.

We have elected to develop BION® applications by seeking collaboration with the research community
through our BION® Technology Partnership.

INTRODUCTION

The BION® system is a wireless network of up to 255 single-channel stimulators controlled and powered
by an RF link from a central external controller. Each stimulator consists of a ceramic and titanium
cylinder capped at each end with anode and cathode, both platinum. The cylinder is 15.6 mm long and
2.5 mm in diameter. Each stimulator produces asymmetric biphasic capacitively-coupled constant-
current pulses. Pulse width (0 to 500 psec), pulse amplitude (0 to 40 mA) and pulse frequency (0 to
3,472 pps shared among all active BION® stimulators) are controlled digitally by the external controller
via a 2 MHz AC magnetic link. [1-6]

The second generation BION® stimulator includes additional characteristics. a) Bipolar zener diodes
were installed around the electronics module to protect the BION® from defibrillator shocks and from
electrostatic discharge. These diodes can protect against 25,000 volts, 10 usec electrostatic discharge
and against a 0.3 amp. defibrillator pulse. b) The tantalum capacitor was moved into the package to
protect it from accidental damage during handling and implantation. ¢) The packaging was changed to a
250-micron walled ceramic cylinder hermetically sealed to titanium annular rings, to which platinum
electrodes are attached at either end.

MATERIALS AND METHODS

In-vitro Tests

BION® stimulators underwent accelerated life and mechanical stress tests. The accelerate test was
performed with 31 BION® internal electronics activated for 1,000 hours each at an elevated temperature
of 125°C while being operated at a maximum energy level (burn-in test). For the mechanical stress tests,
the case was subjected to a three-point bend test and a tensile test.
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In-vivo Tests

A. Surgical Preparation

Experiments were carried out on 11 rats (4-5 months old, 280 - 300 g females). Animals in the Study
Group (n=6) were implanted with four devices: one BION® in each thigh, and the two passive controls
were implanted sub-fascially on both sides of the thoracic spine area. To insert the implants in the
hindlimbs, the sciatic nerve was exposed at the thigh level by separating the fascia and dissecting deeper
between the vastus lateralis muscle and the biceps muscle. A 1-2 cm long tunnel was dissected along the
mid-thigh exposing the sciatic nerve. The BION® was oriented so that the cathode was inserted towards
the knee. Implants were not sutured. The fascial layer and the skin layers were then closed. The 2
passive controls, a BION® without electronics and a similar sized silicon rod (NuSil Technology,
Carpenteria, CA), were implanted in the posterior thoracic area. A mid line skin incision was made
midway along the thoracic spine, then about 1 cm off the midline, the underlying muscle fascial layer
was separated. A 1-2 cm long tunnel was dissected at 45 degrees outwards on each side so that the 2
controls could be inserted. The fascial layer and skin were then sutured closed. The Control Group
consisted of 5 rats implanted with a BION” casing (left thigh) and a silicone rod (right thigh) adjacent to
the sciatic nerve.

B. Stimulation

After surgery, animals were allowed to recover for 2 weeks. Animals in the Study Group were placed
into rodent restrainers (Harvard Apparatus, Holliston, MA) and then in groups of three into the
transmitting coil that sends data and power to the BION® stimulators. In all but one animal, the BION®
implanted in the left leg was set as inactive and the stimulation settings were programmed to zero.
Stimulation settings (Pulse Width, Pulse Amplitude) required to produce threshold twitches of the
muscles were determined for each active BION®. The Current amplitude used during daily stimulation
was set in order to produce a strong visible twitch (usually twice the threshold). Three animals were
stimulated with a stimulation pattern of 25-s OFF period and 5-s ON period at 20 Hz. The other three
animals were stimulated with a stimulation pattern of 5-s OFF period and 5-s ON period at 20 Hz. In all
the animals, stimulus trains were applied starting at two 20-min sessions a day and finishing with three 1-
h sessions a day, four to five days a week, for a period of up to five months [7].

C. Measurements

In order to verify the implant location X-rays were taken after the 2-week recovery period and again
before the explantation. To take x-rays, animals were anesthetized with isofluorane gas, 1.5 - 2.5 % via
facemask. Thresholds to produce a palpable muscle were measured twice a month for every implanted
BION®. The daily stimulation was video recorded.

D. Tissue Processing

Animals were euthanized using pentobarbital S (100 mg/kg, i.p.). Passive implants and their surrounding
tissues were dissected from the mid thoracic spine area. Each rear leg containing a BION® was also
dissected. All the samples were preserved in 10% neutral buffered formalin and sent to a commercial lab
(Pathology Research Laboratory, Berkeley, CA).

Implants were removed and each muscle sample containing fibrous tissue capsule was divided in three
segments including anterior, middle and posterior levels. The corresponding segment of Sciatic nerve at
the various regions was also included. The sections were sent to HistoTec Laboratory (Hayward, CA)
for tissue processing and hematoxylin and eosin slide preparations. Selected slides were further stained
with Siever-Munger and Cresyl Echt Violet stains to evaluate the nerve fibers.

RESULTS

In-vitro Tests

All 31 units successfully passed the 1,000-hour burn-in test. When comparing the device parameters
before and after the burn-in, only the 10 microamps recharge current was altered. The average 10
microamps recharge current increased by about 4 microamps and the maximum increase in recharge
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current was 6.7 microamps. The changes in the 0, 100, and 500 microamps recharge current were
negligible.

The mechanical tests showed that the ceramic case can sustain approximately 40 lbs of force in a three-
point bend test while the glass BION® fails at around 5 Ibs. The ceramic-metal brazed case pulls apart at
40 pounds of applied tension, which is equivalent to over 10,000 psi of internal pressure.

In-vivo Tests

All BION® devices stimulated and produced muscle contractions in the legs during the total duration of
the study. The twitches were well tolerated by the animals, which usually slept during the stimulation
period. During the study period, thresholds were measured for each implanted device, including the
inactive BION® devices. These thresholds did not change significantly over the study period and rather
decreased when compared to those values measured right after the implantation (Figure 1). Figure 2
shows the cumulative charge density applied to each animal. No device migration was found.
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Figure 1. Threshold level mean for active and Figure 2. Cumulative charge density applied to
inactive BION®™ stimulators each individual

All sections of the leg muscles implanted with BION® or silicone rods had similar fibrous tissue reaction
(encapsulation). The round capsules consisted of compact laminated layers of fibro-collagenous tissue
varying from 50 to 100 microns in thickness. There were varying degrees of mononuclear cell
infiltration, primarily small macrophages and lymphocytes, within the capsular walls.
Polymorphonuclear cells (neutrophils) were rare. Sciatic nerves and/or nerve branches were evident in
each of the sections. Microscopically, all nerve bundles and muscle fibers were within normal limits.
The two special stains confirmed cellular integrity of the nerve sections (figure 3).

Figure 3. Photomicrographs of
the implantation site of (A) an
active BION™; (B) inactive
BION®; (C) casing; and,
(D) silicone rod. Sciatic nerve
bundles, capsule and muscle
tissue are shown.
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DISCUSSION

All of the tests performed to date indicate that the BION® is safe and effective for long-term human
implant. BION®™ technology could enable many FES applications. We considered developing
applications in house vs. the alternative of developing an infrastructure that would enable collaborators to
develop applications with our support. In coordination with Advanced Bionics — the licensor of this
technology, we opted to do the latter. Our decision was primarily based on our desire to make BION®
technology as widely available as possible. This infrastructure is the BION® Technology Partnership or
BionTech™.

Through BionTech™ we offer technical and regulatory support, an arena for communication and
exchange of information through our web site: www.biontech.org and of course, BION® devices
available for a nominal price.

Also, to support this project we have been developing a control system containing external hardware and
fitting software both designed for many purposes. The external controller is easily wearable; it can
control up to eight BION®devices and can be attached to a wide range of coils. The fitting software is
also designed for general purpose and for ease of use in a clinical setting.
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SUMMARY

Since 1995 22 deaf patients ( 8 adults, 14 children) underwent bilateral cochlear
implantation in a two step surgery. In the adult group we could identify, that bilateral
implantation only in selected cases is useful. After two years experience in bilateral adult
cochlear implantation, we started in children in 1998. So far all bilaterally implanted school
children attend mainstream primary school.

STATE OF THE ART

In the last decades around 35.000 patients (out of them around 15.000 children) were
cochlear implanted world wide. Cochlear implantation became a routine procedure in the
treatment of postlingual deafness in adults and deafness (in all etiologies) in children.
Cochlear implantation still is no indication in prelingually deafend adults, or adults
integrated in the deaf community by using sign language. Generally only one ear will be
implanted . For decades bilateral hearing aid support for hearing impaired patients
(especially in children !) is out of discussion. The importance of bilateral hearing for the
development in children is quite clear, but bilateral cochlear implantation is still rare. The
new approach of this study, out of the experience of more than 340 cochlear implantations at
the ENT university department Vienna, is the bilateral cochlear implantation. Right now
there are only very view ENT centers woldwide, performing bilateral implantation (for
example ENT University department Wiirzburg, Germany- and the Vienna ENT University
department, Austria). Right now bilateral cochlear implantation happened only incidentially.
For example up to date, there are only 12 bilateral CI recipients in the US and none in Japan.
Aim of this study and sharing this experience with international colluegues, is to define
bilateral implantation as a new state of the art in future, when indicated in a patient.
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MATERIAL AND METHODS

Since 1995 eight adults underwent bilateral cochlear implantation in a two step surgery. Six
patients are wearing bilaterally implants from the Combi 40 - Combi 40 + series (Med El,
Innsbruck, Austria) or older analog implants (Med El, Innsbruck, Austria), one patient wears
two implants from different manufacturers- Nucleus mini 22 (Cochlear corp., Melbourne,
Australia) / Combi 40+ (Med El) and one patient wears Nucleus mini 22 / Nucleus contour
(Cochlear corp., Melbourne, Australia). Analysing the patients data , ethiology, surgical situs
and implant type it is useful to form four different groups.

Group A: older analog device versus Med El Combi 40 / Combi 40+

Group B: Nucleus mini 22 versus Med El Combi 40+

Group C: same implanttype on both ears, but different fitting (= programming) parameter,
because of etiology or surgical circumstances

Group D: same cochlear implant bilaterally ( for example two Med El, or two Nucleus) and
symetric fitting parameter

After two years experience in adults we started bilateral implantation 1997 in children. So
far 14 children underwent cochlear implantation in a two step surgery. Prior to bilateral
implantation all children were good unilateral cochlear implant performers. The decision in
favour of bilateral implantation was done after careful audiological reevaluation, together
with parents and children. If necessary, the radiological evaluation through CT and MRI
scans was repeated, for example in case of meningitis. The timeperiod in between the first
unilateral and the following contralateral (bilateral) cochlear implantation, was within two
months, up to seven years (mean 20 months). The childrens age at the time of bilateral
implantation was between 24 months and 14 years old ( mean 80 months).

RESULTS

As a result, significant superior speech understanding- especially in noise, and acoustic
orientation, can be achieved through bilateral cochlear implantation, in a “group D situation”
only !

To obtain a subjective and in speech understanding performance evident benefit of a
bilateral cochlear implantation, two multichannel fast stimulators, are mandatory. Otherwise
the “better” ear remains dominant. For the intended and prooved benefit of bilateral
implantation we recommend bilateral cochlear implantation in a “group D” situation only.
We could not observe any surgical or psychological problem. All “group D” children and
adults (out of them seven school children), wear both implants with a behind the ear speech
processor (Med El Tempo+®, Nucleus esprit®) all over the day. Seven school aged children
(=100%) attend regular mainstream school successfully. Children, parents and teacher report
improved life quality, which is correlated to enhanced speech understanding and directional
hearing. According to this data and the cumulative bilateral cochlear implant experience in
children and adults of over 36 years, bilateral cochlear implantation should be golden
standard in all meningitis cases and should be at least considered- especially in children,
whenever audiologically, anatomically and financially possible.
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THE ‘MIVIP’ VISUAL PROSTHESIS FOR OPTIC NERVE STIMULATION
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SUMMARY

The ‘MIVIP’ visual prosthesis generates visual perceptions well below safety and stimulator
saturation limits. These phosphenes are of reasonably small size and broadly distributed in the
visual field. They can thus be used to convey useful visual information. Psychophysical evaluations
are being performed in order to assess the implantee’s benefits in the use of the «MiViP» optic
nerve visual prosthesis. In a pattern recognition task, the performance improved regularly with
practice with an increasing score and a decreasing delay to recognition. These observations open
the way towards an evaluation of general mobility improvement with the portable system. In
conclusion, the results obtained so far still support the potential usefulness of the optic nerve visual
prosthesis. A low-resolution artificial vision can be expected from the prosthesis after extensive
training.

STATE OF THE ART

The visual cortex has been the stimulation target for the very first visual prosthesis implanted in a
blind person /1/. More recent attempts /2/ rely on high-tech electrodes and improved stimulators but
have not yet reached the level of chronic human implantation. In industrial countries, a significant
number of the late blind patients who might benefit from a visual prosthesis are suffering from
retinitis pigmentosa. It has been shown /3/ that in this disease, a large number of ganglion cells do
survive even when the photosensitive layer of the retina has dyed out completely, thus leading to
complete blindness. This fact has led several teams to explore the possibility of a direct retinal
stimulation, either with subretinal electrodes, between the retina and the choroids, or epiretinal
devices placed between vitreous and retina /4/. The main advantage of leaving the brain intact is
counterbalanced however by huge technological hurdles that have not been passed yet. As a simpler
and more immediately available technique, a self sizing cuff electrode /5/ was implanted around the
optic nerve of a blind volunteer /6/. In this implementation, control of the potential field generated
by four contacts is used to selectively stimulate a fraction of the nerve /7/. The purpose of this study
is to provide an update account of the potentialities of this approach as can be deduced from results
obtained in the first implanted human volunteer.

MATERIALS AND METHODS

A 59 years old lady with retinitis pigmentosa has been implanted with a self-sizing spiral cuff
electrode around her right optic nerve on February 1998. Later, on August 20 2000, the
percutaneous lead was replaced by an implanted stimulator and antenna for telemetry. The silicone
rubber cuff electrode includes 4 platinum contacts of 0.2 mm? area. These are driven by the
independent current sources of the implanted stimulator. Biphasic pulses with charge recuperation
have a time resolution of 21.3 us, and a current intensity ranging from 10 pA to 3 mA with a non-
linear amplitude resolution. Each stimulator has an output span of £ 8.5 Volts, which thus provides
a range of 17 Volts when one of the contacts is used as an anode in a bipolar montage. Only half
that voltage is obtained with a monopolar montage whereby the stimulator case is used as reference.
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Based on data from the literature /8/, /9/, the stimulation strength was kept below 340 nC for single
pulses and 100 nC for 300 Hz pulse trains, which corresponds to 170 and 50 pC/cm?.phase
respectively.

The optic nerve activation is achieved under control of external equipment using radio-frequency
transmission with a 3 Mbit/s data rate. This external equipment includes a dedicated head-worn
artificial retina and a digital signal processor. This system extracts significant pixels from camera
images and defines appropriate stimulating conditions of the nerve susceptible to elicit
corresponding phosphenes in real time. Psychophysical experiments included a pattern recognition
task /10/. Fifty simple patterns were used during a ten-session program with feedback from the
instructor. Four evaluation sessions were embedded in the training program to assess learning
improvement.

This project fully complies with the Declaration of Helsinki, and was approved by the Ethics
committee of the School of medicine and University Hospital of the University of Louvain,
Brussels.

RESULTS

Measured electrode impedance values /11/ have been used to calculate the stimulator saturation
levels as plotted for different pulse durations in figure 1. Another trace of the figure describes the
safety limits complied with in this study. As can be seen from the left part of the figure, the safety
level corresponds to the 200 pus monopolar single pulse saturation point, but falls clearly below that
level for longer pulses. The right part of figure 1 gives the corresponding values for a burst
stimulation: 300 Hz safety limit.

The limits for single pulses The limits for high frequency trains
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Figure 1.

Left panel: Current ranges for single pulses of various durations. Open squares represent the
saturation level of the stimulator output in a bipolar montage (17 Volts range), open circles
represent the same limit when the stimulator case is used as a reference (8.5 Volts limit). Asterisks
stand for the safety limit as gathered from the literature. Filled triangles represent the typical
phosphene perception thresholds.

Right panel: Current ranges for pulse train stimulations. All symbols are similar to those of figure
1. The safety limit and typical threshold traces are obtained here for high frequency pulse trains.

The perception threshold bounds the lower side of the operational range. Again, the single pulse
results are plotted on the left while the right panel of the figure holds the values for 17 pulse trains
at 160 Hz. Although the single pulse thresholds are close to the corresponding monopolar saturation
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level, a useful range is still available for pulse durations below 200 ps. A much broader stimulation
parameter choice is given with pulse trains but in this case, safety considerations will have to limit
the current values used.

The phosphenes described have areas from 1 to 50 square degrees. Their central position in the
visual field can reach from 35° upwards to 50° downward and from 30° to the right to 30° left of
the vertical meridian. For repeated stimuli, flicker fusion is observed between 8 and 10 Hz but
perception fades out between 1 and 3 s. A few phosphenes can be produced simultaneously, be it
through the interlacing of the pulses of individual trains. The phosphene position is stable enough
for these summated stimuli to be perceived as reproducible shapes.

Phosphenes generated by stimuli selected according to the processed signal from the head-worn
camera have allowed successful pattern recognition. In this task, the volunteer scans a projection
screen with head movements. Between 4 and 24phosphenes have been used in this test with
somewhat better results for the larger number of phosphenes. There is an obvious learning curve,
which tends towards stabilisation over the 12 sessions. When the system exploits 24 phosphenes,
recognition times including the scanning fall below 1 minute with a score of 60%.

DISCUSSION

The thresholds to single pulses are markedly higher than for burst stimulations. This is perfectly in
line with the already described link between perception threshold currents and other stimulation
parameters /12/. Safety limits abound in the literature /8/, /9/, but they have been obtained in
different nervous structures, using other electrodes and incompatible stimulation regimen. These
must thus be interpreted with caution because all those parameters could make a significant
difference. However, the stability of our long-term results over more than two years /12/ do suggest
that the maximal values selected here are unlikely to have damaged the optic nerve in any way. In
addition to the given limits, single pulses durations should be kept at 200 ps or less. Saturation can
occur with monopolar single pulse stimulation using an 8.5 volts stimulator output range. Pulse
trains are not likely to lead to such a limitation.

The phosphenes can be assembled in simple patterns /10/. Even very few phosphenes generated
according to the output from a forehead worn camera can lead to satisfactory recognition of simple
shapes, using scanning head movements. Accepting that a visual prosthesis can by far not be
compared with normal vision, the results obtained still hold much promise when considering the
level required to reach usefulness for the totally blind /13/. Evaluation of general mobility
improvement with the portable system is in preparation.

The results thus obtained demonstrate the potentials of the optic nerve visual prosthesis. A low-
resolution artificial vision can be expected but will require extensive training. The final objective of
the project to allow the volunteer to better cope with her visual environment during mobility and
grasping remains realistic.
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THE HAEMODYNAMIC FUNCTION OF INTRATHORACIC SKELETAL
MUSCLE VENTRICLES AFTER RECOVERY FROM SURGERY IN PIGS

Massimo Capoccia, Hazel Sutherland, Stanley Salmons, Jonathan C. Jarvis
Department of Human Anatomy and Cell Biology, The University of Liverpool, U.K.

SUMMARY AND STATE OF THE ART

The shortage of donor organs for heart transplantation and the high cost of mechanical
assist devices highlight the need for alternatives for the treatment of end-stage heart
failure. A promising experimental approach is the use of skeletal muscle ventricles
(SMVs), which can be connected to the circulation in various ways to provide both
left and right ventricular assistance (1-5). A subcutaneous SMV has pumped in the
circulation of the dog as an aortic diastolic counterpulsator for more than 4 years (5).
Here we present a new recovery model in pigs. The aim of the study was to form an
intrathoracic pumping chamber from the latissimus dorsi muscle (LDM) and to
connect it to the descending thoracic aorta in a single surgical procedure without
compromising the host circulation.

MATERIALS AND METHODS

Female domestic pigs were used according to the Animals (Scientific Procedures) Act
1986, which governs animal experimentation in the United Kingdom.

Animals were premedicated with azaperone (Stresnil) 2-4 mg/kg i.m., 30-45 minutes
prior to transfer to the anaesthetic room. Antibiotic prophylaxis was provided with
lincomycin 4.5-11 mg/kg. Induction was achieved with the administration of an i.v.
bolus of propofol (Diprivan) 1-2 mg/kg followed by endotracheal intubation.
Respiratory assistance was provided to maintain oxygen saturation above 95%.
General anaesthesia was maintained by a continuous i.v. infusion of propofol 8-12
mg/kg. Analgesia and respiratory depression were provided by the administration of
alfentanil 0.5-1.5 micrograms/kg/hr or diamorphine 0.062-0.09 mg/kg/hr.

Conditioning

The anterior border of the left latissimus dorsi muscle was exposed through a limited
flank incision with minimal disturbance of its blood supply. The muscle was partially
dissected free from subcutaneous tissue and the chest wall. An epimysial monopolar
electrode was placed between the muscle and the costal surface and secured with non-
absorbable suture. The pulse generator (Itrel, Medtronic, Inc.) was placed beneath the
left rectus sheath muscle. During the operation one unit of blood was harvested and
stored under controlled temperature for transfusion purposes in the next, more major
surgical procedure. After one week, the stimulator was programmed to deliver
stimulation to the LDM at a frequency of 1 Hz with a pulse duration of 190 msec and
an amplitude of 5V. Four weeks of prestimulation was used to transform the muscle to
a fatigue-resistant type.

Construction of SMVs

The animals were anaesthetized according to the same protocol. The stimulator was
removed from the abdominal pocket and a further unit of blood was harvested and
stored. The left latissimus dorsi muscle was dissected free from subcutaneous tissue
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and the chest wall, leaving its humeral insertion and the neurovascular bundle intact.
In order to make the SMV blood-tight during this procedure, the muscle was
fashioned into a pumping chamber around a pre-formed lining. The lining was a
composite homograft constructed from the pulmonary artery with a complete ring of
right ventricular muscle and part of the descending thoracic aorta of a donor pig. Two
new electrodes (Model 6500; Medtronic, Inc.) were secured in place, one on the deep
and one on the superficial surface of the proximal insertion of the LDM. The SMV
was transposed into the left hemithorax through a window in the chest wall, created
by partial resection of the anterior portion of the third rib.

Connection to the circulation

The chest was entered through the fifth intercostal space and the pericardium was
opened. Two epicardial unipolar pacing leads were placed on the surface of the left
ventricle. The muscular and epicardial leads were tunnelled to the original
subcutaneous abdominal pocket and connected to an R-wave synchronous pulse train
stimulator (LD Pace II, CCC Uruguay). The stimulator was programmed to deliver a
burst of impulses at 33 Hz every third left ventricular diastole (1:3 assist ratio).

The SMV conduit was connected to the descending aorta by an end-to-side
anastomosis. Blood was then allowed to flow in the SMV, which had previously been
filled with heparinised normal saline. Haemostasis was ensured and two chest drains
were placed. The wounds were closed in layers and the animal transferred to a
recovery area, where two members of the team monitored it over night.

Haemodynamic data collection and analysis

Haemodynamic data were recorded at the time of connection of the SMV. A more
complete analysis of SMV function was made at an elective terminal procedure after
one week. The previous left thoracotomy was opened and the SMV assessed visually.
The heart was then approached through a midline sternotomy. Transducers were
placed to measure left ventricular pressure and volume, SMV pressure and volume,
SMV and aortic arch pressure, and flow in the aortic root and in the conduit
connecting the SMV to the host aorta. The transducers were secured in place with
non-absorbable purse-string sutures. Data, including pressure-volume loops, were
collected with the SMV off and with the SMV activated at a range of delays and
durations in relation to the cardiac cycle.

RESULTS

Three animals were recovered successfully. In two, the SMV was still pumping but
the aortic homograft was kinked, resulting in thrombus formation within the SMV.
Haemodynamic measurements were made from one of these SMVs after the removal
of thrombus and reconfiguration of the conduit. In the third the problem of kinking
was avoided by constructing the SMV closer to the aortic arch with a shorter conduit.
The SMV was contractile and free from thrombus after pumping in circulation for one
week. Activation of the SMV from the end of systole for 80% of diastole increased
mean diastolic blood pressure above control levels (obtained with the SMV off) by
11.2+1.6% in one animal and by 15.8+0.3% in the other. Peak diastolic aortic
pressure was increased by 16.9+1.4 % and 20.1+1.2%. The left ventricular stroke
work in the post-assisted beat was decreased by 8.7+5.8% and 10.1+2.2% and the
overall stroke work by 7.4+1.2% and 9.4+0.8%.
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DISCUSSION

Permanent cardiac assistance from skeletal muscle is an attractive prospect. So far
only dynamic cardiomyoplasty and dynamic aortomyoplasty have been introduced
into clinical practice. Although the protocol widely used for cardiomyoplasty is far
from ideal (6, 7), follow-up studies show that 80% of the patients experience
symptomatic improvement. It has, however, been difficult to demonstrate any
consistent haemodynamic change (8). The benefit probably derives from a reduction
of wall stress, which interrupts the progressive cycle of dilatation and overload. Under
these conditions, the muscle is heavily loaded and operates far from the peak of its
power curve (9). The active assistance available from skeletal muscle can be
optimized by configuring it as a separate auxiliary pump, or skeletal muscle ventricle.
The effectiveness of this approach has been clearly demonstrated by work in Detroit,
where subcutaneous skeletal muscle ventricles (SMVs) have pumped as diastolic
counterpulsators in dogs for up to 4 years (5), longer than any other cardiac assist
device, mechanical or biological, in man or animal. The surgical technique for
constructing SMVs and evaluating them in circulation has undergone progressive
refinement and problems such as thromboembolism and rupture have been largely
overcome (10, 11). However, some issues need to be addressed. Subcutaneous
placement of the SMV is clearly not feasible in man. The current two-stage surgical
procedure is unacceptable for patients in end-stage heart failure. The ligation of the
descending thoracic aorta would not be accepted by the majority of surgeons.

We chose the pig as our animal model because it has been agreed that the SMV
approach must be shown to work in species other than the dog before clinical
application could be considered. Pigs are more sedentary animals than dogs and their
muscular and cardiovascular physiology is more similar to that in the human. Our
objective was to place an SMV intrathoracically in a single-stage surgical procedure
without compromisisng the host circulation. Only one end-to-side anastomosis was
required to connect the SMV in circulation. Our preliminary results have shown that
these targets have been achieved. The SMV was able to reduce the workload of the
heart at the same time as increasing the mean diastolic pressure, and therefore the
pressure available to drive coronary flow. The benefits of stimulating the LDM prior
to raising it as a graft have been discussed previously (12-14). The main drawback of
this approach is the need for a preliminary invasive procedure under general
anaesthesia, but this problem could be overcome by the use of non-invasive or
minimally invasive techniques of electrode and device placement or stimulation. The
use of the composite homograft was the key to forming and connecting the SMV in a
single procedure. It has the further beneficial effect of reducing the effective preload
for the SMV, and thus decreases the risk of ischaemia of the inner wall. The
functional role of the homograft lining could be taken on in clinical practice by a
synthetic composite or by a tissue lining produced in culture.
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CONDITIONING PROTOCOL AND STIMULATION DEVICE OF THE VIENNA SMV
PROJECT.

H. Lanmiiller, U. Windberger*, S. Sauermann, M. Rab**, E. Unger, W. Girsch***

Department of Biomedical Engineering and Physics, University of Vienna
*Department of Biomedical Investigation, University of Vienna
**Department for Plastic and Reconstructive Surgery, University of Vienna,
**% Orthopaedic Hospital Speising, Vienna, Austria

SUMMARY

The Vienna SMV is designed to perform counterpulsation parallel to the descending aorta. The neo-
ventricle is created by enlarging a segment of a thoracic aorta with pericardium, both from a donor, driven
from the latissimus dorsi muscle (LDM). This configuration has been proofed in acute experiments and
now in a ongoing chronic animal experiment.

In the chronic study the LDM is conditioned in situ before the SMV is constructed. At the beginning of
the study the clinically approved stimulation protocol for cardiomyoplasty was used bilaterally in four
sheep. Conditioning is completed after 12 weeks and results in a completely transformed muscle with
slow-twitching type I fibres. In two of these sheep a special concept of muscle prefabrication was applied
for the left LDM. The left LDM was detached from the thoracic wall, divided longitudinally and
reattached in situ to achieve vascular delay. This concept of muscle prefabrication proved to be a failure.
The histomorphological analysis showed a dramatic increase of perimysial and endomysial connective
tissue at the end of conditioning.

A shorted protocol for conditioning in situ has been used up till now in three goats. Conditioning is
started 1 week after electrode implantation with 30 contractions per minute. The number of pulses per
contraction is incremented biweekly from 2 pulses up to 5 pulses. Conditioning is completed after 8
weeks. The histomorphological analysis of the first animal showed a completely transformed muscle with
slow-twitching type I fibres.

At the beginning of the study an implantable nerve stimulator was applied in four adult sheep. This device
was developed at our own department, powered from a Lithium Thionyl Chloride battery and
hermetically sealed in a titanium case. To achieve a reduction in costs this device was modified into a
semi-implantable version. In this version only the electrode leads are implanted chronically. Three
sensing leads and four epineural stimulation leads are connected to a single skin button with an integrated
connector. The external ECG triggered pulse generator is fixed on the animal by an elastic belt, its
functionality is equal to the implantable version. Up to now the semi-implantable stimulator was used in 4
adult goats. An implantation period of 4, 7 and 6 month was reached without complications. An infection
because of the percutaneous link appears in one goat after 7 month. Overall, this resolution turned out as a
well useful and cost-saving device for animal experiments.

STATE OF THE ART

In the Vienna SMV project the skeletal muscle ventricle (SMV) consists of hemocompatible biomaterials
only and is designed to perform counterpulsation parallel to the descending aorta. The neo-ventricle is
created by enlarging a segment of a thoracic aorta with pericardium, both from a donor. The LDM is
divided longitudinally and the two resulting branches are wrapped around the neo-ventricle in
counterrotating direction. This concept was applied in a acute series in sheep /1/ and in a chronic animal
experiment. The chronic study starts in 1997 and is still ongoing. This paper is focused on the protocol for
preconditioning the LDM and the stimulation device of the chronic SMV study.
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MATERIAL AND METHODS

Two different protocols had been used for preconditioning of the LDM. In 4 adult female sheep (group 1)
the conditioning protocol was set according to the clinically approved stimulation protocol for
cardiomyoplasty by Chachques et al /2/. In this protocol the number of pulses (1,2,3,5) in one burst is
incremented biweekly, afterwards the number of bursts is incremented from 35 to 70 contractions per
minute. Overall, conditioning is completed after 12 weeks.

The surgical procedure was performed under general anesthesia. After surgery the animals were kept in
cages. The thoracodorsal nerve was exposed under careful preservation of the vascular pedicle emerging
from the thoracodorsal artery. Four epineural electrodes were sutured to the epineurium of the nerve in
helical manner. This procedure was done bilaterally and the electrode leads from the right and left side
was connected to an implantable stimulator /3/.

The stimulator and the epineural electrodes were designed and manufactured at our Department. The
nerve pacing leads are made from stainless-steel stranded wire (Eticon 612P, Ethicon Co., Norderstedt,
Germany), coiled and embedded in silicon (Selastic, Dow Corning, S.A., France). The battery-powered
pulse generator is hermetically sealed in a titanium case. Implant dimensions are 65 x 17 mm (diameter x
height), the device weighs 88 g. This pulse generator can be used for activating two skeletal muscles via
the motor nerves, using constant-current impulses with a maximum current of 4 mA at a pulse duration of
0,2 to 1 ms. Stimulation can be achieved by either single channel or multichannel methods (with up to 4
electrodes for each nerve), i.e. carousel stimulation and sequential stimulation. A stimulation burst can be
activated unsynchronized or synchronized to the ECG. Additionally, the system allows a dynamic
adaptation of the synchronization delay and the burst duration to the heart rate. Both parameters are
calculated by an internal microcontroller. The current values are the sum of a constant and a percentage of
the RR interval. The value of the constant, the percentage of the RR interval and all other parameters can
be set by an external PC, which is used as a programmer unit.

In the first two sheep out of this series a special concept of muscle prefabrication was applied for the left
LDM. The left LDM was detached from the thoracic wall, with all perforating vessels deriving from the
intercostal vascular bundles being ligated, while the LDM insertion at the humeral bone was kept
unaffected. After the intramuscular vascular architecture of the left LDM had been identified by means of
translumination, the muscle was divided longitudinally from its distal end up to the entry of the
neurovascular bundle in order to create two muscle branches of equal size. The LDM was reattached to
the thoracic wall with absorbable sutures in original position.

A shorted protocol for conditioning in situ was applied in 3 adult female goats (group 2). Conditioning is
started 1 week after electrode implantation with 30 contractions per minute. The number of pulses per
contraction is incremented biweekly from 2 pulses up to 5 pulses. Conditioning is completed after 8
weeks. In this group only the left the thoracodorsal nerve was exposed and four epineural electrodes were
sutured to the epineurium of the nerve. The left LDM was left untouched, without mobilization or
splitting.

Table 1. Shorted protocol for conditioning (group 2).

Weeks Burst type Muscle contractions per
minute
1 no stimulation no stimulation
2-3 double pulses 30/min
4-5 triple pulses 30/min
6-7 four pulses 30/min
8-9 five pulses 30/min

Used stimulation parameters: frequency 30Hz, pulse duration 0.6ms
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The leads terminate in one skin button with an integrated multipolar connector, which was placed in a
subcutaneous pocket (see figure 1). The connector (Redel Lemo Group, Ecublens, Switzerland) is
screwed into a disc with an axial flange covered entirely by a woven double velour patch (Meadox
Medical, Ratingen, Germany) which provides an infection barrier. The electrode wires are crimped to the
connector contacts and embedded in silicone rubber (Silastic, Dow Corning, S.A., France). Additionally,
three temporary pacing leads ( Medtronic, Inc., Minneapolis, MN, USA) embedded in a velour pouch are
connected to the skin button. The pouch is opened by building the SMV and the electrodes are placed on
the heart and used for ECG sensing. An external ECG triggered pulse generator was fixed on the animal
by an elastic belt. The functionality of this semi implanted device is equal to the fully implantable
version.

T

ey )

Figure 1. Electrodes used for conditioning (group 2) and ECG triggered stimulation of the SMV. Four
epineural leads and three sensing leads are connected to an integrated connector in one skin button.

RESULTS

The histomorphological analysis was done for all sheep of group 1. After conditioning the LDM was
completely transformed to slow twitching Type I fibers. The equivalent diameter of the Type I fibers was
decreased and the percentage of the connective tissue was slightly increased. The fully implantable
stimulation device performed without complications. The electrodes of one nerve had to be exchanged in
one instance after they were dislocated.

The concept of muscle prefabrication, which was applied for the left LDM in the first two sheep out of
this series proved to be a failure. A high increase in the perimysial-and endomysial connective tissue
together with a complete loss of muscle fiber architecture was evident. Beside the high increase of the
connective and fatty tissue the muscle fibers showed typical signs of degeneration or necrosis (for details
see /4/).

The histomorphological analysis of the first animal in group 2 showed a completely transformed muscle
of the left LDM with slow-twitching type I fibres. The percentage of the connective tissue was slightly
increased. Further analysis had not be done up till now.

An infection due to the skin button of the electrode leads appears in one goat after a implantation time of
7 month. An implantation period of 4, 7 and 6 month was reached without complications.
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DISCUSSION

Two clear massages can be drawn from the histomorphological results. The concept of muscle
prefabrication caused a disastrous outcome. As a consequence, muscle splitting and mobilization
followed by vascular delay and in situ conditioning as a concept of muscle prefabrication should be
strictly avoided. The stimulation protocol applied in group 1 without mobilization of the muscle showed
the expected outcome. The muscle was in a good condition and completely transformed to slow-twitching
type I fibres.

The first histomorphological analysis of the shortened protocol (group 2) did not show the result we had
hoped for. The protocol ends with a stimulation frequency of 2.5 Hz in average per day. Nevertheless, we
could not found a relevant part of type 2A fibres, as it was found in rabbit by Jarvis JC et. al. /5/ by
continuous stimulation at 2.5Hz.

The stimulation device, particularly the functionality turned out to be useful. The dynamic adaptation of
the synchronization delay and the burst duration to the heart rate enables a fast and simple adjustment.
This feature was very helpful during the chronic employment of the SMV, which was achieved in three
goats for 4, 5 and 4 month up till now.

The semi implantable device turned out as a useful and cost-saving device for this animal experiment.
The skin button seems to be resistant again an infection for an implant period of six month. However, this
setup is not resistant again the animal itself, which leads to interruptions of the stimulation for some
hours. The cable which was used to connect the skin button with the stimulation device was often found
in the cages used as a chewing gum. By that reason and additionally to prolong the implant period we are
now working on a full implantable and cost-saving device.
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THE VIENNA SMV-PROJECT
FIRST RESULTS FROM CHRONIC EXPERIMENTS IN GOAT
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SUMMARY

A new type of skeletal muscle ventricle (SMV) constructed of biological materials only was designed as
an aortic counterpulsation device: The SMV consists of an aortic homograft, enlarged to a pouch with
pericardium and is anastomosed in parallel to the descending aorta. The latissimus dorsi muscle (LDM) is
wrapped around the pouch. Stimulation electrodes are applicated to the thoracodorsal nerve and R-wave
triggered burst stimulation is applied during cardiac diastole. In a series of acute experiments in sheep the
hemodynamic efficacy was demonstrated and a standardised surgical procedure was established. A series
of chronic experiments in goat was scheduled in order to evaluate the reliability and patency of this new
type of SMV and its overall influence to the circulation.

Methods: In one goat an unconditioned LDM was used for SMV construction. In two goats the LDM was
preconditioned by means of a newly developed fully implantable ECG-triggered multi-channel-stimulator
and the SMV was constructed.

Results: The goats survived the procedure without any complications. The goats survived the procedure
without any complications. The SMV was in circulation for four, five and six months in these first
animals, stimulated chonically at a rate of 1:5 compared with the native heart rate. Reconstitution of the
resected third rib caused compression of muscle and nerve in the first animal. Consecutive loss of muscle
force terminated this experiment. Second and third goat were sacrificed as scheduled. In all three animals
the SMV was found patent at the end of the experiment.

Conclusion: Goat turned out to be appropriate for this kind of experiments. The configuration produced
distinct hemodynamic changes required for aortic counterpulsation. Several problems seen in the first and
second experiment necessitated modifications of the surgical procedure. The observed results still are
promising and the experiments will be continued.

INTRODUCTION

A new type of skeletal muscle ventricle (SMV)
constructed of biological materials only was
designed as an aortic counterpulsation device:
The SMV consists of an aortic homograft,
enlarged to a pouch with pericardium and is
anastomosed in parallel to the descending aorta.
The latissimus dorsi muscle (LDM) is wrapped
around the pouch (fig. 1). Stimulation electrodes
are applicated to the thoracodorsal nerve and R-
wave triggered burst stimulation is applied
during cardiac diastole. In a series of acute
experiments in sheep the hemodynamic efficacy
was demonstrated and a standardised surgical
procedure was established [1]. A series of
chronic experiments in goat was scheduled in
order to evaluate the reliability and patency of
this new type of SMV and its overall influence to
the circulation.

Fig. 1: Scheme of the SMV model
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MATERIALS AND METHODS

3 female adult alpine goats, weighing about 50kg, underwent the experimental procedure. In one goat an
unconditioned LDM was used for SMV construction. In one goat an unconditioned LDM was used for
SMV construction. In two goats the LDM was preconditioned by means of a newly developed fully
implantable ECG-triggered multi-channel-stimulator and a new stimulation protocol. 4 ring-shaped
stimulation electrodes were applied to the epineurium of the thoracodorsal nerve while the LDM was left
untouched [2,3,4]. During 8 weeks the LDM was conditioned to perform 30 contractions per minute
fatigue-free around the clock (the protocol is presented in detail by H. Lanmiiller)

Prior to the main surgical procedure the
pericardium and the entire thoracic aorta had
been excised from fresh goat cadavers. These
”homografts” were cryopreserved according to
approved techniques [5,6].

The SMV construction was performed as a
standardized procedure using a left side lateral
flank incision. The serratus muscle was
detached from the thoracic wall. A segment of
the third rib was resected subperiostally and
the fifth and sixth rib were removed and
preserved as pedicled vascularized grafts.
Enlarging the circumference of the homograft
with strips of homologous pericardium created
a neoventricle of about 50ml. This biological
conduit was anastomosed in parallel to the
descending aorta (fig 2a, b). The LDM was
wrapped around the ne oventricle, applying
near physiologic resting tension to the muscle
and the free end of the muscle was fixed to the
sixth rib. Two ECG-sensing electrodes were
fixed directly to the heart and the electrode
leads were connected with the implanted
stimulation unit. Finally the thorax was
reconstructed by means of the rib grafts and
the mobilized serratus muscle.

At the end of the procedure functional
electrical stimulation (FES) was started. R-
wave triggered burst stimulation at a rate of
1:5 with the native heart rate and limited to
maximum 30 contractions per minute was
applied during cardiac diastole to simulate
aortic counterpulsation.

Fig. 2: Intraoperative situs
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RESULTS

The goats survived the procedure without any complications. The SMV was in circulation for four, five
and six months in these first animals, stimulated chronically at a rate of 1:5 compared with the native

heart rate.
Activation of the SMV during diastole augmented the diastole to systolic pressure levels. Ultrasound

investigation revealed a reduction of the SMV-diameter of about 30% during LDM contraction, causing
arterial back-flow in the most proximal part of the aorta.
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Fig. 3: Hemodynamic measurements (arterial pressure curve derived from the brachiocephaliv trunk)
during ECG-triggered activation of the SMV (ECG curve interrupted by FES-pulse trains)
at different R-R intervals (3a -35%, 3b - 45%, 3c -60%)

Reconstitution of the resected third rib caused compression of muscle and nerve in the first animal.
Consecutive loss of muscle force terminated this experiment. Second and third goat were sacrificed as
scheduled. In all three animals the SMV was found patent at the end of the experiment.
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CONCLUSIONS

Goat turned out to be appropriate for this kind of experiments. The configuration produced distinct
hemodynamic changes required for aortic counterpulsation. Several problems seen in these first
experiments necessitated modifications of the surgical procedure. The observed results still are promising
and the experiments will be continued.
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DEVELOPMENT OF MUSCULAR BLOODPUMPS,
PERFORMED IN A ONE-STEP OPERATION
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Klinik fiir Herzchirurgie', Klinik fiir Andsthesiologie’ Medizinische Universitit zu Liibeck,
D-23538 Liibeck Germany

SUMMARY

Up to now skeletal muscle ventricles(SMVs) have required a 2-step procedure i.e. the construction,
followed by a vascular delay and electrical conditioning and the integration into circulation by a
second operation. As shown previously clenbuterol increased power of electrical conditioned
SMVs wrapped around a mock system (1,2) as shown in Fig.1
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Fig. 1: Top: A SMV around an intrathoracic elastic training device. A muscular contraction induces
a pressure increase within the cavity of the elastic device. Bottom: Original pressure curves during a
dynamic training from a SMV of group I without B-2-stimulation (A) and group II supported by
Clenbuterol (B). Clenbuterol supported SMVs of group II maintained pressure (function) at a high
level over time. Stimulation pattern is shown with an increasing number of pulses per burst..

They pumped successfully from construction to several months against a pressure of

60-70mmHg ( 3 ).

Thus a muscular blood pump was performed in a one-step procedure and trained within the
circulation under support of clenbuterol. It showed to be hemodynamically relevant and is expected
to become clinic practicable for the treatment of end-stage heart failure.
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STATE OF THE ART

The prevalence of heart failure is increasing in industrial countries and evolving a major problem of
health care in the next decades. To meet this challenge intensified research on the disease and
especially its treatment alternatives is mandatory since the standard therapeutical option of heart
transplantation is limited. Muscle powered cardiac assistance might become a real alternative to
heart transplantation.

Desirable properties of skeletal muscle for cardiac assistance include fatigue resistance and
powerful mechanical performance. Current clinical application of non fatigable muscle was limited
due to the profound power loss after electrical conditioning. In long-term investigations, skeletal
muscle ventricles (SMVs) were performed around an elastic intrathoracic training device ( 1-4 ).
SMVs were treated over several month by a threefold approach in order to achieve non fatigable
and powerful muscle pumps by a combination of electrical conditioning ( 4 ), dynamic training
against systemic load, and pharmacological support with clenbuterol. SMVs treated in that way
became powerful, as demonstrated elsewhere ( 3 ).

These SMVs were expected to become effective as muscular blood pumps performed in a one-step
operation and trained within circulation. This autologous muscular blood pump with a stabilizing
inlay, performed in a one-step operation and trained within the circulation, is defined as a
Biomechanical Heart (BMH).

MATERIAL and METHODS

The operative procedure was performed under general anaesthesia in adult 5 Boer goats of a mean
weight of 79+6.6 kg. Left latissimus dorsi muscle was dissected free and Myoelectrodes were
placed wavelike around the branches of nervus thoracodorsalis. The threshold of the muscle was
determined by electrical stimulation. From a double layered muscular tube of latissimus dorsi
muscle, a skeletal muscle ventricle was placed around a silicone-polyurethane inlay and inserted
into the thorax after partial resection of the 3" and 4™ rib. Through an inferior thoracotomy, the
vascular prostheses from the ventricular inlay of the BMH were anastomosed with the descending
aorta end-to-side (Fig.2)

Myo-
stimulator

2).
Fig. 2: Topography of a biomechanical heart in aorta-descendens
position in a goat. The aorta is ligated between the two anastomoses
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The aorta was ligated totally between the two anastomoses. A myocardial sensing electrode was
placed and connected with a myostimulator to trigger muscle contractions in the sense of
counterpulsation. Pump function of the BMH after several weeks of a dynamic training was
demonstrated by arterial blood pressure, ventriculography and by means of a conductance catheter
resulting in pressure-volume loops (5) (Fig. 3).

RESULTS

Intra-operatively, mean stroke volume of BMHs was 53.8422.4ml. One month post-operatively in
peripherial arterial pressure, mean-diastolic(Pyp) and minimal diastolic pressure(Pumin) of BMH
supported heart cycles differed significantly from non supported ones as described elsewhere. One
BMH, catheterized 132 days postoperatively, shifted 34.8ml per beat and 1.4L/min using a LDM of
330g (Fig.3).
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Fig. 3: Volumetry within a BMH by the conductance catheter method (top). ECG with stimulation
bursts and pressure trace from a peripherial artery with BMH contractions in 1:2 mode (bottom):
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CONCLUSION

Under support of clenbuterol, Biomechanical Hearts of a clinical relevant size can be trained
effectively in systemic circulation after a one-step-operation and offer the prospect of a sufficient
volume shift and probably unloading of the left ventricle.
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SUMMARY

Myostimulators were used to evoke muscle contraction synchronously or asynchronously in order to
assist failing heart. Many interesting features of these implanted devices were dispersed and might be
combined into a new stimulation system. Additionally, our approach includes a fully independent
measurement unit for electrical and non-electrical biosignals (ECG, pressure). Via a radio-telemetric link,
new and user adapted stimulation protocols as well as measured data could transferred bi-directionally.

STATE OF THE ART

Skeletal muscle is clinically and experimentally used to assist failing heart in several manners. Clinical
applications are the cardio- and aortomyoplasty, experimentally the skeletal muscle ventricles and the
Biomechanical Hearts. Independently of the type of application, skeletal muscle contractions must be
evoked synchronously to subjects heart beat. Therefore, an ECG-triggered myostimulator has to be used,
which delivers an electrical pulse train via stimulation electrodes to the muscle respectively to the
muscle's nerve. Common myostimulator systems allow via a nearfield telemetry the adjustment of the
electrical stimulation pattern deliver to skeletal muscle. Thus, the stimulation parameter could be adapted
to a user defined stimulation protocol, varying the pulse amplitude, the pulse width, the number of pulses
per burst, the interpulse interval (constant, incremental, decremental), the number of bursts per minute
respectively heart beat in R-wave - triggered mode, the R-wave-distance of the burst, etc. Furthermore,
actual devices allow /1/ a multichannel stimulation, a dynamic adaptation of the synchronization delay
and the burst duration to the heart rate, an optimized pulse train definition (N-lets), /2/ a work-rest regime
and a day - and night setting with time-dependent cardiac assist ratios.

Although the current stimulation systems allow a precise setting of the stimulation parameter, some of the
interesting features are dispersed over several devices and might be combined in one. Additionally some
new features for experimental and later clinical purpose are desirable.

Beside the standard stimulation techniques, a new myostimulator might be improved, if it is able to:

e adjust within a burst the pulse amplitude, the pulse width and within the pulse its polarity (biphasic
pulse).

e deliver a burst with free defined interpulse distance between each pulse in order to achieve the
"doublet" or "N-let" effect. This effect was described in /3, 4 and others/ as a method to increase
muscular power by initiate an electrical stimulus with an double, triple, etc. pulse sequence with
smaller interpulse distance than the following pulses.

e provide a low to very low constant frequency prestimulation (below 1Hz) over weeks with work-and
rest regime. In /5, 6/ a prestimulation frequency of 2.5 Hz is described as useful to improve blood
supply in the distal region of the latissimus dorsi muscle in sheep.

e assist the cardiac cycle with an assist ratio of 1 muscle contraction per 255 heart beats up to a 1:1
mode, rather than a common assist mode of 1:20 up to 1:1.

e allow a work-rest regime and a days and night rhythm with a reduced assist mode.

e synchronize muscle's contraction into the "late distolic" phase of the heart beat, in order to reduce the
loading of the following heart beat in a counterpulsator setup /7/. This might be performed by a
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"backward" definable R-wave delay of the stimulation burst and a dynamic, heart rate dependent burst
duration adaptation.
e stimulate two skeletal muscle independently.

Additionally to the stimulation task, a new to design device might be used to register the effect of
muscle's contraction on circulation. Thus, the effect of different stimulation patterns but also the effect of
a drug administration might become valuable /7, 8/. Therefore, the myostimulator must be extended with
the ability of measuring, storing, transmitting and evaluating electrical and non-electrical biosignals as the
ECG but also the blood pressure. In /9/, a new implantable MEMS based pressure sensor was introduced
which might become implanted f.e. into the left atrium, the aorta or the pulmonary artery, if long term
stability of the sensor is shown.
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Fig. 1: Schema of a Biomechanical Heart in apico-aortal position. The new device needs a cardiac sensing electrode and two
muscle electrodes. Additionally, three pressure sensors might become integrated f.e. into the left atrium, the aorto or the
pulmonary artery.

Our design consists of two independent working microcontrollers (COP8, National Semiconductor),
which could be programmed in the language C. Main features of these devices are the 32 k of flash
memory, the In System Programmability (ISP), the low power consumption with power saving and idle
modes, the three timers/counters and a powerful buildin serial communication (microwire and RS232).
For muscular as well as cardiac stimulation, there is an 8 channel, 8 bit digital-analog converter (AD8803,
Analog Devices) with following current amplifier. Additionally, the system incorporates an 8 channel, 12
bit analog-digital converter (AD 7888, Analog Devices) and a programmable logic circuit (XCR3032,
Xilinx), which cascades the pressure sensors. For communication purpose, a bi-directional telemetric unit
is integrated in order to transfer data from the device and to the device.

The microcontroller 1 (uC1) is the myostimulator controller. Its main work is to evaluate the current heart
rate (sensed via a cardiac sensing electrode) and to decide, which heart rate dependent stimulation
patterns should be used. The stimulation patterns contain the information, when and how an electrical
burst should be delivered f.e. which mode should be used (R-wave-triggered or untriggered mode), after
what time delay should the electrical burst occurs respectively what is the cycle time of an untriggered
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burst, and how many single pulses form the burst. Via the 8 channel, 8-bit digital-analog converter and a
following current amplification, the predefined burst is stimulate the muscle and if necessary the heart.
The uC2 is the measurement controller. Its main task is to cyclic control via the telemetric system, if a
message f.e. request of measurement, reprogramming of a burst definition table, a new software for one
of the controller, occurs from an outer system. If a measure request is received, the device turns into the
measuring mode. Otherwise it goes back to the sleep mode, which is cyclic interrupted via the idle timer.
In the measuring mode, the device generates a clock of 125 kHz in order to drive the pressure sensors. On
each logic event of one of the three sensors cascaded via the logic circuit , an interrupt is generated. At
the interrupt handle, the complete register of 8 bit containing all relevant information (which sensor do
what event) is stored. Additional the time of the event as well as up to 4 analog digital converter channels
are read. All data are stored in a buffer. Via the telemetric link, the data within the buffer are send over
the serial line to an outer system. After a predefined amount of time, the device leaves the measuring
mode.

RESULTS

The myostimulator unit (uC1) can generate impulse pattern corresponding to the burst definition table
under respect of a R-wave event. In general, there are 4 muscle stimulation leads and 2 cardiac
stimulation leads. Each lead could be defined as active or ground. The following table demonstrates the
electrical output of the device:

Table I: Features of the myostimulator unit

Pulse

Amplitude: 0 - 12 V (in steps of 0.05 V)

Polarity: biphasic

Width: 170ps, 240pus +n x 2.5us (1 <n < 65535) (= Widthpyin : 170us, Widthyac = 164 ms)
Interpulse distance: 700 pus +nx 2.5us (1 <n <65535) (Distancemin: 0.7 ms; Distancepax: 164 ms)

Burst up to 20 pulses each pulse with its own amplitude, polarity, width, interpulse distance

Stimulation modes
Synchronized: R-wave triggered, 1:1 - 1:255 muscle:cardiac contraction
Heart rate boundaries : 6 between 50 - 150 bpm
R-Wave delay: absolute -> 50 ms+n x 10.24 ms (Delaymin: S0ms; Delaymax >1200 ms)
relative (RR-Interval), positive , negative if sinudial rhythms
Dynamic burst duration: not yet

Untriggered Cycle Time = Burst duration + n x 10.24 ms (1 <n < 65535)
(Cycle Time pip: Burst duration + 10 ms; Cycle Time p,y: 669 s)

Prestimulation Untriggered, single pulse < 1Hz
Work-Rest Mode (work cycle: 1s - 254d; rest cycle: 1s - 254d)

Day - Night Rhythm controlled via real time clock

Electrodes Muscle: 4 x Stimulation, Heart: 2 x Stimulation, 2 x Sensing

The pC2 controls the measurement unit. It works independently from the myostimulator unit (uC1). The
main features of this unit are:

e cyclic telemetric check, if a measurement request is ask from the outer system.

e In measuring mode: acquire up to 3 pressure sensor signals, digitise the ECG
e determine the resistances of each single electrode refer to electrical ground
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e ecstablish a serial data transfer (up to 19.2 kBaud) via the telemetry circuit
e store long term data like heart rate, minimal and maximal pressure

DISCUSSION

On of the major problems of implanted active devices are the energy management. In our approach, we
decide to use standard 3 lithium batteries a 3.6V (1.1 Wh). With that energy source, the theoretical
durability of the device was calculated to be one year. Using patient safe batteries, the durability must be
recalculated. Up to now, this system is an experimental design. It must be shown in animal experiments,
if the functionality and the reliability is given. Especially the housing of the device as well as the coating
of the pressure sensors must be revised.
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SUMMARY

Our aim was to modulate secretion of insulin and glucagon into the blood of a healthy and diabetic dog
with stimulation of nerves innervating the pancreas. The 33-electrode spiral cuffs were implanted in an
adult Beagle canine. The first cuff was installed on the vagus nerve, the second one on the splanchnic
nerve and the last one on the pancreatic nerve. To cause insulin-dependent Type I diabetes, partial
dysfunction of the pancreas, was induced. Nerves were stimulated using biphasic, rectangular current
pulses (10mA, 200us, 20Hz). Samples from the femoral artery were drawn before the experiment, after
Smin and 5min after the stimulation stopped. Results of radioimmunological assay (RIA) of blood
samples showed that, in intact pancreas, stimulation of the vagus nerve caused a considerable increase in
insulin secretion, not significant change in glucagon secretion. and decrease in C-peptide secretion.
Splanchnic nerve stimulation did not cause considerable change in insulin and C-peptide secretion while
considerable increse in glucagon secretion was noticed. Pancreatic nerve stimulation did not change
considerably the secretion in any of the three hormones. In dysfunctioned pancreas, vagal nerve
stimulation caused an increase in insulin and glucagon secretion and minor increase in C-peptide
secretion. Splanchnic nerve stimulation caused a minor decrease in insulin secretion, a considerable
increase in glucagon secretion. and a small increase in C-peptide secretion. Pancreatic nerve stimulation
did not cause considerable change in insulin secretion while minor increase in glucagon and C-peptide
secretion was observed.

STATE OF THE ART

In the field of research considering the possibilities in the application of functional electrical stimulation
(FES) of the autonomic nervous system, interest is relatively large. This is evident from the few actually
very good but not numerous publications in literature (4, 5). Even less has been done in research
involving the selective stimulation of the autonomic nerves as they are, for instance, sympathetic and
parasympathetic nerves innervating the pancreas. Since the discovery of insulin in the early twenties (6),
research has been concentrated on elucidation of the mechanisms controlling the secretion of hormones
by the pancreas (1, 2, 8, 9). Most recent reviews have dealt with the myriad of chemical factors known to
affect these hormones, but few have dealt with the great deal of possibilities enabled by the FES of the
autonomic peripheral nerves.

MATERIALS AND METHODS

A cuff was made by bonding two 0.1mm thick silicone sheets together. One sheet stretched and fixed in
that position was covered by a layer of adhesive. A second unstretched sheet was placed on the adhesive
and the composite was compressed. When released, the composite curled into a spiral tube. 33 rectangular
platinum electrodes (0.6mm X 1.5mm) connected to the lead wires were mounted on the third silicone
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sheet. They were arranged in 3 parallel groups each containing 11 electrodes at a distance of 0.5mm. The
distance between the spiral groups was 6mm. Accordingly, 11 groups of 3 electrodes in the same line in a
longitudinal direction were formed. All electrodes of the central and 2 outer groups were then connected
to the lead wires. The sheet with electrodes was then bonded on the inner side of the cuff. The length of
the cuff was optimized so that the surface of the nerve covered by the cuff would be as small as possible
as shown in Fig. 1.

Fig. 1. 33-electrode spiral cuff for stimulation of nerves innervating the pancreas of a dog.

Lead wires were connected to the common connector to be implanted within the lateral subcutaneous
tissue for the time between experiments. Gas-sterilized cuffs were implanted according to the protocol
approved by a local ethics committee. The animal was premedicated with medetomidine 40ug/kg i.m.
(Domitor, Orion Corp.) and methadone 0.2mg/kg s.c. (Heptanon, Pliva). Induction was performed with
propofol 1.0 to 2.0mg/kg i.v. (Diprivan, Zeneca Pharamaceuticals Ltd.). General anaesthesia was
maintained with isoflurane 0.8 to 1.5 vol.% (Forane, Abbott) in 100% O, (7). Analgesia during surgery
was sustained with ketamine 0.5 to 2.0mg/kg i.v. (Ketamine, Veyx-Pharma GmbH) when necessary.
Antibiotics (cefazolin 20mg/kg i.v.; Cefamezin, Krka) were administered perioperatively. Analgesia
during the early recovery period was provided with methadone 0.3 to 0.5mg/kg s.c. TID. Tramadol
8.0mg/kg s.c. TID (Tramal, Griinenthal GmbH) was administered for an additional two days. To allow
the devices to stabilize, the first experiment was performed 30 days after the implantation. The first cuff
was installed on the vagus nerve at the neck as shown in upper part of the Fig. 2. In the splanchnic nerve
the cuff was installed on the nerve before the celiac ganglion as shown in the lower part of Fig. 2. In the
pancreatic nerve the cuff was installed on the nerve at the site before it enters the pancreas as also shown
in the lower part of Fig. 2. To incompletely dysfunction a pancreas, thus causing Type I diabetes, the
death of a certain portion of islet B-cells in the pancreas was induced (3). An Alloxan (Sigma Chemical
Co., St. Louis, Mo.) was dissolved in a physiological solution (0.9% NaCl) (200mg/ml). A freshly
prepared dissolution (50mg/kg) was then intravenously injected into the blood. After 24 hours the
pancreas was irreversibly, incompletely dysfunctioned and permanent hyperglycemia was induced. Since
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the protocols for curing naturally or experimentally induced Type I diabetes are the same insulin
(Homofan 100, Pliva) therapy was applied (11E/kg).

Fig. 2. (Upper part) X-ray of implanted 33-electrode spiral cuff showing it’s position on the vagus nerve
of a dog; (lower part) X-ray of implanted 33-electrode spiral cuffs showing their position on the
splanchnic and pancreatic nerves of a dog.

To stabilize the blood glucose at a level approximately four times greater than normal a time period of 7
days prior to the stimulation was introduced. Blood samples from the femoral artery were drawn each
time before experimental activity to measure the basal level of glucagon, insulin and C-peptide in the
blood. They were drawn also at the beginning, after Smin, and Smin after the stimulation stopped.

RESULTS

Results of RIA confirmed the hypothesis that, in intact pancreas, stimulation of the vagus nerve caused a
considerable increase in insulin secretion (from 13 to almost 110uunits/ml). However, vagal nerve
stimulation did not cause significant changes in glucagon secretion (from 106 to 125pg/ml). Vagal nerve
stimulation caused also some decrease in C-peptide secretion (from 0.74 to 0.34ng/ml). Result also
showed that splanchnic nerve stimulation did not cause considerable change in insulin secretion (from 17
to 19uunits/ml) while considerable increse in glucagon secretion was noticed (from 125 to 175pg/ml).
Splanchnic nerve stimulation did not cause considerable change in C-peptide secretion (from 0.48 to
0.49ng/ml). Pancreatic nerve stimulation did not change considerably the secretion in any of the three
hormones. In severed pancreas, vagal nerve stimulation caused an increase in insulin secretion (from 12.6
to 28uunits/ml). Moreover, vagal nerve stimulation also increased glucagon secretion (from 119.3 to
130pg/ml). Besides, vagal nerve stimulation caused minor increase in C-peptide secretion (from 0.55 to
0.58ng/1). Splanchnic nerve stimulation caused a minor decrease in insulin secretion (from 15.8 to
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13.3uunits/ml) and a considerable increase in glucagon secretion was observed (from 74.4 to 133.1
pg/ml). Splanchnic nerve stimulation caused a small increase in C-peptide secretion (from 0.29 to
0.68ng/ml). Pancreatic nerve stimulation did not cause considerable change in insulin secretion (from 6.7
to 6.9uunits/ml). while minor increase in glucagon and C-peptide secretion was observed (from 90.9 to
96.1pg/ml for glucagon and from 0.49 to 0.57ng/ml for C-peptide).

DISCUSSION

The results could be used in various animal and human basic studies concerning neurophysiology of
endocrine glands and internal organs and their relation to bodily changes and disease. Ultimately, the
method of FES of peripheral autonomic nerves with multi-electrode spiral cuffs could be used for both
stimulation and recording in different combinations. A methodology as well as developed accompanying
technological solutions could be used in the transfer of this model to the human alternative model of
curing diabetes mellitus. Future studies will focus on chronic, selective stimulation of different superficial
regions of nerves innervating the intact and damaged pancreas of a dog. Therefore, the long-range goal of
our research will be to understand how the various branches of the utonomic nervous system regulate
pancreatic endocrine and exocrine secretion.
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THE VIENNA PHRENIC PACEMAKER, LONGTERM DATA OF FAILURES
H. Thoma*, P.Darrington**, E.Unger*

* University Vienna, Austria, Department of Biomedical Engineering and Physics
** Borgel Inc., Limburg, Germany

INTRODUCTION

The Vienna Phrenic Pacemaker System consists of extracorporal (control unit, RF transmission
coil) and implanted components (electronic 8-channel implant with stimulation electrodes/1/). To
avoid fatigue of the diaphragm muscle because of continous electrostimulation — 24 h per day — the
so-called “roundabout-stimulation” was developed and patented /2/. The implant is powered and
controlled by RF-impulse transmission from the control unit. The control unit is powered by
rechargable batteries. This development was used 1982/83 for stimulation of lower extremities in 4
paraplegic patients for standing up and walking using forearm crutches. The same system was
implanted in the first quadroplegic patient (level: C1/2) with paralyzed breathing in 1983, but new
software for stimulation of inspiration cycle was used. Since 1980, the development of this system
has not undergone relevant changes despite of some technological improvements — e.g. total metal
sealing of all electronic components in 1993 /3/. Therefore it is of interest to do an analisis of
relevant failures and to develop an update control unit in order to avoid such failures in future.

In the following we will focus on a statistic of failures of the electronic implant and the control unit.
We have nearly no failures in electrodes, RF coil and 220 V power supply. Otherwise batteries and
cables were exchanged routinely about once a year.

METHODS

For this paper we collected material from different sources. Patient’s data and implant failures were
found in former publications. In addition, we could prove this data by auditing accounts of
Medimplant Inc. Vienna — producer of the pacemaker system. The yearly check of the patients’
pacemaker is an order by law. Therefore we got excellent data concerning the functions of the
pacemaker via the patient’s medical record keeping device. This documentation is done by Borgel
Inc., Limburg, German representative of the Vienna phrenic pacemaker. A new control unit was
developed this year.

In the following section detailed results of patients, the lifetime of implants and specific failures of
the control unit as well as the features of the new development are presented.

RESULTS

1. The implant
An overview of our phrenic pacemaker patients is summarized in fig. 1. Despite of these 26

registered patients one male patient was operated on in 1982 and one 6 year old boy with a lesion in
the level C 0 was not registrated /4/.

Reimplantation was necessary 18 times. In 3 patients reimplantation was necessary 3 or 4 times, in
17 patients there was no reimplantation. In 4 patients lifetime of the implant is between 9 and 11
years. The main reason of the frequent early failures was due to the implant technology: some
electronic parts were sealed only in Hysol. Implants after 1993 were totally wrapped in metal
housing, the receiver RF coil protected by a ceramic ring. Up to now, there are not any failures with

- 906 -



this updated implants. As our implants have connectors to the 8 electrodes, is the change quite
similar to the cardiac pacemaker.

In 1990 we started a development of a 20 channel implant encapsulated by niobium. This implants
were tested in animal studies (calfs) for a period of cumulative 4,5 years in Vienna and Ljubljana.
No failures were observed during these tests.
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Fig 1: patient overview, starting 1983 up to 2001

2. The control unit T154S

Specific failures of the battery driven control unit T154S were analysed in 5 patients, lasting for
cumulative 60 patient years. In fig. 2 patients were listed according to “years after implantation” (7
up to 15 years). In the process of time 3 different groups may be discussed. During the first 5 years
few failures were only due to mechanic components. The most frequent failures were registered
during the period of the years 6, 7 and 8. The remaining years 9 to 15 have to be discussed: on the
one side the number of evaluated patients is going down, on the other, the yearly failure rate
decreases unproportionally to the number of remaining patients, e.g. no registered failures in the
year 11 after implantation. We may get additional informations calculating the failure rate of each
patient:
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years 1231456 ([7]18[9]10]11]12]13] 14 ] 15| total
number of patients 5151555554444 3 ([3]2]1
mechanic | housing I II I I I 7
cable connectors I I | T |11 ]| 1 | I 10
cable break I I T /O] 1 1 I 8
plug connection break 11 I |1 1 5
hardware | display 0
switch print I I || T[T 1 I 8
power print I IO I I 6
main print I |1 I 3
software | eprom update I I 11 4
Mmicroprocessor 1 1 2
total 0j]0|5/0[4[10[8]9]4|3 0] 1]3]|]6]0 53

Fig 2: 5 patients with phrenic pacemaker, two control units per patient, statistic of failures
of the control unit T154S, years after implantation

No. Patient’s code Failure Years
1 MU 3 15

2 RA 21 14

3 HA 7 13

4 KC 14 11

5 BK 8 7

Finally we may analyse the mechanic stress. According to fig. 2 30 mechanic failures have been
registered. This number increases to 38 if we add the failures of the switch print, which are usually
caused by mechanic stress. This calculation and the different failure rate of our patients (3 — 21)
lead to the conclusion, that the activity and mobility of our patients — handling of the control unit —
influences the failure rate essentially.

3. The control unit T161S

The control unit T161S (fig. 3) is an update of the 20 year old T154S unit. According to the main
results of long term failure analysis, the 161S is much better protected against mechanical stress.
The housing is milled from solid aluminium and additionally protected by two aluminium plates.
For the front plate foil keys are used to avoid a breaking of conventional switches which were used
in the T154S unit. The plugs for cables of the RF coil and the charger were sunked in the milled
aluminium housing (see fig. 3) for optimal protection against mechanic stress. The electronic is
manufactured in Surface Mounted Technology which is more stable compared to the technology
used in the T154S.

The 161S control unit is smaller, of less weight and has twice battery capacity, compared to the 20
year old T154S development.
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Fig. 3: The new phrenic pacemaker control unit T161S

FINAL STATEMENT

It is unusual that a working group publishes their own failures in such details. But in 1993 we
launched a much better implant and put on the market and we developed a much better control unit
for our patients. We hope that in future other groups will also publish their failure analysis as we
did.

The application of a phrenic pacemaker is internationally seen very seldom. But with good
rehabilitation and continous service we increase our patients’ quality of life enormously. Patients
with closed tracheostoma living at home equipped with our very stable epineural multielectrodes
have good chances for a long life time.
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FATIGUE PROCESS OF TYPE 1 AND TYPE II MUSCLE FIBERS

K. KerSevan, V. Valenci¢ and N. Knez

Laboratory of Biomedical Visualization and Muscle Biomechanics
University of Ljubljana, Faculty of Electrical Engineering, Slovenia

SUMMARY

Skeletal muscles’ fatigue process was examined in muscles biceps brachii and tibialis anterior in 9 male

subjects, aged 21 — 24 years. Measurements were performed under isometric conditions. Pulse trains

(0.1 ms) of different stimulation frequencies and voltage (40-50 V above threshold) were used for 10 s

bipolar electrical stimulation. The non-invasive tensiomyographic (TMG) method was used for detection

of muscle responses to electrical stimulation. Using pulse trains of different frequencies enabled separate
observation of fatigue and tetanization process for both muscle fibre types:

e Type I (fatigue resistant) muscle fibres exerted and retained force throughout the 10 s electrical
stimulation. Fatigue process was observed at stimulation frequency of 2 Hz but the type I muscle fibre
fatigue did not occur due to their fatigue resistant character. Complete tetanus of type I muscle fibres
was noticed at stimulation frequencies of 4 — 6 Hz .

e Fatigue process of type II (fast fatigue) muscle fibres ended before the electrical stimulation was over
and was noticed at stimulation frequencies of 7.5 — 9 Hz. Complete tetanus of type Il muscle fibres was
noticed at stimulation frequencies higher than 18 Hz.

Separate observation of type II muscle fibres enables more efficient treatment and observation of

pathological changes in dystrophic, atrophic and denervated patients and also helps professional athletes

and their trainers to improve their training technique.

STATE OF THE ART

The diversity of skeletal muscles, which
is reflected by the heterogeneity and
spatial arrangement of their individual
fibres, enables numerous movements of
different velocities, forces and
endurances, as well as adaptation to
altered demands of usage. Both clinical
and sport physiologists have always
been interested in studying muscle
adaptation process as a result of either
pathological changes or targeted training
process.

Type II muscle fibre fatigue process was
observed in unfused tetanus. When a
series of stimuli were given, each
stimulus elicited a single twitch response
so that a series of twitch responses was
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produced. As the stimulating frequency
increased, the twitches began to sum and
the response profile changed from unfused to fused tetanus (Fig. 1). For this purpose two muscles were

selected with respect to percentage of type I muscle fibres they comprise: muscle biceps brachii
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(BB): approx. 52 % and muscle tibialis anterior (TA): approx. 77 % /1/; according to dissimilar
percentage of type I muscle fibres we expected dissimilarities in type II muscle fibre fatigue process as
well.

MATERIAL AND METHODS

TMG recordings

In order to record unfused tetanus, tensiomyographic (TMGQG)
measuring method was used. This is a non-invasive, selective
method for detection of skeletal muscles’ contractile

measured

properties /2/. In previous studies it has been established that
the radial displacement of muscle belly is proportional to
muscle force /3/ as well as to percentage of type I muscle

muscle belly
enlargement

displacement

fibers /1/.

muscle
contraction

TMG method is based on muscle contracting principle under
isometric conditions: when the muscle is contracted it
increases the force between insertions and its middle part —
muscle belly — is thickened. Displacement of a muscle belly
is measured with the displacement sensor, positioned radial to
the skin above the observed muscle (Fig. 2).

For the presented study, the measured subject was sitting on a
measuring chair with his measured arm/leg fastened to the
frame with one or two bands in order to achieve isometric condition. Measurements were performed with
an inductive sensor incorporating a spring of 0.17 N/mm, which provides an initial pressure of
approximately 1.5 x 102 N/mm™ on a tip area of 113 mm®.

Measuring point for each muscle was determined anatomically on the basis of the anatomic guide for
electromyographers /4/ — BB (right side): midpoint of the line between lateral head of calvicula and head
of radius; TA (left side): four fingerbreadths below tibial tuberosity and one fingerbreadth lateral to tibial
crest.

Each muscle was stimulated with pulse trains of 0.1 ms duration, stimulation frequencies ranging from 5—
25 Hz and voltage ranging from 40-50 V above threshold. For 10 s stimulation, two self-adhesive
electrodes were used, placed symmetrically to the sensor: the anode was placed distally and the cathode
proximally, 20-50 mm from the measuring point. The stimulator used was a Grass 8800 stimulator, with
voltage output through an insulation unit. The measured muscle responses were stored and analysed using
a PC.

Fig. 2: Principle of TMG measuring method.:
when muscle contracts, its belly enlarges.
Radial enlargements can be measured by

displacement sensor.

Data analysis

In unfused tetanus, the

dynamics of type II ! otz “ P
fibre fatigue process U, =64V o it U= 136V
(oscillating  part  of :
TMG response) was »

observed (Fig. 3) and
described  with  the
following parameters: 7
— fatigue process time
constant, ¢z — fatigue
process duration, fr —
frequency, at which
type II fibres fatigue
process was observed,
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Fig. 3: Time course of muscle response to pulse train in human biceps brachii (left)
and tibialis anterior (right)

- 103 -



fr — fused tetanus frequency and dppmax — maximum value of peak to peak oscillation. According to
Thomas, Johansson & Bigland-Ritchie (1991) /5/, fast-twitch motor units exhibit a sag profile in the
unfused tetanus. In the presented study, the sag profile was eliminated from data analysis (Fig. 4).

Before the data was analysed, the oscillating part of TMG response was rectified and course of
amplitudes was fitted by exponent curve (Fig. 5):
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Fig. 4: The sag profile was eliminated from data analysis
RESULTS

The dynamics of type II fibre fatigue process in human BB and TA was observed and fatigue process
parameters were compared (Table 1):

Muscle E ZF ?F 7T gPPmax
Biceps brachii (right side) 3.94 s 8.1s 8.6 Hz 19.6 Hz 1.9 mm
Tibialis anterior (left side) 1.02 s 6.4s 7.7 Hz 18.3 Hz 0.2 mm

Table 1:Aaverage values of type Il fibres fatigue process parameters for two different human skeletal muscles
DISCUSSION

The main objective of this study was to find out whether the TMG method is suitable for monitoring the
unfused tetanus and whether it provides any information on skeletal muscles’ structural or functional
changes. According to both muscles’ sizes and to the percentage of type I muscle fibres comprised in
them, the above listed results were expected: (1) the greater the amount of type II muscle fibres (in BB),
the longer the duration and the greater the time constant of the fatigue process; (2) in TA, both frequency-
dependent phenomena occurred at lower stimulation frequencies — again, the reason might be the
percentage of type II fibres. In case of a different protocol (e.g. supra-maximum stimulation and fixed
stimulation frequency), with respect to their diameter, maximum value of peak-to-peak oscillation could
be used as an indicator for the type II fibres quantity (Fig. 5) — however, the physiological properties of
the measured muscle have to be taken into account (muscle’s volume, fascia’s thickness, etc.). Type |

muscle fibres fatigue was not noticed during - =
the 10 s stimulation. Muscle Lr S
This procedure (supra-maximum Rectus femoris (after poliomyelitis) | 35.5s | 8.3 Hz
stimulation (amplitude), variable stimulating Rectus fempris (healthy subjects) 73.3s | 123 Hz
frequency) has already been evaluated in Statistical significance (P) <0.05 0.02

clilf{ical e.n.vir onment with  patients aft.er Table 2: Comparison of average values of type 1l fibres fatigue
poliomyelitis in muscle rectus femoris. process parameters with patients after poliomyelitis and control
When compared to EMG output, TMG group
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method provided wuseful data on muscle
dysfunction as well (Table 2). Apart from that,
TMG method is easy to apply, the same set of
equipment is suitable for measurements of all
surface skeletal muscles and measuring results
are  available  immediately after  the
measurement.

In the sport field, the described procedure
(supra-maximum stimulation, fixed stimulating
frequency) is used to monitor the adaptation of
the motor system to specific training process.
These adaptations can be extensive and have
been shown to affect most aspects of the system,
both morphological and functional. TMG
method’s selectivity enables observation of a
single muscle within a given muscle group (Fig.
6). In Fig. 6 the effect of specific training
process on muscle vastus lateralis is presented:
initial muscular status (upper) and muscular

status after specific 10 day training process (lower).

Muscle belly displacement / mm

0 10 20 30 40 50

Time /s

Fig.6: Responses to electrical stimulation (supra-
maximum, 10 Hz) before (upper) and after (lower)
targeted training process, m. VL
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Twitch summation with double stimulation
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SUMMARY

Both the mechanical and the EMG responses to a pair of electrical impulses depend upon the interpulse
interval (PI) and the structure of the muscle. The latter can therefore be investigated using the paired
stimuli technique and information concerning twitch summation and refractory period may be obtained.
We documented how the force twitch and the electrically elicited response are affected by the PI and the
pulse amplitude. Our findings showed that the maximum synergic effect of the doublet, that is the ratio
between the peak force produced by a doublet and that produced by a single pulse, is between 3 and 4 and
is obtained for PI between 3.5 ms and 30 ms. The absolute refractory period average value was 2.2+0.1
ms. Muscle fiber conduction velocity (CV) is higher for the second response. Repeatability of mechanical
and electrical responses is poor and methodology must be improved.

STATE OF THE ART

The mechanical response of muscle to multiple pulses has been shown to be a non linear summation of
the evoked twitches. The use of N-let impulse train in FES applications, following the terminology
introduced by Karu et al /1/, is a well known technique aimed to increase force with a concomitant
reduction of muscular fatigue /1/2/. Most of the published works focused on the time course of the force
signal as the available information to monitor fatigue /3/4/5/6/7/. 1t is well known that mechanical
manifestations of fatigue are related to muscular endurance and that they are anticipated by changes in the
electromyographic signal /8/. The effect of N-let impulse train on myoelectric signal is not discussed in
the literature. For this reason the aim of the present work is to evaluate the effect of double impulses on
both force and EMG signals and to assess the repeatability of mechanical and electrical responses in
different days.

MATERIALS AND METHODS

We define doublets as the stimulus pattern made by two rectangular pulses separated in time by the pulse
interval (PI) and singlets the stimulus made by one single rectangular pulse. Five subjects (27.843.8
years) were involved in this experiment. The protocol consists of one session made of five different trials
in the following order: 25 singlets, 200 doublets with PI randomly chosen in the range 1-5 ms, 200
doublets with PI in the range 1-20 ms, 200 doublets with PI in the range 1-100 ms and, finally, 25
singlets. Each stimulus was supramaximal and was generated once a second; trails were separated by 10
minutes of rest. The whole session was repeated in three different days on the biceps brachii muscle to
test the repeatability of the measures. The force twitches generated by these impulse trains were recorded
by means of a load cell mounted on an aluminum arm designed to avoid resonance frequencies in the
force signal bandwidth. The EMG signals were recorded by means of a four electrode bar array placed
distally on the muscle between the innervation zone and the tendon region. The proper electrode position
was determined for each subject by means of a multi-channel linear electrode array according to the
findings described elsewhere /9/10/. The variables under study were: the peak of force (PF) the time to
reach the peak (TTP), the half relaxation time (HRT), the twitch area (TA), the conduction velocity (CV)
and the correlation coefficient (CC) between two double differential signals used to estimate CV.
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Supramaximal constant current stimulation was applied in monopolar mode with one small electrode (0 =
3 cm) on the motor point of the biceps and one large electrode (10x12 cm) on the triceps.

RESULTS

Comparison between the 25 singlets stimuli at the beginning and the end of each session (included in the
protocol to check the stability of the experiment) show great differences, indicating instability of the
response during the experiment. Hence, if fatigue or, more probably, movements of the stimulation and/or
of the recording electrodes occur, the three trials within each session may be different not only because of
the PI variation but also because of uncontrolled factors. As a consequence also the day to day
repeatability may be affected and was indeed poor. For such reasons the best session for each subject was
selected by means of a multi-criteria method based on CC value, twitch and double differential signals
morphology, trends of CV and PF and uniformity and superimposition of the force plots in the three PI
ranges (see Figure 1).
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Figure 1. Example of a selected session showing PF in the three trials as a function of the PI (log X axis).

The pattern of force plotted with respect to the PI ( for PI in the range 1:5 ms) allows to evaluate the
average value, among five subjects, of the Absolute Refractory Period (ARP) as 2.2+0.1 ms. This result is
in agreement with those found by Buchthal and Engback extrapolated for the temperature of 35 °C /11/.
As well known, the use of N-let pulse trains allows to increase, in a non-linear fashion, the force induced
by the stimulus. The average maximal ratio between PF obtained with doublets and with singlets was
2.79+0.93 (range 2.12 - 3.96), quite constant within subjects (the average standard deviation between
days was 0.28) and was obtained for PI = 3.5+0.1 ms (see Figure 2).
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Figure 2. Ratios between the PFs obtgined with a doublet and a reference force
obtained from a single stimulus (mean and std. dev, N=5)



The TTP is always greater in double response with respect to singlets for PI>ARP. The mechanical
summative effect due to the second stimulus always occurs for PI>ARP. Up to values of 70-80 ms the
two twitches are fused together and the second peak is higher: this explain the TTP increase. The
minimum values of TA correspond to the singlets. The maximum values is observed immediately after
the ARP and decreases slightly in the range ARP-30 ms.

For PI>30 ms the two stimuli in each doublet generate two M-waves. The second M-wave has CV
significantly larger (Wilcoxon paired test, p< 0.01) than the first for 30<PI<100 ms in four subjects out of
five (see for example the behavior of one subjects in Figure 3).
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Figure 3. Comparison of CV values of the myoelectrical responses due to the doublet
as a whole and due to the two separate stimuli in the range 30-100 ms.

Referring to the work of Hopf et al /12/ where a clear correlation between CV and TTP was found
(although by using invasive techniques), we plotted the first variable versus the second one. TTP, in fact,
could be considered as a good estimate of the contractions time when the stimuls is a singlet and in the
case of doublet with PISARP. The two variables have shown large variability and poor correlation, hence
the method seems not useful to properly estimate the contraction time.

DISCUSSION

The values of PI intervals corresponding to the ARP and to the maximal increase of PF were found to be
highly stable and repeatable. On the contrary, other parameters, such as PF, TTP, TA, where subject to
large fluctuations when electrodes were repositioned, when the subject slightly changed position or straps
were adjusted. It is clear that the technique for investigating this phenomenon must be improved in order
to study fatigue and any other long term effect. Nevertheless, it is unquestionable that the motor axons (or
their terminal branches) have a refractory period of 2.2 + 0.1 ms and the maximum PF is obtained for
PI=3.5+0.1 ms but longer pulse intervals have similar effects. The first pulse has a conditioning effect
upon the muscle fiber membrane which presents a higher CV value at the second pulse. This phenomenon
has been previously reported /13/ and seems to be unaffected by PI within the range 30-100 ms.
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FES INDUCED SURFACE MUSCLE STIFFNESS CAPTURED BY COMPUTER CONTROLLED
TONOMETRY

D.Rafolt*, E.Gallasch**, M.Fend**, M.Bijak*, H.Lanmiiller*, W.Mayr*

* University of Vienna, Department of Biomedical Engineering and Physics
** University of Graz, Department of Physiology

SUMMARY

A new tonometric test system to assess surface stiffness over relaxed and activated calf muscles was
developed. The mechanical arrangement consists of a skin indentor driven by a force controlled galvo-
drive which 1s rigidly connected to an ankle dynamometer. Software routines for cyclic indentation
(recording of stiffness curves), static indentation (sensing of twitch responses), and vibration (skin
admittance) were implemented. A visual interface is used to capture surface stiffness during defined
voluntary calf contraction/ relaxation. For FES-applications the software includes an impulse synthesizer,
to generate arbitrary stimulation test patterns. The system’s performance was tested in FES and voluntary
contraction procedures.

STATE OF THE ART

Surface stiffness over a muscle belly basically consists of passive and active components. In the relaxed
belly passive components such as skin and fiber network viscoelasticity as well as interstitial fluid
pressure play a dominant role /1/. During contraction the fiber network shortens which is accompanied by
belly shape changes and an increase of intramuscular pressure. If surface stiffness is sensed by local
indentation (in vivo) further the shape of the indentor and bone architectural factors have to be
considered. Due to these multifactorial influences on surface stiffness, rather reliable relative than
absolute results are expected from such measurements.

Various techniques and test schemes for surface stiffness are described in the literature. The first
indentation apparatus was described by Schade /2/ to study the creep properties of skin and subcutaneous
tissues. Recently Veldi et al /3/ described a hand-held device to produce short force impacts, with an
accelerometer to study the excitation response. Here the surface stiffness is expressed by the oscillation
frequency estimated from the response. Another approach is based on static preloading and the
measurement of muscle belly enlargement. Typically such a system is based on a inductive displacement
sensor with an internal spring to provide contact loading during isometric contractions /4/.

The tonometric system described here was projected to assess FES induced surface stiffness over calf
muscles. To obtain smooth stiffness curves, the stimulation frequency has to be set high enough (< 30 Hz,
fused tetani). In contrast to voluntary contractions, FES causes an inverse recruitment, and therefore big
and fast fatigable motor units are activated first. For low stimulation frequencies the contraction responses
of these units cause skin surface motions which are also detectable by indentation. To precisely track
these muscle responses, a fast responding, force programmable indentor was developed.

MATERIALS AND METHODS

The tonometric system is build around a leg attached isometric ankle dynamometer /5/ consisting of
footplate and telescopic stand, see Fig.1. During plantar flexion the produced force against the stand is
sensed by a load cell (0-3000 N). The dynamometer further serves as mechanical reference for the
indentor. The indentor consists of the rotary drive with lever and an exchangeable skin interface. To
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achieve a high system dynamics, a force controlled galvo-drive was used for indentation (Type M3,
General Scanning Inc, USA). The torque produced by this drive (= 20 Ncm) is linear to the input current.
The lever length is 5 cm resulting in a 1N/A indentation force (10N max). Further the drive includes a
rotary displacement sensor ( 15°) to measure the indentation depth. For the skin interface a 7 mm ball
element is used.

voltage controlled

stimulator
[ —» J-h, jlg :l stimulation
== electrodes
1
[
1 .
I I; amplitude
detection
i — . voltage controlled
current power amp
— torque
Microstar Signal- motor
proc. plug-in board
2x 16 Bit DAC
8x 16 Bit ADC
csuer;']%rét ankle
dynamo-
Ustim meter
angle
: plantar
af"‘?’ fllte.r & force
galvanic isolation

Fig. 2:
Fig.1: Mechanical arrangement of the Control and signal flow in the myotonometric
dynamometer with tonometer system

The hardware to operate the tonometric system is shown in Fig. 2. The rotary drive is powered by voltage
controlled current source (drive amplifier) in order to avoid friction from back-EMV. The stimulator with
internal galvanic isolation (MYOSTIM) converts an unipolar input signal into biphasic voltage
waveform. Both the amplifier and stimulator input signals are generated by realtime DSP processes
(DAP1216a/6, Microstar Laboratories, Inc.). Four measurement channels (indentation force and
deflection, contraction force and stimulator output) are sampled at 1 kHz. Experiment guidance, visual
feedback of contraction force and data storage runs on a standard PC, with the Matlab software package
for data analysis. The system is calibrated with elastic specimens.

RESULTS

Three test procedures are implemented until now: (1) cyclic indentation for obtaining stiffness curves
during FES induced or voluntary contraction, (2) static indentation for sensing twitch response patterns,
and (3) vibration to estimate the skin’s surface impedance. Fig. 3 shows a signal section during cyclic
indentation, which was taken from the left medial gastrocnemius. The stimulation frequency was set to 30
Hz and the amplitude was stepwise increased (upper trace). The force signal (second trace) gives a
measure of the isometric contraction in the ankle joint, which increases with stimulation time. The
indentation input force (third trace) has a constant triangular waveform and the responding indentation
displacement magnitude (fourth trace) decreases with contraction level.
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From the measured raw signals the indentation force/displacement curves were extracted. In Fig.4 the
curves 1, 3 and 5 are from voluntary contractions and curves 2, 4 and 6 are from FES induced
contractions at SO0N and 750N (50Nm/75Nm torque) of plantar flexion force level. In all curves the
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slope increases with indentation force, which reflects a
common feature of loaded biotissues /6/. With
contraction level the curves became steeper at both
contraction schemes. For subject #3 the stiffness
values estimated for the relaxed muscle are 255N/m at
a indentation force of 1IN and 550N/m at 3N. At
voluntary contraction these values increases to
320N/m and 805N/m respectively (ankle torque
=50Nm) and to 543N/m and 898N/m respectively
(torque=75Nm). At FES induced contractions stiffness
increase to 588N/m and 964N/m respectively (torque=
50Nm) and to 722N/m and 1250N/m respectively (for
75Nm).

Table 1 shows the calculated stiffness data from 3
subjects. These values are comparable to those found
with the oscillation method /3/.

Fig.4: indentation force / displacement curves with contraction as parameter

Ankel torque relaxed | relaxed SONm 50Nm 75Nm 75Nm
Indentation level IN 3N IN 3N IN 3N
Sub #1 voluntary 253 564 354 833 Tab.1
Sub #1 FES 290 625 625 1071 Stiffness dF/dD
Sub #2 voluntary 217 421 315 789 in [N/m]
Sub #2 FES 217 407 625 1071 at IN and 3N
Sub #3 voluntary 255 540 305 805 543 898 identation level
Sub #3 FES 268 580 588 984 722 1250

In Fig. 5 belly displacement responses to single stimulation impulses are shown. Series of six impulses
with increasing amplitude were applied to the calf muscles (upper trace) while they voluntarily were kept
in the relaxed state. Indentation force loading was stepwise increased from 0 to SN. There are minor
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DISCUSSION

The configuration of an isometric ankle dynamometer serving as a mechanical reference for a tonometer
proved very advantageous, as the lower leg is kept in a defined position during the measurements. This is
very important when repeated measurements have to be performed on the same subject, for example
during neuromuscular retraining in rehabilitation. Further the documentation of both the ankle contraction
and the surface stiffness values would allow a more detailed analysis of FES or fatigue induced
contractile changes /7/. One big advantage of the force controlled indentor is its independence of the zero
position. Other systems using spring loads or positional actuators have a defined zero position, and
therefore have to be adjusted precisely at the beginning of a measurement series.
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STIMULATION ARTIFACT REMOVAL ALGORITHM FOR REAL-TIME SURFACE EMG
APPLICATIONS

T. Keller* and M. R. Popovic'

*ParaCare - Institute for Rehabilitation and Research, University Hospital Balgrist Zurich, Switzerland
** Automatic Control Laboratory, Swiss Federal Institute of Technology Zurich, Switzerland

SUMMARY

A direct and intuitive method to control a neuroprosthesis for grasping is to use surface EMG (SEMQG)
activity of muscles that subjects can voluntary control, e.g. in the case of C5 or C6 SCI subjects the
deltoid muscles. The measured voluntary SEMG activity in such applications is contaminated with
stimulation artifacts (SA) that are much higher in amplitude compared to raw SEMG signals. Hence, to be
able to use SEMG signals for control purposes one has to remove the SA from the measured SEMG
signal. In closed-loop applications the SA can produce a positive feedback, which further stresses the
importance of removing the SA from the measured signal in close-loop SEMG control applications.
Well-established SA removal techniques are artifact blanking and filtering methods. Real-time SA
blanking methods, either hardware built sample-hold circuits or software blanking routines in digital
processed SEMG signals loose all EMG information during the blanking period. Especially with current
controlled stimulators, which have a very high output impedance, the electrode-tissue impedance can
cause a SA of several milliseconds. Most of the SEMG SA filtering techniques are not viable in case of
current stimulators using surface stimulation electrodes, since the long lasting SA tail overlaps in
frequency and time domain with the voluntary SEMG activity.

A new method that encounters the randomness and stationarity of voluntarily generated EMG is
presented. An ensemble averaged SA with exponential forgetting was subtracted from the recorded
SEMG and an almost artifact free SEMG signal was obtained. Measurements with multi-channel
stimulation patterns showed fast convergence of the algorithm. The algorithm was significantly less
sensitive to changes of the stimulation pulse amplitude than to changes of the stimulation pulse width.
The method can be implemented in real-time applications and requires a low computational power.

STATE OF THE ART

SEMG signals that are recorded during surface functional electrical stimulation (FES) from muscles close
to the stimulation site are always contaminated with SAs. If a current regulated stimulator is used its high
output impedance produces a slowly decaying SA that can last longer than 10 ms. The methods that were
proposed in the past to eliminate the SA can be divided into three main groups: SA blanking, SA filtering,
and SA subtraction methods.
Hardware /2, 3/ and software /1, 4/ artifact blanking or sample-and-hold blanking methods blanked or
sampled-and-held the SEMG during the SA while loosing all signal information during that time.
SA filtering methods /5-8/ reduced the SA using linear, non-linear, or/and adaptive filtering, gain
switching, slew rate limiting, or constant current/voltage switching techniques. Because the SEMG signal
and the SA overlapped in time and frequency domain, all applied filters influenced the quality of the
SEMG signal.
Software artifact subtraction methods /9-11/ subtracted a more or less pure SA from the mixed SEMG.
The presented methods differed in the way the pure SA was obtained. For the control of neuroprostheses
the proposed SA subtraction algorithms cannot be used, because the produced SAs changed with the
action (e.g. grasping or releasing) over time and differed from a priori extracted SAs.
To overcome the above problems an enhanced ensemble averaged SA subtraction method with real-time
capabilities was developed.
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MATERIAL AND METHODS

Algorithm
The SA was extracted from the first 125 samples (12.5 ms) post stimuli of the recorded SEMG signal that

lasted 500 samples (50 ms) between two artifacts. A moving ensemble averaging algorithm with
exponential forgetting was used to extract the SA and the direct muscle responses. The algorithm was
deliberately kept very simple by applying a first order infinite impulse response (IIR) filter for the
exponential forgetting. For each sample # the following recursive filter output was calculated:

( )_ x(n|t)+p-y(n|t—1)
y n|t =

p+1

the SEMG curve X ()= (x(1|tlx(2|tl~--x(125|t)) measured at time t and Y(¢)= (y(l|tl y(2|t)~--y(125|t)) is
the extracted SA. Small p values stand for fast forgetting. The moving ensemble averaged SA (Y(?)) then

was subtracted from the SEMG (X(?)). The algorithm did not process the SEMG from samples 126 to 499
post stimuli since it was always SA free.

, where p is the weight that controls the forgetting. x(n| t) is the n™ sample of

Experiment
A COMPEX MOTION constant current stimulator provided a three channel stimulation sequence that

alternating opened and closed the subjects' hand. COMPEX (5050MED) self-adhesive electrodes were
used to stimulate the finger extensors (channel 1) during hand opening, the finger flexors (channel 2), and
the thenar muscle (channel 3) during hand closing. The stimulation frequency was 20 Hz.

Two COMPEX biofeedback sensors (gain: 1400, bandwidth: 100-4000 Hz) were taped on the skin
surface: one between the finger extensor stimulation electrodes over the M. extensor carpi radialis, and
one on the M. pars clavicularis of the contralateral deltoid muscle. The sampling frequency was 10 kHz.

F. extu
EMG recording: M. extensor carpi rad.

F. flexors

Thenar M.

Electrical Stimulation L. aQver " .. _aver -
Finger extensors: transition lap transition hand closed transition lap transition hand opened

Finger flexors and  ——————thit sequence |transition |overlap |hand close transition | overlap |hand open
10ma /8 mh 12ma

[Thumb thenar muscl i E. flewors / thenar M F. extensors

1 start 15 (PW) 0sg 38
EMG recording: M. pars clavicularis B 54s(PW) | 06s 7S 54s(PW) | 06s 7s

3 2.7 s (PW) 04s 2s 2.7 s (PW) 04s 2s
4 1.8 s(PW) 0258 2g 1.8 s(PW) 02s 2%
5 0.9 s (PW) 0.1s 2s 0.9 s (PW) 0.1s 28
5 2.7s(AMP)| 03 2s 27s(AMP) | 04s 25
7 0.95(AMP) | 0.ls 2s 09s(AMP) | 0.ls 2s
8 15 (PW) 025 5s end

, and  recording Table 1: show the performed stimulation sequences with
‘ different transition times.

dumulation sequences simiiar to tne one used by our neuroprosthesis for grasping were applied to
produce the time variant SAs. In each sequence the hand was closed for 2 s and then opened for 2 s.

A trial consisted of eight concatenated stimulation sequences that represented a typical grasping task with
different transition times (see . When during the transitions the pulse width was changed
(between 0 and 250 ps) it is marked with (PW) and when the pulse amplitude was changed (between 0
and 12 mA /8 mA) it is marked with (AMP). Two such trials were conduced, one without and one with
voluntary muscle contraction.

Signal Processing

The raw SEMG recording between two stimuli was divided into two parts (see [Figure 2):
A the SA, 12.5 ms long
B the remaining SA free part curve that was not processed

-115-



raw

SEMG
with
SA

[l Il Y
processed A

SEMG
with
removed SA

processed
SA

raw
SEMG
® without
e A B A B
100 ms
Figure 2: The data processing steps are shown for the SA removal method and the result is compared to normal
voluntary contraction for SEMG signals recorded over the wrist extensor muscles.

The recorded signals were processed as follows (see :

1. Part A (first 125 samples) (curve @) were cut from the raw SEMG signal @ for each stimuli

2. The moving ensemble average algorithm provided curve ® that was

3. subtracted from @ and resulted in curve ®.

4. The result from step 3 was concatenated with the SA free part B (curve @) and the first 3 ms after
stimulus containing residual SAs were blanked (darker shaded in [Figure 2).

RESULTS

During the constant stimulation phases of 2's, the SAs were almost completely eliminated from the
recorded SEMG signals for both electrode locations. In the processed wrist extensor SEMG signal only a
few residual SA spikes during stimuli were left (see[Figure 2} curve @). The rest of the curve was SA
free. The SA recorded on the deltoid muscle occurred only during the stimuli. No SA tail was produced. It
has to be mentioned that in Figures 3 and 4 only the first 12.5 ms post stimuli are concatenated. The SA
free part B is not shown.

Fast PW transition (in 0.9 s) from hand opening to hand closing: Fast AMP transition (in 0.9 s) from hand opening to hand closing:
(from 150 ps finger extension to 150 ps finger and thumb flexion in 500 ms) from 6 mA finger extension to 6 mA finger and thumb flexion in 500 ms
150us 100us 50ps flex 100us 150us 6 mA 4mA 2 mA flex 4mA 6 mA

raw SA ext ext 50ps ext flex flex raw SA ext ext 2mA ext flex flex

PW AMP

change change

proc. SA proc. SA

PW . AMP

change change

Figure 3: The SA that was recorded between the Figure4: Even very low stimulation amplitudes
stimulation electrodes on the M. ext. carpi radialis produced similar SA between the stimulation
changed strongly during transitions for changing PWs. electrodes for constant (250 us) PWs
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The transitions from hand opening to hand closing or vice versa were more problematic. If the pulse
widths were rapidly changed and shorter than 100 ps, then the SA changed dramatically from pulse to
pulse (see and caused errors in the estimation of the SA. Trials with different forgetting weights
p could not reduce this effect. Optimal results were obtained with a forgetting weight p = 1.

If the pulse amplitude was changed the SA remained almost the same, even for very low amplitudes. Here
also a forgetting weight p = 1 was optimal.

DISCUSSION

A novel SA removal method for real-time applications was presented. The algorithm subtracted a moving
ensemble averaged SA with exponential forgetting from the SA contaminated SEMG of a voluntary acti-
vated muscle. The algorithm was capable of eliminating SA tails in presence of voluntary SEMG activity,
even if the SA shapes were changing due to changing stimuli. The stimulation spikes could not be elimi-
nated. We suggest blanking the signal during that saturated period (see dark shaded region in [Figure 2).
For fast transitions with pulse amplitude modulated stimulation pattern (PW 250 us) it could be shown
that the SA removal performance remained good. Fast changing stimulation pulse widths during transi-
tions produced SA tails that could not be removed, because the SA changed strongly from pulse to pulse.
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BIPHASIC STIMULATION: AN ALTERNATIVE APPROACH TO MINIMIZE THE
STIMULUS ARTIFACT FOR DIAGNOSTIC AND FOR CONTROL APPLICATIONS

M. Reichel, M. Bijak, W. Mayr, H. Lanmuller, D. Rafolt, S. Sauermann, E. Unger, E. Turkof*

Department of Biomedical Engineering & Physics, University of Vienna
* Department of Plastic and Reconstructive Surgery, University of Vienna

SUMMARY

Diagnostic methods, where the electrical response to an electrical stimulus is recorded, provoke charging
processes in the electrode and tissue interface. In the recorded signal the stimulation artifact normally
strongly dominates in relation to the electrical stimulation response. If the response signal and the artifact
overlap, the response signal is lost due to overdrive of the recording amplifier. This especially occurs
during Intraoperative Motor Evoked Potentials in brachial plexus surgery and scoliosis surgery, where the
stimulation amplitude may reach several hundreds volts: the ratio of the stimulation amplitude and the
evoked, efferent motor Electroneurogram (ENG) is in the range of 10® together with a short latency
ranging between 2 and 4ms. Similar problems occur during intraoperative localization of chronic facial
nerve lesions, where the stimulation site (skull) and the recording site (facial nerve trunk) are especially
close to each other, with latency down to 1ms.

Considering the fact that every rising edge of the stimulation impulse leads to a charging current and that
every falling edge leads to a discharging current in the capacitive part of the load impedance, the two
edges of a monophasic stimulation impulse produce a slowly decreasing discharge current through the
tissue after the second (falling) edge. In order to minimize the remaining charge at the end of the impulse,
we used a biphasic stimulation impulse with asymmetric length of the phases. By adjusting the ratio of
the durations of the first and second phase, the remaining discharge current can theoretically be driven
towards zero.

Reducing the electrode-tissue interface to an equivalent network of a resistor, the phase duration ratio can
be calculated as described in the methods part. The resistor represents the tissue which is connected
serially to a parallel circuit of a capacitor and a resistor, both representing the electrode-skin junction.
This ratio depends on the time constant z of the equivalent network, which is in the range of 0.5 to 2ms,
and the duration of the first stimulation phase T; that is normally used in the range of 50ps to 500us.

For example: with a pulse width of the first phase of 50us, the percentage of the second phase T, of the
stimulation impulse needs to be 95% to optimally minimize the stimulus artifact at a time constant of 1ms
and with a pulse width of 500us this percentage needs to be 65%. This shows that longer time constants
need shorter second phases for optimal compensation and vice versa. The theoretical findings were
confirmed by series of animal and clinical experiments.

STATE OF THE ART

Intraoperative Electroneurodiagnostic (IOE) /1/ with high voltage (above 100V) stimulus often lead to
technical problems if latencies of the recorded ENG are very small, i.e. between 1 and 4ms. This is the
case with intraoperative MEP in brachial plexus surgery, scoliosis surgery and transcranial electrical
stimulation (TES) of the facial nerve. Following electrical stimulation of the motoric cortex, the evoked
efferent motor nerve action potential is recorded from the surface of the exposed peripheral nerve in order
to conclude from the potential’s shape to the function of the nerve.
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Electrical stimulation is applied by transcutaneous needle electrodes. The stimulus is a single, constant
voltage, rectangular monophasic pulse up to 750V in amplitude and 100us in duration (Digitimer 180) or
up to 1000V and 50us (Digitimer 185), respectively /2/. In spite of this short stimulus duration, the
stimulation artifact will overdrive the recording amplifier and the evoked Electroneurogram (ENG) with a
delay down to 1ms cannot be measured. One reason of the above mentioned is the recovery time of the
instrumentation amplifier, and the second is the discharging process for charge balance of the load
impedance. If fast recovery amplifiers are used, only discharging dominates overdriving the amplifier
after the second (falling) edge of the monophasic pulse.

Biphasic stimulation pulses are well known in Functional Electric Stimulation (FES) /3/ for charge
balancing over trains of pulses to avoid electrode and tissue damage. Usually rectangular biphasic
stimulation pulses with up to 100V in amplitude and up to equally 1ms in duration of first and second
phase are used to activate peripheral nerve structures via surface electrodes for causing muscle
contraction. For IOE it is necessary to activate the central nervous system like the motoric cortex or the
spinal root, respectively. Charge balance is not optimally provided by equally spaced phase duration,
especially for higher stimulation amplitudes, which are needed to reach the nervous structures under bone
tissue. The goal is to find the ratio between the first and the second phase of the biphasic rectangular
stimulation pulse to get an optimally charge balanced situation immediately after the stimulus.

MATERIAL AND METHODS

Amplifier and Stimulator

The IOE-System consists of two computer controlled modules, a single-channel electrical stimulator and
a six-channel ENG/EMG-recording unit /4/. The maximum amplitude of a single biphasic stimulation
pulse is 1000V per phase at 50us duration. The duration of the first phase is adjustable from 50us to 1ms
and the second phase can be tuned from 0% to 100% of the first (i.e. from monophasic to symmetric
biphasic) due to optimal compensation of the stimulus artifact.

The amplifier consists of three parts. The first is a shielded part (i.e. the preamplifier) and has an
amplification of 20. The second part consists of an isolation amplifier with two fixed amplifications, one
for EMG- and the other for ENG-signals, 5 and 500, respectively. The third part is a multifunction 1/0O-
PCMCIA-card for A/D-conversation of 12bit and an amplification of 1 to 100. Thus the amplification
range is adjustable from 10 up to 10°.

Theory of Compensation

The load impedance, including tissue, skin and electrodes, can simply approximated by an equivalent
network of a resistor Rg, representing the tissue, serially connected to a parallel circuit of a capacitor Ce
and a resistor Rg, both representing the electrode-skin junction (Fig. 1a). Rectangular, constant voltage
stimulation pulses produce a current flow over the electrodes and the tissue. In Fig. 1b three different
pulses applied to the equivalent circuit are compared, where the amplitude of the current can be scaled
because of independency regarding to minimize the artifact. Thus the monophasic pulse produces 20% of
the maximum amplitude after its falling edge and has an exponential decay with a time constant of 1ms
afterwards. The symmetric (100%) biphasic pulse leads to amplitude of 8% after its final rising edge,
which is lower than the 12% of the monophasic at this point of time (1ms). The biphasic pulse with
different length of phase 1 (100%) and phase 2 (67%) results in amplitude at almost 0% of the maximum
current amplitude. The optimized ratio of the second phase T,/T; depends on the pulse width of phase 1
T, and the time constant z, which results from the equivalent circuit in Fig. 1a and can be expressed as

T T -
—2=—.In|2-e 7 |. Equ. 1
Tl Tl ( J q
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This means that for a pulse width of the first phase of 500us a pulse width of the second phase of 335us
(67% of the first) is the optimal duration for minimizing stimulation artifact.
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Fig. 1: a) Equivalent stimulation circuit with a 7o) I fi: : ; -
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RESULTS

An example in Fig. 2a points out the difference between three stimulation signals with amplitude of 500V
and a pulse duration of 100us, where first is monophasic, second and third are biphasic symmetric
(100%) as well as asymmetric (90%). Due to a high pass filter, implemented in the recording amplifier,
the recorded signals do not have a DC-part and the shape look different to the calculated shape in Fig. 1b.
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Fig. 2: a) ENG-recordings, corresponding to a time constant of about 0.9ms and a stimulation with an amplitude of
500V and a pulse duration of 100us for monophasic, biphasic 100% and biphasic 90% pulses, where biphasic 90%
has minimum artifact within 0.5ms after stimulation onset; b) percentage of T, over T; for minimized artifact
depending on time constant z; calculated for 0.5ms, 1ms and 2ms (solid lines) and recorded for 0.7ms (squares),
0.9ms (dots) and 1.4ms (crosses).

Also the monophasic stimulation pulse overdrives the amplifier for about 1.5ms, which means that no
ENG-signal can be recorded in-between 1.5ms after the onset of the stimulation pulse. The recorded
signal after the 100% biphasic pulse shows no overdriving of the amplifier, but it takes about 2ms of

discharging exponential decay to reach an amplitude in the range of the amplitude of the ENG-signal
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itself (20uV). Minimized artifact, even at 0.5ms after stimulation onset, occurs after a asymmetric
biphasic stimulation pulse with duration of the second phase of 90% from the first. Recordings confirm to
the theory of Equ. 1, which is shown in Fig. 2b. The continuous lines are drawn for the calculated ratio of
To/T1 over Ty to minimize stimulation artifact at time constants of 0.5, 1 and 2ms. The squares, dots and
crosses represent the percentage of T, at time constants of about 0.7, 0.9 and 1.4ms for recordings with
minimized stimulation artifact.

DISCUSSION

In the course of IOE, where the electrical response to an electrical stimulus is recorded, charging
processes in the electrode and tissue interface are provoked. The results show (Fig. 2a), that the
discharging processes in the recorded signal can be shortened in time due to different pulse shape of the
stimulation signal. A monophasic rectangular pulse of constant voltage has two disadvantages. First the
recording amplifier is overdriven for several miliseconds and second the discharging exponential decay
starts at high amplitude. This means, that lower amplification is required and the ENG-signal is very
small or even cannot be detected. In comparison, biphasic stimulation signals do not (or only for some
microseconds) overdrive the recording amplifier and the exponential decay starts at lower amplitude. This
starting point of the discharging exponential decay can be adjusted by appropriate discharging due to vary
the duration of the second phase of the biphasic stimulation pulse. The duration of the second phase for
minimizing stimulation artifact is dependent on the duration of the first phase. For this reason, longer
pulse width require shorter width of second phase for minimizing stimulation artifact and vice versa.

The required duration of the second phase can be predicted by Equ. 1, if the time constant of stimulation
circuit is known. But due to noise and the essential filtering of the recording system, the time constant
cannot be determined exactly. In some cases, where optimally minimized artifact is required caused by
very short delay of ENG-signal, the duration of the second phase has to be adjusted manually. In most
other cases, minimizing of stimulation artifact can be done automatically after determining of the time
constant of the stimulation circuit.
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USABILITY OF EEG SIGNALS FOR FES CONTROL
-through Event Related Potentials Caused by Obscure Pictures-
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SUMMARY

The goal of this report is to consider the usability of change of human event related potentials characterize
when they watch some obscure pictures and judge the normality of the pictures. To reach the goal, a
model is considered and simulations are done on the model, the characters are clarified by the results of
the simulation and we discuss whether the signals of changes of ERPs are useful for FES control or not.

STATE OF THE ART

Event related potentials (ERPs) are special potentials measured from electroencephalograms (EEGSs) and
caused by special events like watching some pictures, listening to some sounds, or feeling some pain, etc.
ERPs are one of very objective signals obtained from human beings when they are working. Farther,
since the brains of human beings control their recognitions, judgments and activities and EEGs or ERPs
explain directly the states of brains, EEGs or ERPs are one of the most excellent indicators that show the
dynamic states of brains. If it is possible to use these potentials for functional electrical stimulation (FES),
it becomes very useful by the reason of their characters.

The goal of this report is to consider the usability of ERPs for FES. And our approaches to the goal is to
use the character of changes of actual ERPs when subjects are doing some task, to make a model to cause
the same changes of ERPs, to do several simulations on the model, to clarify the characters of ERPs
estimated by the results of simulation, and finally to discuss the usability for FES.

MATERIALS AND METHODS

1. The Experiments that obtained the changes of ERPs
The experiment is followings;
(1) The displayed obscure pictures: five kinds of different facial outlines of human being called “17,
€27, 3774” and “5” in Fig.1. “1” is the most normal, “5” is the most abnormal, and “2”, “3” and
“4” are among them. The picture “3” is the most obscure one in these pictures. We call these
pictures stimuli because they cause several ERPs on a brain.
(2) The frequency of displaying: 1 time 4 seconds.
(3) The displaying length of time: for 2 seconds.
(4) The number of displayed pictures : more than 250 times in total. The five kinds of stimuli are at
least included in 50 times each.
(5) The order of five kinds of pictures: at random.
(6) The task: the subjects input the key "1" when they think the displayed picture is normal, and the key
"2" when they think the picture is abnormal from the viewpoint of engaging.
(7) EEGs: single polar 19 channels by the 10-20 international method.
(8) The sampling frequency from analogue EEGs to digital one: 1KHz.
The number of subjects is eight. They are normal male students and an expert of teeth correction. The
subjects without the expert are all 21-22 years old.
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The analytical methods are followings;

(1) The measured EEGs were filtered by a kind of adaptive filtering methods[1].

(2) The he filtered data were smoothed by a moving average method and obtaining single recording
ERPs.

(3) Three kinds of event related potentials called P100, N200, and P300 were detected automatically from
the single stimulated ERPs which are calculated in (2), and getting the latencies and amplitudes of
these potentials.

(4) The regressive lines were calculated for each potential and for the case of each picture.

] / ] ). Vi

—~ g 4

stimulus 1 stimulus 2 stimulus 3 stimulus 4 stimulus 5
Fig.1 The obscure pictures used for the experiments

2. The changes of ERPs
Fig.2 is an example of the filtered data of measured EEGs3,4,5,7,8. The bottom of the waves is the first

ERP and next is the second one. The potentials of P100, N200 and P300 appear clearly in the figure (The
positive and negative direction is inverse by course of EEG recording.) We detected automatically the
latencies of single recorded ERPs like waves in Fig.2, and calculated the regressive line of the latencies 7.
Fig.3 is an example of the regressive lines of N200. The regressive line of stimulus“3” is very different
from others. The stimulus “3” in Fig.1 is the most obscure to judge abnormal. That is, the change of
latencies is the smallest in the most obscure stimulus.
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Fig.2 An example of single recorded ERPs Fig.3 An example of regressive line of N200

3. A model to explain the changes of ERPs

EEG is the potential measured on the scalp and the potential consists of the sum of bursting neurons.
Therefore, when high amplitude is observed, it means that a lot of neurons burst together in a short time.
On the other hand, when low amplitude is observed, it means that a little number of neurons burst or the
time lag of bursting is relatively large. This phenomenon matches the next formula®;

n(t)
ERPj (t) = > Ti(j)-wi(j)-Ei t=1,2, ....,500msec, j=1,2, .....,250 times, wi(j=)1,0 ..... ..... (1)
i=1

1<=T(j)<=500
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Ti(j) is the position which the i-th neuron bursts. wi(j) is the function which determines the i-th neuron
bursts or not. Ei is the potential of the i-th neuron. On this model, we are able to explain that degree of
obscurity to some subject determined the value of the function wi(j), Ti(j) and n(t). The most obscure
picture causes neurons bursting in a short period.

3. Methods of simulations
We determined the parameters on the model (1) are followings;

Ei = sin(2*Pi/10*k) k=1, 2, ..., 10, Pi=3.141592,

n(t) = (int) (sin(2*Pi/500*t - Pi/2)*50+51) t=1,2,...,500,

Ti()*wi(j) = (int) 50*sin(2*Pi/200*k + dd(j)) k=1,2,...,500, -2*Pi/100 <= dd(j) <= 2*Pi/100
Fig.4 shows the parameters for the simulation for stimuli without stimulus “3”, and Fig.5 is the
parameters for stimulus “3”. n(t) is the same in these figures, and Ti(j)wi(j) is slightly different each
other. We did some simulations using these values.

| ——Ti(wi(j) (stm.3) ——n(1) | | ——Ti{)wi() (stm1) ——n(t) |
12000 120
10000 100
8000 0
6000 60
4000 a0
20
0

1 m 20 3M 4N M 1 10 2M 3M 401 0|

Fig.4 An example of parameters for the simulations Fig.5 An example of parameters for simulations
in the case of stimulus “3” in the cases of others stimuli

RESULTS

Fig.6 and 7 are the results of simulations. Fig. 6 is a simulation for stimulus “3”, and Fig.7 is a simulation
for other stimuli. Each curve in these figures have peaks 100, 200 and 300msec, and they are very
resembled the actual ERPs. Ei is too small to be recognized in the summed up data. These results of the
simulations show that the model (1) can explain the changes of latencies of the actual ERPs.

P i} P o
gy
N a0 N2ED
1 1M M M 40 501 1 1m M M 401 5M

Fig.6 An example of data simulating the stimulus “3”  Fig.7 An example of data simulating other stimuli

DISCUSSIONS
Parameter Ti(j)wi(j) in Fig.4 and Fig.5 seems almost all the same, however, they are slightly different.
Fig.8 shows the difference, and the maximum value of the differnce is about 300. The value 300 is not
small, but the ratio to the maximum value of Ti(j)wi(j) is only 3%. This result of simulation shows that
slight change of values of parameters, which can not be recognized by eyes, cause large changes that are
observed by eyes.
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Fig.9 shows the changes of latencies of N200 in the simulations, and two lines are similar to the stimulus
“3” and “others”. These results of simulations suggest that relatively large changes in ERPs or EEGs
appear when the small changes occur in a brain. The signal for FES requires objectivity and sensitivity to
detect small change of state. Special EEGs like ERPs have these required properties for FES. Therefore it
is possible to use the changes of ERPs as a signal to useful FES.
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Fig.8 The difference of Ti(j)wi(j) in Fig.4 and 5; the Fig.9 The change of latencies of data simulating
difference of parameters between stm1 and stim3 stimulus “3” and “others”
in the simulations
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SUMMARY

Here, we describe the clinical application of devices for non-invasive and selective transcranial elec-
trostimulation (TES) of the antinociceptive system; and, their endorphinergic and serotoninergic neu-
rotransmitter components. Our data is based on a large number and variety of experimental and clinical
studies. The process of development and a brief description of these devices are presented. We also
demonstrate the high efficacy of TES treatment for reduction of psycho-physiological disturbances
elicited by stress of different intensities and a variety of other factors.

STATE OF THE ART

During the last century, transcranial electrostimulation (TES) was proposed as a method to elicit
electronarcosis /1/, electrosleep /2/ and electroanalgesia /3/. Many attempts in several countries were
made to introduce these methods into clinical practice /4/. Despite the breathless expectations based on
TES methodology (i.e., non-pharmacalogic, easily controlled, with few side effects); the practical re-
sults of TES applications were quite negative. In hindsight, it is understandable because there were: no
suitable experimental models, little knowledge of the optimal parameters for treating specific abnor-
malities, or well-controlled studies; that, acceptance of TES into the clinical area was slow, if at all.
Our general aim was to develop the method of non-invasive, selective activation of the brain antino-
ciceptive system with its endorphinergic and serotoninergic mechanisms by means of TES. Some data
were presented previously /5, 6/. The specific aim of this paper is to describe the process of develop-
ment of TES devices and its applications for reduction of psycho-physiological disturbances elicited by
stress of different intensity and some other factors. This study was accomplished according to the
established order of GMP, GLP and GCP.

MATERIALS AND METHODS

Development of devices

In the long history of TES, several different electrical regimens were introduced rather arbitrarily. To
make a choice

Table 1. Characteristics of impulses studied in screening experiments to elucidate of its optimal
parameters for transcranial electroanalgesia

Impulse shape Frequency (Hz) Width (msec) Combination
Range Steps Range Steps with DC
40 - 100 1-5 0.1-5.0 0.05 Yes
100 - 3500 10 -50 0.1-1.0 0.1 No

Yes
/ \ 40 -250 10 0.1 -5.0 0.2 No
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of optimal regimen for stimulation of antinociceptive system, broad screening experiments were per-
formed with non-traumatic pain models in several species of animals and volunteers with registrations
of emotional, motor and autonomic pain-related events. The shape of impulses, range of frequencies,
impulse width and the steps of its changes are presented in Table 1. All parameters studied were
withinin the limits of ones of previously described devices for electrosleep and electroanalgesia /2, 3/.
It was found that optimal stimulation antinociceptive system to elicit analgesic effect and maximal [3-
endorphin release are produced by rectangular impulses only of narrow band parameters of frequency
and width slightly different for different species. The optimal parameters for humans were respectively
77.5 Hz and 3.5-4.0 msec. The relationship between the TES analgesic and other effects and impulse
frequencies was very sharp and had rather “quasiresonance” shape. For example: £ 2 Hz frequency
deviations from resonance point reduced effects at about 50 %, + 4 Hz deviations abolished TES effects
/6/. These data gave the basis to exclude an individual adjustment of frequency and impulse width for
concrete patient in devices..

It was also found that constant voltage impulses are effective in combination with DC in ratio 1:2
only. Contrary constant current impulses of the equal amplitude had the same efficacy without addi-
tional DC. This result gave an opportunity to reduce significantly the level of current applied. In com-
parison between the analgesic efficacy of present TES regimen and regimen described by A.Limoge

A B 2
Limits of
frequency
modulation
<>
oL _ 4
W/
Monopolar

&) sermmitie: TRANSAIR-04 S5 ogram

CURRENT, mA TIME/FREQUENCY

]

- L

Bipolar b

Fig. 1. Output current impulses (A) of TES devices (B).

A. Shape of impulses and limits of frequency modulation.

B. Different TRANSAIR models. 1- Headset of electrodes. 2- TRANSAIR — 02, the simpliest for outdoor usage,
monopolar output impulse, rechargeable battery. 3- TRANSAIR — 01, for practitioners, mono- and bipolar out-
put impulses, LCD, timer, frequency control, alarm and protection systems, plug in. 4- TRANSAIR — 04, for
hospitals and outpatients clinics, mono- and bipolar output impulses with or without frequency modulation, LD
indicators, timer, automatic control, alarm and protection systems, verbal dialogue with user in process of ad-
justment of parameters, plug in.

/7/ it was elucidated that the first one is much more effective. Further improvements of electrical
regimen were directed to diminution of local irritating action on the skin under electrodes and increase
the TES efficacy in population of patients. To realize the first aim the bipolar impulse with zero net
charge (Fig.1A, phase “a” is equal phase “b”) was used. For the second aim the stochastic frequency
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modulation was introduced in the limits of the width of “quasiresonance” curve at the 50% level of its
height (Fig.1,A).

On the basis of these results the development of some models of devices named later as TRANSAIR
(abbreviation - TRANscranial Stimulator for Analgesia, Immunity and Repair) and adjusted for out-
and indoor usage were developed and manufactured (Fig.1,B).

Experimental studies

The immobilization and cold stress of different intensity in rats were used as a model estimation of pos-
sible TES antistress effect. The intensity of stress-related events before and after TES were estimated
immunocytochemically in neurons of brain cortex and several brainstem nuclei activation by immedi-
ately early gene (C-Fos) expression /8/ and morphologically by measurement of number and shape of
gastric ulcers /9/. TES was performed by regimen specially adjusted for rats /10/.

Human studies

The blind and placebo-controlled (passive and active placebo) studies were produced to estimate the
TES effects on stress-related events, affective disorders, and accompanied psycho-physiological and
autonomic disturbances of different intensity in several groups of volunteers and patients. Some subjec-
tive verbal and non-verbal tests and objective tests were used for estimation of initial level psycho-
physiological status and it changes after TES sessions (Table 2).

Table 2. Groups of volunteers and patients with stress-related events, affective disorders and
accompanied psycho-physiological disturbances and tests its estimation.

Groups of
No | volunteers Types of stress and fatigue | n Tests and number of indexes (n)
and patients
1 | Workers Everyday stress and fatigue | 141 | Subjective tests — non-verbal:
> | Soldiers Ssttress and fat}gue durmg the 4 VAS, Color Lusher’s test (4).
1™ year of military service
3 | Servi Stress and fatigue in real 65 Subjective tests — verbal:
CIVICEIMEN | £61d battle conditions Self-estim. test (3), Spilberger’s test (2),
Rescue Professional stress Quality of life.
4 . 12
workers and fatigue
5 Relatives of | Stress — syndrome of 7 Objective tests:
the losts “terrible bereavement” Correction test with Landolth’s I'il’lgS (8),
6 | Patients Fatigue during depression 18 Criticql frequency of ﬂa§hing merger,
7 | Patients “Chronic fatigue” syndrome | 27 Reactlop on moving object,
: Stress in postabstinence Circulation tests (4),
8 | Patients syndrome 247 | Breathing tests (3),
Posttraumatic stress Heart rate variability — two tests (9)
9 | Patients 207
(heavy thermal burns)

RESULTS

Experimental studies

It was demonstrated that after even one TES session (30-60 min, current 1.0-1.2 mA) substantially
reduced the number of neurons activated after immobilization and marked by C-Fos staining. This ef-
fect was found in 9 cortex areas of 12 studied especially in deep cortex layers. The reduction of stress-
related C-Fos expression was also observed subcortical structures: in 4 of 6 thalamic nuclei and in 6 of
10 hypothalamic nuclei.
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One TES session had curative and preventive effects on gastric ulcers elicited by immobilization in
cold environment stress. Numbers and severity of ulcers in treated animals were substantially lower in
comparison with untreated ones. TES effects were naloxone reversible that support of its endorphiner-
gic nature. Thus experimental data presented gave the basis for clinical application of TES antistress
effect.

Human studies

All groups of volunteers and patients included are into Table 2. In the members of the groups 1-4 stress
of different level was elicited by the conditions of professional activity including groups 3-4, which had
some level of danger of death. Members of 5™ group had un-escapable stress as a relatives of lost in
mass disaster. Members of group 6-7 have mainly high level of fatigue. In group 8 patients after treat-
ment alcohol and heroin withdrawal were included. Patients of group 9 had posttraumatic stress disor-
ders. In all cases it was demonstrated that fatigue, stress and other accompanied psycho-physiological
disturbances were significantly improved or abolished after 2-5 TES sessions. The TES effects were
more pronounced in cases of heavier disturbances.

DISCUSSION

It is well known that deficit of endorphins play important role in stress and affective disturbances of
human psycho-physiological status. TES devices are effective for activation of the brain endorphiner-
gic structures and its practical application is the effective homeostatic FES method for reduction of
stress-related event and other psycho-physiological disturbances. Therefore, TES is an effective tool to
greatly improve the quality of life.
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RIGOROUS GREEN’'SFUNCTION FORMULATION FOR TRANSMEMBRANE
POTENTIAL INDUCED ALONG 3-D INFINITE CYLINDRICAL CELL

L.M. Livshitz', P.D. Einziger , and J. Mizrahi"
Departments of Biomedical” and Electrical” Engineering, Technion, Israel Institute of
Technology, Haifa 32000, Israel

SUMMARY

The quasistatic electromagnetic field interaction with 3-D infinite cylindrica cél is
investigated for both intra and extracellular current point source excitations (IPS and EPS,
respectively). The induced transmembrane potential (TMP), expressed conventionally via
Green’s function, is expanded aternatively into a faster converging representation using a
complex contour integration, consisting of an infinite discrete set of exponentialy decaying
oscillating modes (corresponding to complex eigenvalues) and a continuous source-mode
convolution integral. The TMP is insensitive to large variations of the internal/external
conductivity ratio as long as the membrane/external (or membrane/internal) conductivity ratio
is maintained very low. The dominant contribution for both the IPS and EPS problems are
obtained in simple closed-form expressions, including well documented special functions.

STATE OF THE ART

In the IPS case the dominant modal contribution (of order zero), an exact solution of the well-
known cable equation, is explicitly and analytically corrected by the imaginary part of its
eigenvalue and the source-mode convolution contribution, both of the order of the
membrane/external conductivity ratio. The limit where the external conductivity approaches
infinity is well documented in the literature /1/. In this limit the convolution integral
contribution vanishes and complex eigenvalues become real. In the EPS case the dominant
contribution is expressed as a source-mode convolution integral. However, for a long EPS
distance (> 100 fiber diameters) the mode (of order one) involved in the convolution is not a
solution of the cable equation. Only for shorter EPS distance should the cable equation
solution (i.e., mode of order zero) be included in addition to the dominant mode (of order
one). For on-membrane EPS location additional modes should be included as well. In view of
our EPS result, we suggest that the cable equation analysis and modeling aready contained in
the literature and related to functional electrical stimulation for EPS problems /2/, /3/ should
be critically reviewed and corrected.

METHODS

The physical configuration of our problem, depicted in Fig.1, consists of source-point S, an
observation point P, and two cylindrical regions, the axoplasmic core and the surrounding
fluid, separated by a thin membrane of radius a. Assuming that the core, the outer fluid and
the membrane are homogeneous, isotropic, ohmic conductors, their electrical parameters are
denoted by g;, g. and Gy,,, respectively.
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Figure 1. Physical configuration

The TMP, i.e., the difference between the internal and external potentials on the membrane
surface, is given for a point source excitation as

V(p, zr)—ﬁ[G(r ) =G(r,r))] = o 0( 52

£V, (2, ') cos(ng), ™)
where G(r,r’) denotes the point source response (Green’s function), &=1, and =2, for n>0.

The coordinates r'=(0,0,0) and r=(a,¢,2) corresponds to locations of the source-point S and
the observation point P, respectively. The superscripts ‘+ and ‘-* represent quantities
evauated at the outer and inner surface of the membrane, p=a, respectively. The point source

current is |, and o(p) is either ¢ for p<a or ¢, for o >a. The Green’s function in (1) can be
expressed in terms of cylindrical harmonics/1/ leading to

G(r\1) =55 Y &, 9P, ', K) cosi) costng)ck ®
n=0 0

Both G(r,r’) and g, (p, p',Kk) in (2) satisfy, 3-D and 1-D Laplace equations and appropriate
constraints. For the internal source problem, the Fourier coefficients V,(z, p') in (1), obtained
after a straightforward but somewhat tedious calculation, are given via

0,(0) [y, 14() _ GyaK, (k)1 (ka) L T )k
Al (ka)/ Ho (k) oK. (ka)l,(ka) @3)

V,(z0)= J’

where Ih(ka) and Kn(ka) is the modified Bessel functions of the first and second kind,
respectively. Similarly, the expression for the external source problem (Fig.1) isgiven as

17 DK (ko (ka) /LG a tka I (ka) GaK,(ka)l, (ka)

4
Vi (2p)= I OK: (ka)l , (ka) Ho l.(ka) oK (ka)l, (k) rostade
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The integral representation in (2)-(4), representing continuous slowly converging summation
over the spectral component of the transmembrane spectrum (the slow convergence is of O(1/ka)
as ka— ), can be expressed alternatively via equivaent discrete spectrum and an O(Gpa/ g;)
continuous spectrum contribution, which converges much faster (i.e., exponentially for z>0 and
Gma/ ge— 0). The aternative representation utilizes ¢-p eigenfunctions expansion, guided along z
direction, rather then ¢-z expansion guided along p direction which is definitely more
appropriate for axon propagation problems.

RESULTS

Calculations of V(¢,zr’) and its Fourier coefficients V,(z, p') for both the EPS (Figs.2a-2d)

and IPS (Figs.3a-3b) problems are carried out, utilizing (1), (3)-(4) (or better, its alternative
representation), with the parameters gi/ o =1 and g; /G,a=200. The normalized source location p7a
are specified for the indicated values.
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Figure 2 Normalized TMP distribution for the EPS problem.
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Figure 3 Normalized TMP distribution for the IPS problem.

DISCUSSION

The EPS problem signifies the importance of the n=1 mode (Figs.2a-2d). The n=0 mode,
solution of the cable equation, is significant only for source-point locations which are relatively
close to the axon. Thus, the conventional approach which accounts for the zero order mode only
12/, 13/ should be critically reviewed and corrected.

The IPS calculation highlights the dominance of the n=0 mode (Figs.3a-3b). Note that for large
values z/a, the TMP decays agebraicaly for finite o, values and exponentialy in the limit ge— oo

(Eq.(3)). The exponential decay is due to the largest current leakage from the axoplasmic core
into the surrounding fluid.
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SIMULATION OF THE THREE DIMENSIONAL ELECTRIC FIELD IN THE COURSE OF
FUNCTIONAL ELECTRICAL STIMULATION

M. Reichel, T. Breyer, W. Mayr, F. Rattay*

Department of Biomedical Engineering & Physics, University of Vienna
* Department of Analysis and Technical Mathematics, Vienna University of Technology

SUMMARY

Optimization of stimulation parameters as well as shape and positioning of electrodes are important
questions in Functional Electrical Stimulation (FES) of paraplegic patients. For that reason a MATLAB
tool, named FES-FIELD, modeling the three dimensional electric field in human body has been
developed to calculate the electric field in a region of interest. The simulation tool provides a Graphic
User Interface (GUI).

In case of denervation of the lower extremities an important target muscle is the m. quadriceps femoris.
The electrical potential distribution along its fibers is representative for its functional activation. For this
special application the human thigh stimulated by skin electrodes has been modeled.

The simulation process has been done in five steps:

1) Reading the geometric information of the thigh from 50 CT-slices (256 by 256 pixels).

2) Segmentation in tissue types by pixel value and definition of each conductivity.

3) Selection of electrode geometry and positioning.

4) Calculating the electric field iteratively by solving the system of approx. 1.5mio. linear equations.
5) Visualization of the solution by equipotential lines in either cross- or length-sections of the thigh.

The simulation requires 5-6 hours time for approx. 6000 iterations computed with a standard PC
(800MHz CPU, 512MB RAM). The graphical information and the electrical solution can be exported to
binary files for further investigations like calculation of the activating function of representative fibers in
several muscle regions.

STATE OF THE ART

Most of the knowledge on Functional Electrical Stimulation (FES) is the product of more than 30 years of
experimental use /1/ /2/, i.e. it is empirical and subjective. For quantitatively observation a 2D-model of
the distribution of the extracellular electric field in a length section of the human thigh has been
established in 1999 /3/. It focuses on denervation of the lower extremities.

The major target muscle for FES that causes knee extension is the m. quadriceps femoris. Distribution of
the electrical potential along its fibers is representative for its functional contraction caused by its
electrical activation. In this 2D-model, where the femur is of low conductivity (approx. less than 1/10 of
the conductivity of muscle), the current - applied through surface electrodes covering the m. quadriceps
femoris - cannot be passed on to the hamstrings below the femur.

However, in a 3D-simulation the stimulation current would be passed on to the hamstrings through the
muscles enclosing the femur. VVoltage distribution would change considerably compared to the 2D-model,
i.e. a stronger electric field would be observed in the region of the hamstrings. Hence, functional tetanic
contraction of the quadriceps influenced by the co-contractions of the hamstrings would be investigated
much better.
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MATERIAL AND METHODS

Geometric model

The geometric information is available as a number of either frozen cuts or CT cross-sections each stored
in a - 256 by 256 pixel - graphic file format of *.jpg or *.tif, respectively. The MATLAB application
FES-FIELD provides an input filter for both formats, which first converts the files into gray scaled 8bit
images (Fig. 1), then finds the outermost contour (skin) and last colors the contour-pixels white and all
outlying pixels black (air). In this example, pixel size is 1 by 1mm (4x, Ay) and the distance between each
cross-section is 10mm (A4z). This determines a 3D-grid equidistant in each direction (x, y, z).

relative conductivities

material | y(S/m)
muscle 0.1
fat 0.03
bone 0.016
skin 0.06
conn.-
tissue 0.00
electrode 1

Fig. 1: 8bit gray scaled cross-section (256 x 256pixel = 1x1mm) in the upper third of Tab. 1: Conductivities of
the left human thigh (left) corresponding to the framed cross-section and further several types of material.
cross-sections taken lengthwise every 10mm from the hip down to the knee (right).

Depending on their gray values, the pixels inside the contour (skin) represent basic types of tissue like fat,
muscle, bone and connecting tissue. The entire 8bit gray scale can be divided into several groups (i.e.
segments), where each group stands for a type of tissue. For each group a value for the conductivity »
(shown in Tab. 1) has to be defined. For example the segmentation of muscle tissue is shown in Fig. 1.

Electrode positioning

To apply electrical stimulation (i.e. the electric field) via surface electrodes, shape and position of
electrodes have to be selected. The geometric information of the electrodes must be added to the 2D-
superficial surface (skin) and the junction points for anode and cathode of the stimulator have to be
defined. This is shown in Fig. 2.

Fig. 2: Skin of human thigh sliced at the

bottom side representing a 2D-superficies

e surface with two rectangular electrodes on

top (black). Electrodes should be placed
within the gray shaded area bounded by the
""""""""""""""""""""""" dash-dotted lines, because adding electrodes
outside of this area increases the risk of them

e . . kmee | loosing their shape when the 2D
configuration is attached onto the 3D thigh.

————————————————————————————————————————— The two small squares, placed onto the
electrodes represents the junctions to the

— anode and cathode of the stimulator.
., B
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The electric field

After segmentation of tissue has been performed and electrodes and voltage sources have been added into
the geometric information of the thigh, all data required for calculating the stationary electric field, i.e. a
3D-matrix of the thigh including surface electrodes, and the correlation between pixel values and
conductivities, is available. Describing the voltage distribution in a medium with variable conductivity
leads to an elliptic boundary value problem denoting a current density

D:V(X) = o(x)

—V[;/(X)- \AY% (x)] =0  with boundary conditions Equ. 1

N :%V(x):y(x)'

The coefficient yis a function, which gives the conductivity depending on the location x, and the function
V determines the voltage at x. Dirichlet (D) boundary conditions define voltage sources and Neumann (N)
boundary conditions describe the behavior of the field at the crossover from skin to air and at the hip and
knee, where the 3D-matrix-representation ends. n denotes the outward pointing normal vector, i.e. the
vector orthogonal to the boundary curve. A large system of linear equations (e.g. approx 1.5 million linear
equations for 50 cross sections) can be obtained via discretization of Equ. 1.

Tk
ij+1,k
2‘ i1,k i+1,),k
<
ij1,k-1
ij-1k
AX Vi,j -1,k
(a) (b)

Fig. 3: a) Interdependent voxels in a 3D-grid, equidistant in each direction (4x, 4y, Az), neighboring a central
voxel-i,j,k and b) corresponding voltages V of each voxel-center connected to the neighboring voxel by the
conductance G depending on direction (L...left, R...right, D...Down, U...up, F...front, B...back).

Physical interpretation of Equ. 1 (i.e. Ohm’s and Kirchhoff’s law) leads to the system of linear equations

GLi,j,k '(Vi—l,j,k _Vi,j,k)+GRi,j,k '(Vi+1,j,k _Vi,j,k)"'GDi,j,k '(Vi,j—l,k _Vi,j,k) + Equ 5
GUi,j,k '(Vi,j+1,k _Vi,j,k)+GFi,j,k '(Vi,j,k—l _Vi,j,k)"‘GBi,j,k '(Vi,j,k+1_vi,j,k) =0’ '

by summing the currents coming from neighboring voxels (Fig. 3). Current flows over the conductance G
depending on direction (L...left, R...right, D...Down, U...up, F...front, B...back) because of the voltage
difference. This system can be solved iteratively using the MATLAB’s numerical method of conjugate
gradients (CG).

-138 -




RESULTS

In Fig. 4 an example shows the stationary electric field calculated by FES-FIELD in one of the cross-
sections and in one length-section. The length section was extracted from all cross-sections using the data
at the corresponding vertical line.

Fig. 4:Cross-section from Fig. 1 (left) and length-section with attached electrodes corresponding to the
vertical line in the cross-section (right) both displaying the stationary electric field using equipotential lines.

DISCUSSION

In this research the tool FES-FIELD was implemented to simulate the stationary electric field in the
human thigh while applying functional electrical stimulation to paraplegic patients. This tool could be
used for other purposes as well. It could be applied directly to the lower leg or the upper extremities and
with minor modification also to other regions or organs of the body. One of the initial motivations for
developing FES-FIELD was being able to determine voltage distribution along muscle fibers. Using the
3D-matrix giving a voltage value for each pixel, the voltage distribution along any fiber or path can be
determined. This process could be automated in a future version.
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GENERATION OF NEW WAVEFORMS TO ACHIEVE
ANODAL BLOCK: A COMPUTER STUDY
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SUMMARY

The main aim of this work is to study different waveforms for selective small fiber activation in order to
minimize charge injection when using anodal blocking. In order to performe this study, computer
simulations have been done.

STATE OF THE ART

Electrical nerve stimulation is used to restore control of different organs. However, electrical stimulation
results in an inverse recruitment order of nerve fibers since large fibers are activated before smaller ones.
As a consequence, fast onset of muscle fatigue and poor force gradation are some drawbacks. Moreover,
some applications, such as electromicturition and electrodefecation, require activation of small fibers
without activation of the larger ones /1/.

Different methods have been proposed to achieve a more natural recruitment order: selective anodal block
12,3/, slowly rising pulses /4/ and high frequency block /5/. We have focussed in this study on the anodal
block technique. This technique takes advantage of the different excitation and blocking thresholds for
small and large fibers. It is possible with this technique, using a combination of excitation and selective
blocking, to activate primarily the small diameter nerve fibers.

In order to obtain anodal blocking, relative large pulse widths and high amplitudes are used compared
with a traditional stimulation pattern. This induces a larger charge injection, which could be harmful not
only to the tissue but also to the electrode /6/. In the present study new pulse shapes are developed so that
injected charge could be reduced. Because the action potential needs time to travel from the cathode to
the anode, strong hyperpolarization is not needed at the beginning of the pulse. Pulse shapes with two
different amplitude levels (a smaller amplitude at the beginning of the pulse) and with an increasing
slope, have been simulated in a computer model and the reduction in the amount of charge injected has
been evaluated. In addition, the effect of the use of a hyperpolarizing prepulse on the excitation and
blocking thresholds has been analysed. Parameters such as hyperpolarizing pulse amplitude, pulse width
and delay have been optimised to obtain maximum charge reduction.

MATERIAL AND METHODS

The electrical potential field generated by a cuff electrode (2 mm inner diameter) with metal ring
contacts, spaced 3 mm, has been calculated using a volume conductor model described by Rijkhoff et
al./7/. A nerve bundle with a radius of 0.7 mm has been used.

A nerve fiber model used to analyze the responses of the membrane to the extracellular electrical

potential field is described by McNeal /8/. The Frankenhaeuser-Huxley equations, adapted for a rabbit

according to Chiu et al. /9/, have been used to describe the membrane kinetics. All temperature-dependent

parameters were scaled to 37 °C /10/. Two different fiber diameters have been analyzed to study the
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selectivity (12 um and 4 um). The 12 um fiber has been placed on the axis of the bundle and the 4 um has
been placed at the border. The cathode was always situated right above the central node of Ranvier of the
fiber.

Parametric simulations have been done in order to investigate the different effects. The pulse shape was
optimized so that it would result in a minimum charge injection, allowing a faster recovery of charge
(with the subsequent possibility of increasing the signal frequency) and a safer stimulation pattern, able to
generate fiber diameter selectivity.

RESULTS

A study of the influence of the waveform on the charge per pulse needed to block a 12 um fiber situated
on the axis has been done. Two different waveform shapes have been used (see Fig. 1).
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Fig. 1 : Stimulus waveforms for anodal blocking

(PW =210 ps).
A rectangular pulse with an 4; amplitude during t; followed by an amplitude 4, during the rest of the
pulse has been applied. Fig. 2 shows the relationship between the initial amplitude (A) and the maximum
time (t;), for two fixed amplitudes A,, in order to block the action potential generated under the cathode,
along with the charge injected. It is shown how an increase in the amplitude A; allows an increase in the
time t; since a bigger hyperpolarization is generated under the anode. If a rectangular pulse with the same
total width (210 us) is used, an amplitude of 336 LA is needed to block the 12 um fiber situated on the
axis. This pulse injects a charge of 70.5 nQ. By analyzing and comparing the charge injected between the
pulses, it is shown how up to a 13% charge reduction can be achieved by using this new shape.
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Fig. 2: (a) Time t; as a function of the amplitude A; and (b) total charge injected when stimulus
waveform of fig. 1 (left) is being used to block the 12 um fiber.

In order to increase the time t; and thus, decrease charge injection, a bigger hyperpolarization is needed.
The first part of the waveform has been replaced with a linear increasing amplitude starting at 4; which
reaches amplitude A, after t; us (see Fig. 1 right). The value 4, is maintained during the rest of the pulse.

Figure 3 (a) shows the results of the performed simulations. Again, an increase in the initial amplitude
allows to have a bigger time t;. However, comparing the total amount of charge injected (Fig. 3 b),
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similar values to the ones achieved by means of the use of the previous waveform are found; additionally,
a reduction of charge, related to the rectangular pulse, is obtained.
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Fig. 3: (a) Time t; as a function of the amplitude A; and (b) total charge injected when stimulus
waveform of fig. 1 (right) is being used to block the 12 um fiber.

The influence of a hyperpolarizing prepulse on the excitation and blocking threshold of a 12 um fiber
situated on the axes of the bundle has been investigated. Fig. 4 (a) represents the effect of a square anodic
pulse (pulsewidth: 210 ps) on the excitation threshold versus the delay between the anodic pulse and the
excitation pulse, for different anodic pulse amplitudes. Threshold excitation amplitude without prepulse is
110 pA. It shows that an increase in amplitude of the hyperpolarizing pulse results in a decrease in the
activation threshold. However, the amplitude of the anodic pulse is limited because during
hyperpolarizing prepulses, the anodes become cathodes and, a large enough current excites the fiber. On
the other hand, an increase in the delay will bring the threshold to the initial value (threshold without
prepulse), indicating that the membrane has recovered to its initial state.
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Fig. 4: (a) Excitation threshold amplitude and (b) blocking threshold amplitude versus delay between the
anodic pulse and the normal pulse of a 12 um fiber situated on the axes of the bundle(perpulse and
excitation pulse witdh: 210 us)

The effect of the hyperpolarizing prepulses on the blocking threshold of a 12 um fiber is shown in fig. 4b.
Two different anodic currents pulses, both with a pulse width of 210 us, have been analysed. In both
cases, a decrease in the threshold, in relation to the waveform without prepulse (336 HA), has been
observed. It is shown how an increase in the amplitude of the cathodic pulse decreases the threshold of
blocking. However, an increase in the delay will lead the membrane to its original state, producing an
increase in the blocking threshold.

From the results of the previous analysis, a hyperpolarizing prepulse can be used to reduce the excitation
and blocking threshold. As a consequence, the prepulse reduces the charge injected during the cathodical

-142 -



pulse and the total amount of charge injected because of the charge extraction that is produced during the
anodical pulse. This charge reduction will allow us to work with higher stimulation frequencies since less
charge is needed to extract.

DISCUSSION

Based on this study we conclude that anodal blocking can be obtained with new waveforms, which allow
for a reduced charge injection. In addition to this pulse modification, the influence of the hyperpolarizing
prepulse in the activation and blocking thresholds has been studied. Besides the threshold modification,
the hyperpolarizing prepulse generates a previous charge extraction just before the injection, reducing the
charge that needs to be extracted after the stimulation. The use of these shapes will be safer in chronic
applications of anodal blocking.
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AUTOMATED ESTIMATION OF STIMULATION THRESHOLDS
USING SINGLE TWICHES AND ACCELERATION SENSORS

S. Sauermann, M. Bijak, M. Reichel, D. Rafolt, E. Unger, W. Mayr, H. Lanmiiller

Department of Biomedical Engineering & Physics
University of Vienna, Vienna, Austria

SUMMARY
In Functional Electrostimulation (FES) the relation between stimulation input and muscle force output is
often called the “recruitment curve”. Especially with surface stimulation systems the properties and
position of stimulation electrodes have strong influence on the recruitment curve. In the clinical
application it has therefore to be established at every session and even within sessions. This estimation
process is of clinical relevance as it takes time and effort which would be better invested into
optimisation of the stimulation outcome.
This work was therefore aimed at a method for automated estimation of the stimulation threshold in the
clinical application of FES systems. It uses low frequency ramp-like bursts stimulation with increasing
amplitude. An acceleration sensor is used to measure the resulting muscle twitches. A signal analysis
algorithm then evaluates the resulting spikes within the acceleration signal. A test on the quadriceps
femoris muscle of 21 healthy testpersons was performed.
The algorithm estimated the number of spikes correctly in 15 of 21 trials. It missed a single spikes in
two cases and detected one wrongly in one case. In the remaining three cases the number of spikes was
wrong by more than one. The automated measurement equipment proved very useful in speeding up the
measurement process.

STATE OF THE ART

There have been numerous approaches to measure the recruitment characteristic of FES Systems with
the help of automated procedures in order to ease and shorten the process of setting up stimulation
parameters.

Kilgore and Peckham [Kilgore et.al. 1993] have used the "External Moments Grasp Synthesis
Procedure" which is based on measurements of the joint moments under varying joint angles and
stimulation parameters, and measurements of the passive joint moments without stimulation [Kilgore
et.al. 1993]. This results in a "stimulus map" which describes the stimulation parameters necessary for a
certain hand grip movement task.

Other studies used the simpler "rule based" approach for control of FES. In a rule based procedure the
stimulation thresholds and saturation values are established, and the necessary stimulation strength is
expressed in relation to these values [Kilgore et.al. 1989].

Muscular dynamics has been described by a so called Hammerstein structure which consists of a static
nonlinearity followed by a linear dynamic system [Durfee et.al. 1989]. This concept has been used in
many studies of open- and closed-loop control of electrically stimulated muscle. The static nonlinearity
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is the model for the "recruitment curve" that describes the relation between strength of a stimulus
activation and muscle output. This model was also used in this work.

Valencic has described a measurement system for muscular dynamics based on a displacement sensor
placed above the belly of the muscle [Valencic et.al. 1997]. This mechanical approach has the advantage
that stimulation artefacts are avoided. Nevertheless sensors for force and displacement need an external
reference, which complicates the setup. In this work therefore an acceleration sensor was used in order
to make the system smaller and easy to use.

The aim was to develop a fast and simple procedure for estimating the stimulation threshold in clinical
practice as a first step for assessment of the complete recruitment curve. The following criteria were to
be met: (1) The estimation procedure must be based on a single measurement in order to reduce the time
needed for measurements, to keep muscle fatigue low and to reduce discomfort for the patient. Single
impulses are preferred. (2) The stimulation and measurement procedures have to be performed
synchronously and automatically without any need of inputs from the operators. (3) All data must be
stored automatically. The output of the estimation is to be fed back to the stimulation control scaled in
stimulation parameters. (4) The estimated stimulation thresholds are intended as an initial starting point
for optimisation by the operator.

MATERIAL AND METHODS

Experimental Setup

Acceleration signals were measured during surface electric stimulation of the quadriceps femoris
muscle. Measurements were performed using the FESDaq measurement system [Sauermann 1999].
Stimulation was delivered by the stimulation system developed in Vienna [Bijak et.al. 1999]. Each
stimulation burst consisted of 10 consecutive biphasic impulses of 150+150 pus impulse duration
delivered at a frequency of 3 Hz. The amplitude increased linearly from a 5 to 40 V.

The acceleration sensor (EGAS-FS-5, Entran Sensoren GmbH, Ludwigshafen, Germany) was attached
to the skin above the bulk of the muscle with double stick tape. The acceleration was measured
perpendicular to the skin. The number of muscle twitches that were observed visually by the operators
and the number of stimulation impulses that could be perceived sensually by the test person were noted
in each measurement.

Signal Analysis

The analysis algorithm basically identifies and counts spikes within the measured signal. Spikes below a
given signal-to-noise level are discarded, as well as spikes out of a given time window around the
stimulation period. Together with the known number of impulses and the stimulation amplitude at the
start and the end of the stimulation ramp an amplitude interval is then calculated, that contains the
stimulation threshold. The number of spikes found by the algorithm was compared to that found in the
acceleration signal by an experienced observer in order to estimate the accuracy of the procedure.
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RESULTS

Fig. 1 shown an acceleration signal resulting from the measurements. The algorithm estimated the
number of spikes correctly in 15 of 21 trials. It missed a single spike in two cases and detected one
wrongly in one case. In the remaining three cases the number of spikes was wrong by more than one.
There are three causes of error: (1) spikes are lost in noise as marked in Fig. 2. (2) The decay curve of
the last spike is mistakenly classified as an additional spike, as marked in Fig. 2. (3) Due to non-linear

signal dynamics the shape of the spikes changes, as in Fig. 1. Therefore peaks appear outside the
allowed time window.
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Fig. 1: Acceleration of the skin above the bulk of the quadriceps femoris muscle during FES (10
biphasic impulses of 150+150 us duration at 3 Hz, linear amplitude ramp from 5 to 40 V). The first
impulse (5 V) did not cause a detectable spike, therefore the stimulation threshold was estimated to be
between 5 and 8.5 V. Due to a marked non-linear behaviour of the signal dynamics, the second peak of
the spike becomes higher than the first one at stimulation amplitudes >24.4 V.
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Fig. 2: Acceleration measured as in Fig. 1. Erroneous detections of spikes: one spike is lost in signal
noise, one peak of the decay curve of the last spike is mistakenly classified as a separate spike.

All testpersons perceived all stimulation impulses as a tingling sensation on the skin beneath the
stimulation electrodes, even at the minimum stimulation amplitudes of 5 V. The number of impulses that
were observed visually was not assessed properly in all cases because the operators were not able to
count as fast as would be necessary. Repeated stimulation or a video camera would have been necessary
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to get reliable results. The number of visually perceived muscle twitches was therefore not included in
the analysis.
DISCUSSION

During the experiments the automated measurement equipment proved very useful in speeding up the
measurement process. The acceleration sensors provided signals of sufficient quality at a reasonable
effort for setting them up. The graphical display of the acceleration signal was useful for detecting the
stimulation threshold, and more reliable than visual perception: The signal may be reviewed in detail on
the screen, with much more time and ease than during the very brief period of the stimulation.

Further work will now be directed at more sophisticated signal analysis based on the dataset of signals
harvested in this trial. Especially the non-linear behaviour of the signal dynamics of the acceleration
signal has to be dealt with. As regards sensing methods, the necessary amount of cabling has to be
reduced significantly and the process of setting up the sensor system has to be eased. It will also be of
primary concern to establish the accuracy of the recruitment curve which is necessary to achieve
satisfying stimulation outcome with the intended applications.
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FIRST INSIGHTS ON MUSCLE AFFERENT NERVE SIGNALS FOR CLOSED-LOOP
CONTROL OF FES-GENERATED RABBIT ANKLE MOVEMENTS

F. Sepulveda, W. Jensen, T. Sinkjaer
Center for Sensory-Motor Interaction (SMI), Aalborg University, Denmark

SUMMARY

Control of FES-based movements can be enhanced by proper estimation of the current dynamic
state of the motion. Some of this dynamic information can be obtained from muscle afferent fibers.
To this end a simple approach was recently taken by our group whereby rectified and bin-
integrated (RBIN) electroneurographic (ENG) signals were previously found to allow for a
reasonable mapping onto angular and torque data by means of neural and fuzzy models. This paper
presents our first findings from using the extracted angular information in a closed-loop scheme.
Acute experiments were conducted with rabbits. For extraction of the ENG signals, tripolar cuff
electrodes were implanted onto the peroneal and tibial nerves in the left hind limb. A neural
network was used for extraction of joint angles from the ENGs. For stimulation purposes,
percutaneous stainless steel wires were placed intramuscularly into the tibialis anterior and lateral
gastrocnemius muscles, respectively. FES intensity was varied by changing the applied pulse
width (PW). Step and sinusoidal tracking tasks were performed using a standard PID controller.
Best results were obtained when starting with the ankle joint at a neutral, rest angle. Angles
estimated from the ENG were found to lose correlation with measured angles as a given
experiment progressed. Improvements were seen when the neural network was allowed to learn
intermittently during an experimental session. Further, a standard PID controller also required
frequent retuning during a session, which, not surprisingly, suggests that an adaptive controller
should be used instead.

STATE OF THE ART

Control of FES-based movements can be greatly enhanced by real-time estimation of the generated
dynamics. For example, in the case of a subject walking with the aid of FES, it is important that
we use reliable sensory information pertaining to the generated angular trajectories. It is possible
to obtain this information from muscle afferent fibers. This is due to the fact that muscle afferent
fibers carry signals proportional to muscle length, length changes, and tension. The relationship
between a muscle’s length and an associated joint’s angle is not linear, but a proper combination of
feature extraction and nonlinear modeling may allow us to extract the desired angular data. To this
end, our research group has been using implanted cuff electrodes to extract joint angular
information by simple analysis of the recorded nerve signals /1//2//3/: rectified and bin integrated
(RBIN) electroneurographic (ENG) signals have been recorded and have been found to allow for a
reasonable mapping onto angular data by means of neural and fuzzy models /1//2/. The present
paper discusses our findings from the first attempts at using the extracted angular information in a
closed-loop FES controller scheme.

MATERIALS AND METHODS

Experimental Setup

Acute experiments were conducted with 4 female New Zealand rabbits. The rabbits were pre-
anesthetized with an injection of Midazolam (2.0 mg/kg; Dormicum'™, Alpharma, Norway). Then,
after 15 to 20 min, anesthesia was initiated by an injection of Hypnorm™ (0.095 mg/kg Fetanyl +
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3.0 mg/kg Fluranison; Janssen Pharmaceutica, Belgium). The anesthesia was maintained by
applying intramuscular injections of Dormicum™ (0.15 mg/kg Midazolam), and Hypnorm™ (0.03
mg/kg Fetanyl + 1.0 mg/kg Fluranison) every 20 min. All procedures were previously approved by
the Danish Committee for the Ethical Use of Animals in Research. During the experiments the
rabbits were placed onto a mechanical device for fixating the knee and ankle joints in place /3/.

For extracting the ENG signals, tripolar cuff electrodes were implanted onto the Peroneal and
Tibial branches of the sciatic nerve in the left hind limb. The Tibial and Peroneal nerves were
transected just above the ankle joint to minimize sensory inputs from the foot. Further, to
minimize cutaneous inputs, the sural nerve was transected distal to its origin in the Tibial nerve.
The internal diameters for the cuff electrodes were 2 mm for the Tibial nerve and 1.8 mm for the
Peroneal nerve. The cuff length was 22 mm in both cases (10 mm between each contact zone).
The cuff electrodes were manufactured according to the procedure described in /4/ but, in this case,
a longitudinal cut was made to open the cuff. The ENG signals were sampled at 10kHz after being
submitted to a bandpass analog filter (1st order Butterworth, 500Hz to 2kHz bandpass). To
eliminate stimulation artifacts when FES was applied, ENG was recorded only for 4ms before each
stimulation pulse /5/. A neural network (trained off-line) was used for extraction of joint angles
from the ENGs. Inputs for the neural network were the mean ENG values over the above 4ms
period. The neural network for angle extraction had 4 input neurons (1 RBIN tibial ENG channel,
1 RBIN peroneal ENG channel, plus one delay for each RBIN channel), 20 hidden layer neurons,
and one output neuron whose output was proportional to the predicted angle. The neural network
also had an Elman-type recursive connection for each hidden and output layer neuron.

For stimulation purposes, percutaneous stainless steel wires were placed intramuscularly into the
tibialis anterior and lateral gastrocnemius muscles, respectively, in the same hind limb as the cuff
electrodes. A constant current stimulator was used with the output set to SmA. Stimulation
intensity was varied by the controller through changes in the applied pulse width (PW) (from 0 to
500 s, in 10us steps).

Closed-Loop Control Test

Step and sinusoidal tracking tasks were performed using a standard PID controller. An overview
of the closed-lop system using ENG is shown in Fig. 1. Further, an optical angle sensor was used
to measure the real ankle joint angles as a function of time. The readings from the optical sensors
were used for monitoring both the controllers performance and the adequacy of the angle
predictions from the neural network. The optical angle transducer was also used as feedback for
testing the controller in isolation from the ENG feedback.

RESULTS AND DISCUSSION

Isolated Controller Test

First we ran several tests with an optical angle sensor that bypassed the ENG and angle extraction
routines in order to verify the best possible control performance to be expected from the system
shown in Fig. 1. Due to the errors in angle predictions inherent in the ENG-plus-neural network
approach, the use of ENG for extraction of the angles is expected to yield worse performance than
when real angular data are used. Thus, real angular data were used as feedback for tuning the PID
controller and for estimating its best possible performance. The controller was tuned using the
Ziegler-Nichols method.
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The controller’s performance was found to rapidly degrade due mainly to the time-variance of the
muscles’ response to stimulation as a given controller test progressed. Thus, continuos retuning of
the controller was required during all the experiments. However, the process of retuning required
the application of FES to the muscles, which accelerated the onset of muscle fatigue. Thus, it is
suggested that an adaptive controller be used in the future.
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Fig.1 — Feedback control of FES-based rabbit ankle motion using ENGs from muscle
afferent fibers. The figure also includes an optic angle transducer that was used for
obtaining real-time angular data both for later comparison with values extracted from
the ENGs and for testing the controller isolated from the ENG feedback loop.

Closed-Loop Control with ENG Feedback

According to preliminary results, the system's performance was highly sensitive to the initial joint
angle. The best results were obtained when starting with the ankle at a neutral, rest angle. This
value was found to be between 100° and 120° for all rabbits after they were placed onto the
mechanical support unit. Control was first done with a neural network trained only with data from
previous experiments (see /1/). Closed-loop performance with this network (NET A, Fig. 2a) was
found to be very poor. The poor performance was found to be due mostly to very noisy angle
predictions from NET A. Significant improvements were found when a sliding 8-point average
window was applied to the network’s output. Further, angles estimated from the ENG by the
neural network were found to lose correlation with measured angles as a given experimental
session progressed. Improvements were seen when the neural network was allowed to learn
intermittently during an experimental session (leading to NET B). In this case, the closed-loop
process was stopped for 15 min. During this pause the neural network was allowed to learn data
from the rabbit being used in the specific experiment. Although the system’s performance was still
far from acceptable (long tracking delays and large final offsets are still observed, Fig. 2b), this
neural network tuning process was found to yield substantial improvements.

CONCLUSIONS

A standard PID controller required frequent retuning during an experimental session. Thus, it is
suggested that an adaptive controller be used in the future. Best results were obtained when
starting with the ankle joint at a neutral, rest angle. Control with a neural network trained solely on
data from other rabbits yielded poor performance. Improvements were seen when neural network
outputs were smoothened and the network was allowed to learn intermittently during an
experimental session. Finally, angular predictions from ENG were still found to be unreliable for
closed-loop when the procedures described here are used.
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Fig. 2 — Improvement in control performance using ENG. (a) NET A: original neural
network trained solely on data from previous experiments. (b) NET B: NET A
submitted to output smoothing and rabbit-specific tuning. Data shown are for a single
rabbit.
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SELF-TUNING REGULATION OF MUSCLE GENERATED MOMENT INDUCED
BY ELECTRICAL STIMULATION
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SUMMARY

This paper presents the development, implementation, and experimental evaluation of adaptive feedback
system for control of the muscle generated moment. The control system, which utilizes self-tuning
regulator (STR) and real-time estimation of local muscle model parameters triggered the stimulator and
muscle contractions. Design of such moment controller represents the base stage leading toward the
construction of a position controller. In order to simplify in vivo experiments with FES, we focused only
on gastrosoleus muscles under isometric conditions.

The stimulated subject stood in mechanical rotating frame (MRF), which prevented rotation of knee, hip
and lumbosacral joints. MRF is locked, meaning that also ankle joint is stiff. The moment in the ankle as
output of the standing human was measured separately for left and right foot with two force plates. The
STR was then used to automatize the muscle model identification and the calculation of controller
parameters. The fidelity of muscle models was estimated on-line with least square recursive method,
which enables the implementation of adaptive control. Adaptive control of electrically stimulated muscle
can in real-time embrace the changes caused by time-varying muscle behavior such as fatigue. On-line
identification does not require any advance identification procedures and stimulation. The control law
was based on the pole placement design that gives desired closed-loop poles. The STR was realized with
program Matlab Simulink by using program blocks for identification part, controller, force plates and
computer controlled electrical stimulator. The linear controller operation was then tested in three
activation regions between stimulation threshold and saturation to exclude nonlinear activation effects.
For all three activation regions were utilized different controller configurations with advance adjustment
of tuning parameters that indirectly reflect the desired closed-loop transfer function. Sinusoidally shaped
moment trajectories included oscillation frequencies between 0.1 Hz and 1.5 Hz. The muscles were
stimulated with controlled repetition pulses at 20 Hz. The controller tracking demonstrated to be
satisfactory, however due to simple adaptive constitution not enough robust to attenuate well larger
disturbances.

STATE OF THE ART

We are interested in studying of the control of paraplegic standing, including standing up and sitting
down, by using closed-loop functional electrical stimulation (FES). The method used by nature to enable
precise positioning of body parts and achieve body stability is to simultaneously control many
synergistic muscles with feedforward and feedback commands. To efficiently investigate the artificial
control we want to simplify the demanding body stabilisation conditions and avoid the problem of
muscle redundancy. For this reason we try to restrict the arbitrary body motion with the MRF and focus
on ankle plantarflexor muscles only. In this study is presented simple single-input single-output
controller of the FES generated muscle moment that accounts for slow changes of muscle properties.
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MATERIAL AND METHODS

Development of a control system involves many tasks such as modeling, design of a control law,
implementation, and validation. The STR attempts to automate several of these tasks /1/. This is
illustrated in Fig. 1, which shows a Matlab Simulink block diagram of a process with a STR.

There are many possible choices of model and controller structures. In our study was the process,

electrically stimulated muscle, presented with a linear second order discrete transfer function with a pure
time delay z' /2/:

bz ' +b,z”

G,(z7)= 7 (1)

l+az" +a,z

The model sampling time was fixed at 0.05 s, which was also the stimulation rate. The linear model is
only valid for a limited region of stimulation levels and was estimated with recursive least squares
identification method (RARX) /3/. A simple pole placement method was selected to define a discrete-
time domain controller that gives desired closed-loop poles /1/. In addition it is required that the system
follows the reference signal u. in a specified manner.
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Fig. 1. Matlab Simulink diagram of an adaptive control scheme for reference moment tracking of
electrically stimulated plantarflexors. u. is the reference moment, u is the control signal and y denotes the
measured moment. theta is the vector of identified process parameters and R, S, T are the controller
polynomials.
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The controller was described by
Ru(t) = Tu, (1) = Sy(?) 2)

where R, S, and T are polynomials, u is the muscle stimulation level and y is generated moment. This
control law represents a negative feedback with the transfer operator —S/R and a feedforward with the
transfer operator 7/R. The controller was utilized by using two custom discrete transfer functions with
adjustable parameters as is shown in Fig. 1, Controller. After the model (1) parameters
theta = [al,az,bl,bz,mean_moment] were identified, was the control law defined according to pole
placement controller specifications.

The pole placement procedure for reference model-following was designed to operate without
cancellation of the process model zero to avoid unstable operation in the case of biased model parameter
estimates. Since the process model is of second order, the minimum-degree solution has polynomials R,
S, and T of first order and the closed-loop system is of third order /1/. The reference model, which
implements the controller specifications thus needs to be a third order transfer function.

RESULTS

The described controller was tested in moment tracking experiments with intact subjects. The moment
reference signals u. were sinusoidally shaped and included oscillation frequencies between 0.1 Hz and
1.5 Hz, Fig. 2. The effect of varying the parameters of reference model was studied for signals around
three output levels: 37.5 %, 62.5 % and 87.5 % where the 100 % stands for the generated moment at
maximal (saturation) stimulation level. The sine amplitude was app. 10 % of the maximal generated
moment measured in advance tests. At all stimulation levels were achieved the best tracking results if the
selected reference model (controller specifications) was a second order transfer function with equivalent
damping factor of 0.8 and natural frequency 10 rad's. The initial values of the process parameters were
theta =[0,0,0,0, anticipated _mean _moment] and reached the stationary values after app. 1.5 s, Fig 3.

The self-tuning of the controller was therefore started after 1 s of stimulation control with nonadaptive
poleplacement controller. The control signal (stimulation level) oscillations arose due to the identified
parameter oscillations and due to the initial commutation between constant and adaptive controller
parameters.

Reference signal and muscle output
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Fig. 2. Moment tracking of electrically stimulated muscle with sinusoidal reference signal u.. The mean
reference level is 62.5 % of the moment at saturation level. 1 stimulator unit equals 0.5 mA. The pulse

width was constant at 400 Ls. 154.-
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Fig. 3. Denominator (a;, a;) and numerator (b;, b;) parameter courses of discrete linear transfer
function.

DISCUSSION

The controllers used in this work are linear and can only adjust to relatively slow changes in muscle
properties. The local model approach used here is a possible stage in a process of nonlinear controller
design. By using a linear controller we can simplify the validation of adaptive properties of the closed-
loop system. Nonlinear control can be afterwards designed by switching between the linear controllers,
where the switching can be such as gain scheduling between controllers or fuzzy switching between
single controller parameters.

Moment tracking results show time delays of controlled moment after the reference signal. The delays
were induced by the slow closed-loop program and will be reduced in our future work. Such delays
additionally reduce the system robustness.
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SUMMARY

An inherently robust closed-loop control strategy called sliding mode (SM) was applied to the
problem of knee joint angle tracking by stimulation of the knee extensor and flexor muscles. The
controller was synthesized using a state-space model of a human knee and muscles (composed of
activation dynamics, muscle dynamics, and biomechanics) /1/. The model was experimentally validated
in our earlier studies. The derived SM control law provided asymptotic stability of the knee joint angle
and velocity, and was robust to the muscle fatigue. It was derived in a closed-form by considering only a
subsystem of the muscle-knee model and using a joint angle-joint velocity sliding surface stabilized by
appropriately generated muscle activation that followed from the sliding mode reachability and
stabilizability conditions. In our earlier studies, instead of using a closed-form expression for the sliding
mode controller, we have only used an approximate sliding mode control law, and have additionally
necessitated a cascaded PI controller, which degraded the performance and sometimes caused
instability /2/. Simulations with the new controller were carried out in SIMULINK with different knee
angle trajectories and different controller parameters, and the results were analyzed. The controller with
best parameters was able to track ramps and real knee joint angle walking trajectories with a root-mean-
square (RMS) error of about 2 degrees at physiological (fast) speeds.

STATE OF THE ART

Functional Electrical Stimulation (FES) can be used to restore movement in certain paralyzed
individuals by stimulation of intact peripheral nerves. Stimulation produces muscle contractions and
generates joint movements. The underlying physiological/biomechanical system is highly nonlinear and
time-variant, and a feedback control strategy is necessary for satisfactory control of the joint angles /3/.
However, many classical closed-loop control algorithms were found unable to provide an adequate
movement control. Some newer approaches gave good results though, but with no guarantees on
stability /4/. Additional reasons for inadequate performance of closed-loop control strategies for FES are
input constraints and bandwidth limitations due to low stimulation frequencies (<50 Hz). Our research
goal is to develop new FES control strategies that insure stable angle tracking with an improved
performance, and that could be applied to control several joints in order to control different movements
like grasping, reaching, and walking.

In this study we have evaluated the performance of the nonlinear closed-loop control law called
sliding mode /5,6/ that was used to control the knee joint angle by FES of suitable muscles. The SM
control strategy was chosen as it was earlier shown to be robust to parameter variations and was already
successful in controlling different complex nonlinear plants. Two variants of the sliding mode control
were tested (discontinuous and continuous sliding mode control), both with the control of: (1) knee
extensor muscles only, and (2), concurrent knee extensor and knee flexor muscle stimulation.

MATERIAL AND METHODS

Plant Model

The human leg model for one degree of freedom movement at the knee joint consisted of a simple leg
biomechanical model and of a model describing muscular properties. The biomechanical part was
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basically described by the equation of motion at the knee joint (parameters: leg mass, leg inertia, leg
geometry, damping, passive knee torques, active muscle torques). The muscle dynamics subject to FES
excitation was described by a static recruitment curve, nervous and muscular delay, linear second order
Calcium (Ca) release and reuptake model, muscle fatigue model, and a modified Hill-type model of the
active muscle contraction/force (containing force-length and force-velocity relationships). The total plant
model can be written in the following state-space form:

X =X,
; :ma(xl)'ﬁt'x3'gl(x1)'gz(xlaxz)"'fgmw‘;y(x1)+7passive(x1)_d'x2
’ IfOl
X, =X,
X, =L-(—2T‘x -Xx )+Lu(t—t )
e 4 T8I d |

whereby the state space variables x;-x4 stand for the knee angle, knee angular velocity, concentration of
the Ca ions, and the derivative of the Ca ion concentration respectively. In this set of differential
equations, ma stands for the muscle moment arm, fit describes the muscle fitness, g; and g, stand for the
force-length and force-velocity relationships, T, for gravity, T, for passive knee joint torques, d for linear
damping, T is the Ca release-reuptake time constant, and #;1s the delay.

Note that this model can be split into two submodels in the following way:

X = fi(x,) Xy = f3(xy)
= f(xx0) Subsystem 2 = (o)
The state variable x; can now be regarded as an input to the subsystem 1 and as an output of the
subsystem 2, which is driven by the input u. It is important to note that x; and x, can be measured, but x;
and x4 can not.

Subsystem 1

Sliding Mode Control

The basic idea behind the sliding mode control is to define a sliding surface (submanifold) in the 9
vectorspace and to generate a control law (sliding mode control) that will force the system trajectory to
reach the sliding surface in a finite time, and that will ensure that the subsequent evolution of the system
trajectory will remain on the sliding surface (this latter mode is called a sliding mode). The sliding mode
usually describes the error dynamics and forces the error to asymptotically decay to zero.

Let us define the sliding surface to be s(x,X,eference) =0. If we select the control law to guarantee condition
ds/dt-s<0 (condition (1)) then the sliding mode surface will necessarily be reached (because (1) implies
ds/dt<0 for s>0 and vice versa). The control that will furthermore ensure that s will remain 0 (sliding
mode, condition (2)) can be calculated from the formula ds/dt=0. This control is called the equivalent
control, u.,. The discontinuous control law that combines (1) and (2) for the first subsystem is given by

Gl ug, o =0)=u, —k-sgn(s)=u,, —k-sgn(x, +A-x,) =
1
ma(xl)'ﬁt'gl(xl)'gz(xlaxz)

(-A-x,-1,,—-7,-7,+d x,)—k-sgn(x, +1-x,)

(g

In the continuous case, the discontinuous term k-sgn(s) is replaced by a continuous one k-s.

Both laws guarantee reachability of the sliding mode AND its stability. In our two dimensional case, the
sliding surface represents a line through the origin of the phase plane that has the slope of -A4.

By substitution of (3) into the state-space subsystem 1 one can easily check that the conditions (1) and (2)
are satisfied.

Simulations

Simulations were performed with the sliding mode control of the first subsystem only, and with the
combined sliding mode control of the first subsystem and a corresponding feed-forward (FF) control of
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the second subsystem. The control input was always constrained and its bandwidth limited with a zero-
order-hold block (fsim=20 Hz). First we have stimulated knee extensors only (quadriceps muscles) and
then we have repeated the simulations with the concurrent stimulation of the knee extensors and knee
flexors (biceps femoris muscles). The control task was to track a ramp reference with a p-p amplitude of
60 degrees and a period of 2 s, and a real knee joint trajectory reference measured during walking that had
a period of 2 s. Extensive simulations with the ramp reference were performed in order to obtain the
optimal controller parameters A and k. The optimal values were then used in the subsequent simulations.

RESULTS

continuous sliding mode controller, A =10, k= 0.07
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Fig.1 A (left) and B (right).

Control of Knee Extensors

The results of tracking ramps in the knee joint angle (sliding mode control, subsystem 1, k=0.07 and
A=10) are shown in Fig.1A for the continuous, and in Fig.1B for the discontinuous sliding mode control.
The top panels show the control input x;, the second panels the knee angle reference and the actual knee
angle, and the bottom panels show reaching of the sliding surface and the convergence to the origin
(asymptotic stability). Table 1 lists the RMS tracking errors for the continuous sliding mode for different
controller parameters k and A. Best results were obtained for £=0.05 and for 4=20.

k erus [deg] (A=10) erus [deg] (A=20) erus [deg] (A=30)
0.01 4.24 341 2.95
0.05 2.48 2.10 2.45
0.1 2.34 3.06 4.07
0.2 5.02 8.06 9.07
Table 1

Fig.2A shows simulations where a real walking trajectory was tracked (cont. SM control, subsystem 1
only). Fig.2B in turn demonstrates the performance of the complete controller (FF 1* order control of the
second subsystem combined with the SM control of the first subsystem). The control input (pulse width)
was limited to 100-500 ps.

Higher values of & should provide more robustness (compensate for model uncertainties), but limits on x;
(0 and 1) lead to control signal saturation that causes performance deterioration. This can be avoided if
two muscles are used so that positive and negative torques can actively be generated.

Control of Knee Extensors and Flexors

In the case of stimulation of an agonist/antagonist muscle pair, we have split the control law (3) in such a
way that the extensor muscles were activated for positive s and that the flexor muscles were activated
when s was negative (only the second term in (3) was split). The tracking performance improved only
slightly as the flexor muscles got activated mainly at the corners of the knee joint angle ramps
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(Fig.3A+B). The top panels (Fig.3) show the x; /pulse width of the extensor muscles, and the middle
panels the x; /pulse width of the flexor muscles for the subsystem 1/combined controller respectively.
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DISCUSSION

A nonlinear SM control law was derived for the knee joint angle control by stimulation of a single muscle
group, and of an agonist/antagonist muscle group pair. This law guaranteed stability and achieved good
results in computer simulations. Human experiments are currently being performed in order to test the
developed controllers in real experiments. Next task will be to augment the SM control to two and
subsequently three joints. Major limitations in the performance in simulations were due to low
stimulation frequency and due to constraints on the control input signal.
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INTRODUCTION

We are witnessing a very fruitful period in the development of progress of biomedical engineering of
devices, new methods for external control of paralyzed extremities due to neurological disorders. If we
give just a look to the program of the 7th Vienna International Workshop on Functional Electrical
Stimulation, it is easy to support this statement. During this meeting there are presentations and
discussions on

electrical stimulation of denervated muscles,

NMS and FES in the paraplegia due to upper motor neuron lesion,
FES cycling,

implant technology,

command and feedback signals, stimulation parameters, up to
stimulation and closed loop control,

functional restoration of the drop foot,

stimulators for upper extremity and their functional restoration.

LNk~ wWNE

Therefore, it is opportunity to advance further practice of the NMS and FES within clinical programs of
neurorehabilitation.

In the past, it can be that we didn't promote enough presentation and demonstration of clinical protocols
of NMS and FES for treatment of neurological conditions and applications of electrophysiological
bracing, orthosis. Therefore, to bring to your attention of necessity to discuss clinical protocols and their
elements, in order to facilitate interest of clinician for NMS and FES in the clinical practice of the
neurorehabilitation, we shall present in this lecture, some of the elements of such protocols for
percutaneous stimulation.

First steps before we initiate programs of NMS and FES

After a patient with paralysis meet recruitment criteria for treatment with NMS or FES procedure or for
fitting with electrophysiological brace, orthosis and thus become potential candidate for clinical program
and defined functional goal, following steps we should perform:

1. Practicing professional must be fully informed by patient attending physician about patient condition.
After this we shall describe to the patient what he will experience while we are applying electrodes
for application of stimulation of peripheral nerves structures. Furthermore, we shall explain operation
of stimulation unit and then whenever possible apply at first at the site of the skin where we expect
normal sensation (preferably over the skin with underlying muscle and skin intact innervation) as
well as under visual control of the subject while we perform initial testing.

We should provide opportunity to the subject to experience tingling sensation evoked by train of
stimuli and progressively and carefully by controlling stimulus parameters to inform subject about
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different threshold of stimulation. Thresholds for

a) sensation and just below the sensation
b) definite and comfortable sensation

c) evoked movement

d) maximal tolerance of discomfort.

Moreover all this threshold can be changed by repetition of stimulation and patient accommodation to
externally induced sensation and thresholds above evoked motor responses can be decreased by
stimulus features and duration of stimulation. We shall avoid application of NMS or FES within areas
with altered, decreased threshold for electrical stimulation, hyperesthesia, hyperalgesia.

After such training session we shall be ready to proceed with examination and evaluation of
functional responses to neuromuscular stimulation in order to learn of neuromuscular physiological
conditions and effect of electrical stimulation on initiation, external control and modification of
movement performances.

The second step consist of evaluation procedure of muscle capability to respond to percutaneous
stimulation to repetitive single stimuli with visible or by palpation recorded muscle twitches. If we
measure time for how long muscle respond with muscle twitch we shall learn about endurance and
fatigability of muscle contraction and force production capabilities.

Afterwards depending from patient condition and our tentative goals, we should examine response of
stimulation of cutaneous nerves for modulation of muscle tone, modification of volitional movements
as well when necessary what will be effect of stimulation of mixed nerve trunk, or motor point for
eliciting functional movements.

In short we should not start treatment program of NMS and FES unless we examine and prove that
we have available expected properties of the electrical stimulation of the nerve structures and there
are responding to our electrical parameters within comfort to the stimulated person. We should carry
examination of physiological properties of neuromuscular system and responses of altered motor
control to stimulation parameters to the different sites and by use of different size of electrodes.

Such clinical evaluation sessions should be performed in several sessions.

After evaluation is completed, we shall be ready to start to develop clinical goals of NMS and FES
protocols by being aware that they can be:

a) Conditioning protocol,
b) Neuroaugmentive and
c) Learning one.

None of these protocols exclude each other and their sequence or application will depend from our
findings.

Neuromuscular stimulation (trophic state of the muscle)

During upper motor neuron dysfunction, either partial or complete, muscles with impaired innervation
(after weeks and months) will suffer from progressive muscle disuse atrophy and alter capacity for muscle
force and fatigue resistance. Muscle bulk decreases, and when muscle contraction are induced electrically
there can be sometime in the decondition muscle only a few contractions and their amplitude will
progressively diminish. Thus it is essential to develop a rigorous daily NMS program before use of the
muscles with impaired upper motor neuron innervation by means of externally controlled electrical
stimulation for the generation of the muscle force.

After the muscle force has become stronger, we then add a program of physical therapy with subject
active movements, so that we can increase the endurance of the whole body and not only of the stimulated
muscles.
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Nerve electrical and neuromuscular stimulation and modification of muscle hypertonia

Muscle hypertonia usually results from chronic upper motor neuron dysfunction. When it is not to severe
and its distribution is not generalized, but moderate and restricted to several muscle groups, stimulation of
cutaneous nerves or spastic muscle groups can be effectively applied to diminish increased muscle tone
(Lit. 1, Lit. 2).

The train of stimuli (20-50 Hz) adjusted to strength below threshold for sensation is the appropriate
electrical stimulation strength for the control of spasticity. (In case patient has absent sensation we can use
threshold for minimal motor response and then to adjust amplitude to be reasonable below threshold for
motor response and within the range we shall expect to be if subject has preserved sensation). Stimulation
should be applied for 30 minutes, twice a day. It is important to take care of the skin and to build skin
tolerance for long-lasting electrical stimulation. Once skin tolerance is developed, and if muscle
hypertonia is persistent, it is possible to stimulate one or several cutaneous nerves or the skin above the
spastic muscle groups for several hours and several times per day.

Overall, electrical nerve and neuromuscular stimulation for the modification of muscle hypertonia has the
advantage of being simple, whereas some difficulties lies in the proper placement of the electrodes over
cutaneous nerves of sural,saphenus, lateral cutaneous femoral nerve, and cutaneous branches of radialis,
musculocutaneous,ulnaris, radialis, axillaris nerves Another requirement is careful tuning of the strength
of train of stimuli. This procedure is useful in those cases when spontaneous recovery will diminish
spasticity.

Neuromuscular stimulation for the modification of patterns of movement

Another feature of upper motor neuron dysfunction is the presence of multi-joint patterned flexion-
extension movements instead of the fine coordination control of different joints during the same motor
sequence. A predominant extensor trust pattern with weakened flexor pattern is usually well recognized as
the circumduction movement of the ambulatory hemiparetic patient after stroke, or the ambulatory SCI
patient who can develop functional or non-functional slow gait when using crutches or other devices. In
these patients, it is first necessary to use the electrical muscle conditioning (described above) and when
muscle resistance improves, then proceed simultaneously with electrical stimulation and volitional
movement. This is always a need for multi-site stimulation since motor deficits are present in several
muscle groups.

There is not general recipe indicating how and when to stimulate different muscle groups: for example, in
ambulatory spinal cord subjects, there are rarely identical motor patterns for both limbs or similarity
between patients even when they have similar spinal cord lesions. Therefore, we have found that it is
beneficial to use multi-site stimulation in the laboratory environment to assess the responsiveness of
motor pattern, and one- to two- channels unit at home for daily training.

Functional electrical stimulation for impaired functional movement of the single muscle group

Isolated drop-foot and drop wrist are rare motor deficits in chronic neurological patients after stroke, brain
or spinal cord injury, usually there are part of impaired pattern movements. However, these conditions are
more likely to respond positively to the use of FES, since it is a very simple technological task to
substitute the loss of control of single muscle group in the presence of volitional activity of all other
muscle groups. This external approach is also very effective for the correction of more deficits and the
improvement f motor activity.

However, while working with upper motor neuron drop-foot or drop-wrist, we have found that on
eliciting functional movement of single muscle groups, the presence of subclincal impairment of other leg
and thigh muscle group become more noticeable. Therefore, even when applying FES to one muscle
group, it is imperative to incorporate in the program exercise and gait correction of motor activity of the
other muscles groups not obviously affected at the beginning.
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Externally electrically induced modification of altered neurocontrol

The application of external electrical control in patients with paralyzed extremities has given rise to two
basic questions:

1. how effective is this approach to overcoming motor neuron dysfunction and
2. is it possible to accomplish the long term modification of motor control even in the absence of
electrical stimulation.

The answer these question depend from the degree and the pattern of upper motor neuron dysfunction and
also on the level of the lesion (spinal cord, brain stem, or brain).

In ambulatory SCI patients there have been reported observations that after longer period of NMS or FES
the patient can achieve new features of motor activity which persist without any further stimulation
(Lit. 3). Similar finding were reported by Kralj and Bajd (Lit. 4) and Boucher and Pepin (Lit. 5).

The electrically and externally induced modification of altered neurocontrol in this population of patients
requires that stimulation should be tailored according to the patient's residual motor control. Therefore, it
is essential to have a multi-site stimulation system with a variety of controls for the amplitude and
duration of the train of stimuli from different channels. The patient's understanding of this approach and
his commitment to the relatively modest functional outcome is also factor to be considered.

The topic of improvement of locomotor recovery after sensorimotor stimulation in the spinal cord injury
has been revived from the neuroscience's point of view by Muir and Steeves, (Lit. 6) and from Clinical
point of view recently by P.H. Gorman (Lit.7).

SUMMARY AND CONCLUSIONS

Significant contemporary progress in the designs, production of devices and methods for external control
of impaired motor control in humans is asking for promotion of the NMS and FES practice of
neurorehabilitation. Our recommendation is to make an effort to report together with description of
clinically applicable devices also detailed protocols how application supposed to be conducted when a
clinical device is introduced to NMS and FES therapy as well as when FES orthotic device is applicable.

In this lecture, we have illustrate some of the elements of such clinical protocols in order to promote
discussion of how to facilitate wider application of NMS and FES neurophysiological procedures to the
clinical programs of neurorehabilitation.

Neurophysiological features of NMS as an external substitution and control of peripheral inflow from
paralyzed parts of the body can bypass alter connections by the injury of the CNS between processing
nuclei of the brains and spinal cord.

This additional input to the CNS can prevent secondary neurogenic lesions by prevention of the effects of
disuse in the early stages of CNS injuries. In addition, during recovery of function after acute phase by
NMS we can facilitate and maintain nonspecific and generalized "central state of excitability of the CNS"
which is critical to be operational on the appropriate higher functional level during recovery of impaired
specific sensory-motor functions.

All this above listed effects of application of NMS and FES as a procedure for prevention of effects of
disuse and to provide externally controlled substitution for activity-dependent processes of recovery are at
present known neurobiological bases for repair processes. However, we should not neglect active role of
NMS and FES procedures for maintaining optimal biological conditions in patients with chronic lesion
and established incomplete recovery. We should use those mentioned procedures for clinical protocols to
support maintenance of the optimal patient brain and neuromuscular functional condition even when
neurological deficits can't be ameliorate.
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THE TREATMENT OF SPASTIC DROPPED FOOT IN SUBACUTE STROKE.

C.A. Johnson*, A.M. Tromans**, D.E. Wood*, D. O’Keefe*, D. Buhrs*, [.D. Swain*, J.H. Burridge***,

Department of Medical Physics and Biomedical Engineering* and Duke of Cornwall Spinal Injuries
Unit**, Salisbury District Hospital; University of Southampton™**,

SUMMARY

The purpose of the study was to investigate the feasibility of combining BONTA and Functional Electrical
Stimulation (FES) using a single channel drop-foot stimulator, with physiotherapy, in the treatment of
spastic dropped foot in sub-acute stroke. Results of the study will be used to design a randomised,
controlled trial (RCT). Subjects were randomised into two groups; both groups received physiotherapy,
the treatment group also received BONTA and FES. Patients recruited were within one year following
stroke, and a baseline period (weeks -4 to 0) was incorporated to allow change in rate of recovery to be
measured. BoONTA injections were given and FES treatment commenced at week 0, and follow-up
assessments were made at weeks 2, 4, 8 and 12. The primary outcome measures were walking speed and
the Physiological Cost Index (PCI) of gait. Measurements were taken of stimulated and non-stimulated
walking. Analysis of the results of the primary outcome measures suggest that physiotherapy alone and the
combined use of BONTA and FES with physiotherapy has a beneficial effect on walking speed and PCI.
The study has provided evidence of an additional effect of BONTA and FES, and with sufficient
information on effect variability to enable sample size calculations for a follow up RCT, to estimate the
effect size with a useful degree of precision.

STATE OF THE ART

There are approximately 100,000 hospital admissions for stroke in the United Kingdom annually; 20% are
fatal, 20% make a full recovery and 60% make a partial recovery but have a restricted lifestyle /1/.
Physiotherapists working with these patients aim to maximize the recovery of movement and function
through the re-education of postural control and normal activity. There are no statistics on how many
patients might benefit from the combined use of FES and BoNTA, but 20% /2/ would be a conservative
estimate of the proportion of patients suffering from a spastic drop-foot. This group of patients experience
difficulty when walking because they are unable to effectively dorsiflex their ankle during the swing phase
of walking. The problem arises partly through an inability to activate the anterior tibial muscles, and partly
through restraint from the calf muscles. In some, but not all cases, the restraint is due mainly to
inappropriate (spastic) calf activity; in others the mechanical resistance offered by the calf is the
predominant factor. Knuttson and Richards /3/ described premature calf activity in one third of the study
group of patients with spastic hemiparesis. EMG activity in the triceps surae began and peaked earlier in
the gait cycle, compared with normal; peak activity was lower in triceps surae, and in tibialis anterior.

FES applied to the common peroneal nerve, and timed to the swing phase of walking has been shown to
be effective in patients with poor active ankle dorsiflexion and calf spasticity /4/5/. FES is thought to have
an inhibitory effect on antagonist activity, and thus reduce calf spasticity; it may also improve the
mechanical component of calf restraint, through stretching of the triceps surae muscle group. BONTA has
also been shown to reduce inappropriate calf activity /6/ particularly in patients with premature calf
activation during walking. The presence of spastic dropped-foot frequently causes stroke patients to adopt
an abnormal gait pattern that may exacerbate extensor spasticity. Once established, such abnormal patterns
are difficult to correct. By applying these combined treatments during the recovery phase, the long-term
outcome of the mobility of stroke patients may be improved.
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MATERIALS AND METHODS

19 patients were recruited from the stroke services of 4 NHS Trusts in England. All participants fulfilled
the following selection criteria: 1) single stroke of vascular origin with hemiplegia during the previous 12
months; 2) inability to achieve a heel strike, correctable by FES; 3) between 3 and 6 inclusive on the
Hauser Ambulation Index; 4) an increased calf stretch response on examination; 5) premature calf
activation during gait identified by EMG. Patients were excluded who had: 1) any additional medical
condition that might influence response to treatment; 2) prescribed anti-spastic medication; 3) prescribed
medication that may have influenced heart rate measurements, either at the time of recruitment or during
the 4 weeks prior to recruitment; 4) severe psychological problems; 5) any patient unable to give informed
consent. Participants were randomised into 2 groups; each selected a sealed envelope containing an
explanatory letter allocating them into one of the groups. The control group (CG) received physiotherapy,
the treatment group (TG) received physiotherapy and the combined use of FES and BoNTA. Both groups
continued with their physiotherapy programme throughout the study period. In-patients received a
minimum of 3 sessions per week, out-patients 2 sessions per week.

Subjects in the TG received BoNTA injections at week 0. In most cases the medial and lateral heads of
gastrocnemius were each injected with 200 units of Dysport, and tibialis posterior with 400 units. This
dose was modified for less spastic muscles or smaller patients. Injections were given under
electromyographical (EMG) guidance. FES was used by the treatment group patients immediately
following BoNTA injections. An Odstock Dropped Foot Stimulator mark III (ODFS III) was set up by the
Research Physiotherapist, following the standard protocol, with a full explanation and a copy of the user
instruction manual. The device delivered a train of electrical impulses, at a frequency of 40 Hz, via surface
electrodes. The common peroneal nerve was stimulated, and timed to the person’s walking speed by a
footswitch. Patients were asked to use the system on a daily basis to assist their walking, and for most of
each day. Cyclic exercise stimulation was used in patients with higher levels of calf spasticity, and where
mechanical constraint of the triceps surae was present, to maximize patient’s response to the use of the
ODFSIII.

Assessments for the study were carried out by the Research Physiotherapist in the patient’s local
Physiotherapy Department. The primary outcome measures were non-stimulated (CG and TG) and
stimulated (TG) walking speed and PCI of gait. Secondary outcome measures included: a neurological
examination, consisting of tendon and cutaneous reflexes in the lower limb, the Modified Ashworth Scale
to measure spasticity in the quadriceps, hamstrings, dorsiflexors and plantarflexors, and scoring of clonus;
the Rivermead Motor Assessment scale; the SF 36 Health Survey; a semi-structured interview; kinetic
EMG for tibialis anterior and the lateral head of gastrocnemius during walking.

RESULTS

Descriptive statistics based on the demographic data of the study participants are tabulated below.

Control Treatment
Number of subjects 9 10
Age mean (SD) 59.33 (12.46) 58.2 (12.72)
Age range 44 - 78 41 -78
Sex 4 female, 5 male 2 female, 8 male
Side of hemiplegia 5 right, 4 left 7 right, 3 left
Time since stroke 0 - 6 months 3 6
Time since stroke 6 — 12 months | 6 4

Results of the primary outcome measures of walking speed and PCI are presented. Statistical methods
included graphical plots of individual patient response curves, non-parametric test statistics (Mann-
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Whitney and Wilcoxon paired-sample tests), and a summary measures approach to assessing between
group differences using regressions of median walking speed and PCI, and median change in walking
speed and PCI on time.

A similar pattern of response for walking speeds and PCI was seen under both non-stimulated and
stimulated test conditions. In the non-stimulated walking tests, a significant upward trend in median
walking speed for both the CG (P=0.020) and TG (P=0.004) was seen, the trend lines being significantly
different in location (P=0.040). Comparison of stimulated walking tests show a significant upward trend in
median walking speed for both the CG (P=0.020) and the TG (P=0.042), the trend lines being significantly
different in location (P=0.009). In non-stimulated walking tests a significant downward trend was
demonstrated in median PCI for the treatment group (P=0.007), but not for the control group (P=0.292),
the trend lines being significantly different in location (P=0.038). In stimulated walking tests a significant
downward trend in median PCI was evident for the treatment group (P=0.020), but not for the control
group (P=0.292), the trend lines being significantly different in location (P=0.016).

Regression of median change in walking speed was significant for the CG (P=0.043) and TG (P=0.025);

the trend lines being in a sufficiently different location (P=0.0194). The following graph illustrates the
changes from baseline Week 0, in median walking speed (m/s) for both CG and TG (stimulated).
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The following box and whisker plots demonstrate the changes from baseline Week 0 in median PCI (heart
beats/m) for both CG and TG (stimulated). No trends emerged as significant.
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DISCUSSION

This pilot study has provided evidence of a real treatment effect. It has also given sufficient information
on the variability of the outcome measure to facilitate sample size calculations for a subsequent study, to
clarify the magnitude of the treatment effect with a meaningful degree of precision. Given a baseline
median walking speed of 0.2 m/s, with a pooled standard deviation for median change in walking speed of
0.106 m/s, a test significance level of 5% (assuming the use of a non-parametric test statistic) and test
power set at 80%, 470 subjects per group would be required to detect a 10% difference (0.02 m/s) between
the treatment and control groups (as defined above) in respect of median change in walking speed from
baseline (at 12 weeks), 120 subjects per group to detect a 20% difference (0.04 m/s), 55 subjects per group
to detect a 30% difference (0.06 m/s) and 32 subjects per group to detect a 40% difference (0.08 m/s).
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SUMMARY

Parkinson’s disease (PD) is a neurological impairment resulting in motor and functional
problems including reduced stride length (shuffling) and akinesia (freezing). The deprivation in
function of the basal ganglia in the brain results in diminished internal cueing associated with the
planning of complex movements. There is evidence that external cues — visual, auditory,
cognitive or sensory, may be able to compensate for the defective internal ‘cueing system’,
improving step initiation and quality of walking in PD patients.

It is hypothesised that FES may act as a sensory cue to help maintain stride length and reduce
akinesia in PD. 2 subjects diagnosed with PD were set up with FES devices. Foot switch
triggered stimulation was applied via surface electrodes to the common peroneal nerve and the
motor point of tibialis anterior. Although 1 subject could achieve active dorsiflexion, bilateral
FES was effective in producing improved heel strike and reduced shuffling. Video footage from
the subjects home showed an average increase in stride length of 19% and more importantly,
appeared to have a safer gait. Subject 2 who has a dropped foot gained a beneficial effect from
the dorsiflexion as well as the sensory cue provided by FES. By using a single channel FES
device an increase in stride length of 24% was achieved.

This new application of FES has increased the mobility, stability and confidence of walking in
the two subjects.

STATE OF THE ART

Introduction

PD is a progressive neurological condition resulting in motor and functional disability. It affects
1% of people over 50 years of age and is a leading cause of disability in those over 60 years of
age /1/. The progressive nature of the gait disturbance in PD can lead to an eventual loss of
mobility, an increased incidence of falls, and a loss of independence /2/. It is associated with
reduced production of the neurotransmitter, dopamine, through degeneration of the basal ganglia
and the substantia nigra. Characteristic neurological impairments in PD include resting tremor,
rigidity, slowness of movement (bradykinesia) and postural instability. Walking becomes slower,
with reduced stride length and cadence giving rise to a shuffling gait. As the disease progresses
there are difficulties in initiating and maintaining movement resulting in freezing episodes,
which occurs particularly in confined spaces. An increasingly flexed posture often develops over
time. Symptoms may be relieved by levodopa - based drugs, which increase the amount of
dopamine in the body. These drugs become less effective as the disease progresses and
maximum dosage is reached /3/.
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Functions of the basal ganglia

The basal ganglia are thought to have two main functions in movement. Firstly, the provision of
internal motor ‘cues’ to the supplementary motor area of the cerebral cortex, to enable the
release of each sub movement of a movement sequence to be correctly timed. Secondly, they

contribute to the cortical ‘motor set’, which maintains movement sequences ready for execution
/4/.

External Cueing

The effect of basal ganglia dysfunction in PD leads to defective cueing, which is manifested in
early fatigue and reduction in speed and amplitude of movement. There is evidence that external
cues — visual, auditory, cognitive or sensory, may be able to compensate for the defective
internal ‘cueing /5/. Bagley et al., /1/ showed that visual cues in the form of lines at regular
intervals on the floor or as a target above eye level, improved the step length, velocity and heel
strike of gait. Cutaneous cueing has also been shown to improve step initiation, force production
and walking speed in Parkinson’s Disease patients /6/. The concept of using FES to aid walking
in PD is that stimulation of the common peroneal nerve produces dorsiflexion, providing a
cutaneous and proprioceptive sensory cue and assisting the patient to step, thus avoiding
shuffling and helping to overcome freezing.

MATERIALS AND METHODS

Devices Used

Two clinically used, CE marked devices were used. The Odstock 2-Channel Stimulator (02CHS)
is a dual channel, foot switch triggered stimulator designed to elicit dorsiflexion of the foot by
stimulation of the common peroneal nerve, (maximum amplitude 80mA, 300us pulses, 40Hz).
Surface electrodes are placed over the head of the fibula bone and the motor point of tibialis
anterior.

The Odstock Dropped Foot Stimulator (ODFS) is a single channel device, currently being used
by well over 1000 stroke and multiple sclerosis victims suffering from dropped foot. A
randomised-controlled trial with hemiplegic patients showed a statistically significant increase in
walking speed of 16% and a reduction in the Physiological Cost Index (PCI) of 29% /7/.

Subject 1
This is a 68-year-old man with a 14-year history of PD. He is currently prescribed levodopa —

based medication, which is effective in relieving most of his symptoms. His main problems are
initiating and maintaining movement, which cause him to adopt a shuftling gait, with reduced
heel strike and to ‘freeze’ in confined spaces, especially in doorways and when turning. He
often falls, having a detrimental effect on his confidence and therefore, mobility.

He was issued with the 02CHS in order to provide a bilateral sensory and motor cue. A
footswitch placed in the right shoe triggers the stimulation to the right side on heel-rise and
delivers stimulation to the left side on heel-strike. The stimulation envelope is ramped for
comfort. The patient was video recorded walking with and without stimulation. The “Get-up”
and go test /8/ that measures balance on a 5-point scale was conducted. This requires the patient
to stand up from a chair, walk a short distance, turn around, return, and sit down again. This test
was used to assess the risk of falling.
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Subject 2
This is a 55-year-old woman with a 5-year history of PD. She is currently prescribed levodopa —

based medication, which is effective in relieving most of her symptoms. Her main problem is an
associated dropped foot. This results in a reduced stride length, tripping, hip ‘hitching’, large
energy expenditure and again, loss in confidence when walking.

She was issued with the single channel ODFS for her affected (left) side. The foot switch was
placed in the affected side’s shoe so that the stimulation adapts to the speed of walking. The
stimulation current was delivered on heel-rise, with ramping for comfort and to prevent ‘foot-
flap’ on heel strike.

RESULTS

The “Get-up” and go test carried out for subject 1 suggests that by using FES as a sensory cue a
more ‘normal’ (therefor safer) gait could be achieved in PD victims with substantial gait
problems. Videos were taken of the subject performing a typical task at home with and without
FES. An average increase in stride length of 19% was achieved using FES. This increase in
stride length led to a safer gait pattern, agreeing with the findings of Morris et al. /2/, who states
“regulation of stride length is the key deficit in gait hypokinesia”.

Subject 2 achieved an increase in stride length of 24% over a 10m walkway. This large increase
is probably due to the orthotic effect of FES (ankle dorsiflexion) as well as providing a sensory
cue.

Both patients felt more confident when walking using FES.

DISCUSSION

From the preliminary work described above, both PD subjects appeared to benefit from the use
of FES. This may be due to the sensation of stimulation acting as a triggering external sensory
cue, to increased proprioceptive input from the contraction of the anterior tibial muscles, or a
combination of the two. There is also probably some placebo effect in the knowledge that the
stimulator will reliably lift the foot. It is hoped that there may be an application for FES for
patients with PD in overcoming akinesia and maintaining their gait pattern, particularly when
their drug treatment is becoming less effective after a number of years. We attempted to improve
the quality and safety of PD walking so parameters such as walking speed and cadence were not
measured. We also found it necessary to take measurements in the patient’s home as the
doorways and corridors are generally large and spacious in hospital clinic areas, and are not
typical of the more confined spaces in the everyday environment of most patients.

The advantage of using FES over other cueing systems is the adaptability to the environment.
The system will work around the home and outside — in any lighting conditions. It also adapts to
the walking speed of the user as it is triggered on heel rise — overcoming audio cue systems with
a metronome or music, where the user has to maintain a pre-set speed.
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DERMATOME ELECTRICAL STIMULATION AS A THERAPEUTIC AMBULATORY AID
FOR INCOMPLETE SCI PATIENTS

T. Bajd, M. Munih, R. Savrin*, H. Benko*, and L. Cikajlo

Faculty of Electrical Engineering, University of Ljubljana, Slovenia
*Rehabilitation Institute, Ljubljana, Slovenia

SUMMARY

Electrical stimulation of the L-3,4 dermatome during treadmill walking is proposed as a gait training
modality in incomplete spinal cord injured (SCI) patients. The dermatome stimulation proved to be
efficient in diminishing the extensor tone occuring after loading of the paralyzed limb during the stance
phase of walking and resulting in improved flexion of the leg during the swing phase.

STATE OF THE ART

In the last decades more incomplete than complete SCI patients are arriving to the spinal units. One of the
primary goals of the rehabilitative program for the incompletely paralyzed subjects is not only returning
them into standing position, but also restoring their walking patterns. There are several gait training
modalities available for this group of patients. In Table 1 they are divided into the methods based on
mechanical activation or electrical stimulation of the partially paralyzed lower extremities. Some of these
approaches are only provoking passive movement of the leg, while others are eliciting reflex responses.

Table 1. Gait training in partially paralyzed patients

Providing movement of leg Eliciting reflex response

. treadmill
robot manipulators

. active joint orthosis
active exoskeletons

Mechanical
activation

tendon vibration

55 multichannel surface afferent nerve
O =

535 multichannel percutaneous spinal cord

o £

w dermatome

It is our belief that the approaches which are merely providing the movement of the leg are less efficient in
re-learning of patient's walking. Robot manipulators combined with treadmill are used to lift the leg and
bring the foot forward. In this case only the afferent input from the joint receptors may promote the gait
re-learning process. Similar movements can be accomplished by active exoskeleton systems. Gait pattern
can be restored in paralyzed persons also by surface or percutaneous multichannel electrical stimulation.
Strong electrical stimuli delivered to the efferent nerves may represent unwanted noise in the afferent
nerves, thus hindering the re-learning process.
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The gait training modalities eliciting reflex responses result in more complex and natural like movements
which are provoking afferent signals in joints, tendons, and muscles. Treadmill is producing hip extension
at the end of the stance phase which is inducing reflex hip flexion and thus initiating the swing phase of
walking /1/. A powerful motor and gear system attached to a mechanical ankle joint orthosis by means of
flexible bowden cables, can elicit stretch reflexes by displacing rapidly the ankle joint /2/. Vibration of
muscles and tendons activates muscle spindle afferents and produces illusory changes in joint position /3/.
Illusion of the altered position may play important role in gait training. It has been demonstrated already
in 1973 /4/ that electrical pulses applied to the sural or tibial nerves result in reflex hip and knee flexion
with a simultaneous reflex ankle dorsiflexion. The swing phase obtained by eliciting a synergistic flexion
response through electrical stimulation of the common peroneal nerve was extensively used by our group
/5/. The spinal cord stimulation has a predominantly afferent influence /6/. Due to this stimulation the
supraspinal structures exert their influence through the descending pathways and segmental reflexes, and
thus at least partially restore the brain control over the locomotor system. In this paper we are proposing
the dermatome stimulation combined with treadmill walking as a modality for gait training in incomplete
SCI persons /7/.

METHODS

The swing phase of walking can be influenced through cutaneous stimulation of the selected dermatomes.
In the investigation a 63y. old patient with C 2-6 spinal cord lesion resulting from an accident has been
selected. The electrodes were placed over the L-3,4 dermatome, one medially below the knee and the
other laterally above it, with the aim to decrease the extensor spasticity of the knee extensors, innervated
from the same spinal cord level as the dermatome. Schematic representation of electrodes positioning is
shown in Figure 1. A stimulation frequency of 100 Hz and a pulse duration of 0.3 ms were used without
interruption during the gait cycles. The electrical stimulation was not causing any muscle contraction. It is
our belief that the sensory electrical stimulation was delivered predominantly through the large diameter
afferent fibers.

()

Fig. 1 Positioning of the surface electrodes over the L-3,4 dermatome.
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Fig. 2. Record of an incomplete SCI patient’s walking without (upper row) and with the dermatome
electrical stimulation (lower row).
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RESULTS

Strong extensor spasticity is often observed in the lower extremities of the incomplete SCI patients. After
loading the paralyzed limb during the stance phase of walking, the patients have difficulty to break this
extension tone and cannot initiate a step. The stimulation of the L-3,4 dermatome proved to be efficient in
diminishing this extensor activity. Hip and knee flexion and ankle dorsiflexion were significantly
increased during the swing phase of walking. Also, the eversion of the foot was noticeably improved when
delivering the dermatome stimulation. The upper series of the photographs in Figure 2 belongs to walking
without stimulation. The lower photographs show improved swing phase of walking during L-3,4
dermatome stimulation. The dermatome stimulation proved to be specially efficient when combined with
treadmill walking.

DISCUSSION

In spite of several decades of investigations of FES for lower extremities we cannot claim that FES of
lower limbs is widely used in clinical environment. The FES synthesis of walking requires complex
multijoint movements which further require large number of surface or implanted electrodes together with
special algorthms providing coordination of many channels of electrical stimulation. It is our belief that
only simple FES systems are perspective from the clinical point of view. Electrical stimulation of spinal
neural circuits, rather than direct activation of motoneurons, will simplify generation of complex motor
behaviours /8/. Electrical stimulation of the dermatomes, described in this paper, is just one possible
access to the spinal neural circuitry from the periphery.

REFERENCES

/1/ Wernig A., Miiller S., Laufband locomotion with body weight support improved walking in persons
with severe spinal cord injuries, Paraplegia, Vol. 30, 1992, 229-238.

/2/ Andersen J.B., Sinkjaer T., An actuator system for investigating electrophysiological and
biomechanical features around the human ankle joint during gait, IEEE Trans. Rehab. Eng., Vol. 3, 1995,
299-306.

/3/ Gandevia S.C., Kinesthesia: Roles for afferent signals and motor commands, In: Rowell L.B. and
Shepherd J.T. Eds. Handbook of Physiology, Oxford University Press, 1996, 128-172.

/4/ Liberson W.T., Functional electrical stimulation in paraplegics and »Reflex Walking«, Arch. Phys.
Med. Rehabil., Vol. 54, 1973, 588.

/5/ Bajd T., Kralj A., Turk R., Benko H., §ega J., The use of a four-channel electrical stimulator as an
ambulatory aid for paraplegic patients, Phys. Ther., Vol. 63, 1983, 1116-1120.

/6/ Cook A.W., Taylor J.K., Nidzgorski F., Functional stimulation of spinal cord in multiple sclerosis, J.
Med. Eng. Technol., Vol. 3, 1979, 18-23.

/7/ Bajd T., Gregori¢ M., Vodovnik L., Benko H., Electrical stimulation in treating spasticity resulting
from spinal cord injury, Arch. Phys. Med. Rehabil., Vol. 66, 1985, 515-517.

/8/ Grill W.M., Electrical activation of spinal circuits: Application to motor-system neural prostheses,
Neuromodulation, Vol. 3, 2000, 97-106.

AUTHOR'S ADDRESS
Prof. Dr. Tadej Bajd,
Faculty of Electrical Engineering e-mail: tadej.bajd@fe.uni-lj.si
University of Ljubljana home page: www.fe.uni-lj.si

1000 Ljubljana, Trzaska 25, Slovenia

-179 -



Principles of Laufband (LB) therapy for spinal cord
damaged persons.

A. Wernig, S. Miller

Department of Physiology, University of Bonn and Klinikum Karlsbad-
Langensteinbach

Laufband therapy was developed in the late 80ies independently by two groups of researchers
(1,2). The principles had previously been worked out in the spinal cat, some decades ago,
others only recently. ,,Spinal locomotion*“ was already noticed by Freusberg 1874. Why its
significance for the human was not noticed before, is not clear; possibly the fact that “spinal
man” does not walk as a spinal cat does, blurred the view at severely though incompletely
paralyzed patients. Today we interpret the surplus in evokable muscle activity during
locomotion versus resting positions as instrumented by spinal locomotor centers fed with
proprioceptive information. This view is supported by the finding that “rules of spinal
locomotion” facilitate stepping in the (incompletely paralyzed) human as well Recent EMG
recordings verify that muscles not evokable during single joint attempts may become active
during air stepping (i.e.multijoint) and much more so during locomotion. Patients will be
demonstrated on video films who learned to perform independent stepping over ground with
little voluntary muscle activities in resting positions.

In order to better evaluate such phenomena a cumulated muscle score (EU-Muscle) is
suggested (3) which summarizes functionally important rather than spinal segments-
characterizing muscles (as the ASIA muscle score does). To asses locomotor capability, a
functional classification (0 to 5, EU Walking) of SCI persons with a finer grading than the
ASIA score is proposed. Dependent: 0: not capable of walking even with help of two
therapists; 1: capable; 2: walking at the railing with one therapist. Independent: 3: rolator or
reciprocal frame; 4: Regular crutches; 5: without devices. The classes graphically:

Functional Classes SCI (EU Walking):
® o o o ® e ®

. A
TD0 NDY Do (N D

2 3 4

First, results of a 5-year study are reported in which 89 incompletely paralysed (44 chronic
and 45 acute) patients who underwent LB-therapy, are compared with a total of 64 patients
treated conventionally for comparable periods of time (median 10.5 weeks). LB-therapy
achieved significantly better results in all comparisons (Wernig et al., Europ J Neurosci. 7,
823-829, 1995). A number of chronically wheelchair-bound patients (not capable of raising
from the wheelchair or walking without help from other persons) became independent and
walked with help of a rollator or two canes for distances of at least 100 meters. Most chronic
patients not capable of stair case walking learned to do so either by themselves or with help
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from another person following Laufband therapy. Also acute patients treated on the Laufband
achieved better results than conventionally treated patients.

The results of a follow-up evaluation are reported, in which walking capability of Laufband
treated patients, immediately following therapy, is compared with that after 1-4 years in
domestic surrounding (Wernig et al., Spinal Cord 36, 744 — 749, 1998).

Summary: Locomotor training on the Laufband focuses on intensive walking in upright
position, facilitated by body weight support via a harness, the moving band of the treadmill
and initial limb setting by two therapists if necessary. These principles are derived from
observations in spinal animals on activity-related "learning"” of the isolated spinal cord and on
the "rules of spinal locomotion™ in lower vertebrates. The noval approach to intensely train
precisely that skill which needs to be achieved (upright walking) allows to reach therapeutic
goals far beyond those possible by conventional physiotherapy. As a rule in motor
rehabilitation, therefore, each patient with some if little voluntary muscle activity remaining,
needs to be trained on the Laufband to find and approach his individual limits of locomotion.
Practical obstacles for a successful application of Laufband therapy on a broader scale at the
time are the poor education of the therapists in practical handling of the patients and in their
imagination of the possible therapeutic goals to be reached.
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A PILOT STUDY OF AUTO-MYO-ELECTRIC CONTROL OF FESON TIBIALISANTERIOR IN
CVA AND SCI SUBJECTS

R. Thorsen™?*®°, J. Burridge®, N. Donaldson®, M. Ferrarin, J. Norton* and P. Veltink®

Centro di Bioingegneria, Fond. Don Gnocchi-Politecnico di Milano, Italy.
*Salisbury District Hospital, Salisbury, England (SDH)
University of Southampton, England
“*University College London, London, England
>University of Twente, Enschede, The Netherlands

SUMMARY

Myo-€electric signals (MES) from the paretic anterior tibial muscle (TA) have been used to control func-
tional electrical stimulation (FES) of the same muscle. The technique has been termed Auto-Myo-€electric
Control of FES (AutoMeCFES). The MES was recorded using surface electrodes and processed digitally
to allow continuous control of the amplitude of FES applied to the common peroneal nerve. Dorsi-flexion
torque was measured, in isometric condition, with the subject sitting and the leg hanging freely. A track-
ing test was used to compare the amplitude of the ankle torque with and without stimulation. Seven of the
9 stroke and 2 of the 3 SCI subjects showed increased torque amplitude with the system. An immediate
carryover effect was seen in one subject. It is concluded that, for selected subjects, AutoMeCFES can in-
crease the muscle force of TA.

STATE OF THE ART

In some cases, a dropped foot may be corrected by use of Functional Electrical Stimulation (FES) /1/.
Existing dropped-foot stimulators are most commonly controlled by a switch /1, 2, 3/. Although this
method is satisfactory for many subjects it tends to over-ride the remaining muscle activity whereas myo-
electric control may enhance it, which may therefore facilitate motor re-learning /4,5/. The feasibility of
proportional myo-electrically controlled stimulation (MCS) for the upper extremity has been described /6/
and demonstrated /7/ although the system is till confined to laboratory tests.

In a previous paper /8/ we described the use of atracking test for evaluation of the torque enhancement by
comparing the root mean square (RMS) values of the subject generated tracks with and without MCS. In
this paper we have modified this method and included the results from 3 SCI subjects with paretic TA.

MATERIAL AND METHODS

Subjects

Subjects were selected from the database and medical records of >600 dropped-foot stimulator users at
the Medical Physics Department, Salisbury District Hospital (SDH) using the following criteria: 3 1 year
after stroke; medically stable; living within 60km from SDH; 18-60 years of age; near normal passive
range of movement of the ankle joint; some residual voluntary TA activity, but unable to dorsiflex the
ankle in standing; able to give informed consent and comply with the test protocol; good response to FES
and no history of adverse effects due to stimulation; no serious medical or heart/respiratory problems or
using electrical life support devices. All subjects were users of dropped foot stimulators. Approval from
the ethics committee and the subjects’ informed consent were obtained. The subjects are listed in Table 1.

System

The AutoMeCFES system was built in Centro di Bioingegneria and programmed at University Twente,
where preliminary tests were performed. It amplifies and filters the MES (20Hz-500Hz) using a dedicated
amplifier /9/ and convertsit to a 2.5kHz digital signal. Signal processing is as follows: reduction of
stimulation artefacts by comb-filtering and elimination of initial 10ms post stimulation signal; root mean

-184 -



square (RMS) calculation; smoothing by low-pass filtering; a noise offset is subtracted and a gain deter-
mines the stimulation amplitude, which is limited between zero and an upper limit individually defined
for each subject. The low-pass filter has a cut-off frequency of 1Hz. The stimulation current is amplitude
modul ated with rectangular biphasic balanced waveform. Further information can be found in /7, 8/
Setup

Stimulation electrodes were placed, one just under the head of fibula and the other 2/3 down on the belly
of TA, to induce dorsiflexion of the paretic foot. In al but one case (Subj: B) this placement coincided
with the one the subjects used for their usual dropped foot stimulator. To minimise stimulation artefacts
the recording electrodes were |ocated between and aligned perpendicular to the stimulation electrodes.
A light-weight footrig was designed and built to hold the ankle in 10° plantarflexion (from normal pos-
ture) and to measure isometric dorsiflexion torque. Subjects were placed comfortably on a couch with a
free swinging shank and the foot clear of the ground, thus avoiding accessory forces.

The Sessions

Each session was limited to two hours to avoid fatigue. Maximal stimulation amplitude (IMax) was
established as the upper comfortable limit (all subjects had skin sensation) and the recruitment curve was
measured. The subject was then asked to produce a strong volitional contraction during maximum stimu-
lation. The torque produced during this pre-test was used as the target amplitude in all the tracking tests
(with and without stimulation). This target amplitude was, for simplicity of the experiment, limited to 6,
13, 19 or 25Nm, whichever was just above the pre-test torque.

In the tracking test, a circle and a cross were displayed to the subject on a computer screen. The circle
(target signal) oscillated vertically in asinusoid (period = 5sec) for 30 seconds. The subject’ s task was to
keep the cross, representing dorsiflexion torque (tracking signal), within, or as close to the target as
possible, by contracting the dorsiflexors. The test was performed first without stimulation (natural) and
then with AutoMeCFES.

Evaluation
We define the peak torque (PT) as the difference between maximum and minimum torque calculated as
the mean value of, respectively, the 16 (1 sec) largest and smallest sample values in the subject generated
tracking. This gives us the absolute range in which the subject can work. As a measure of the dynamic
range, we have chosen the standard deviation (STD) of the target as a score for the variation around the
mean value. This has the advantage over the root mean square (as used in /7/) that it will not be influ-
enced by eventual offset that could be caused by increased muscle tone.
Thus is defined the torque enhancement in two ways.

PT Enhancement = (PTmcs - PTna) / PTna

SD Enhancement = (SDucs - SDna.) / SDna:.

RESUL TS& DISCUSSION

Subjects are denoted by ID number and the result of the test is shown in Table 1.

ID A B C D E F G H I X Y Z
Lesion type CVA|CVA|CVA|CVA|CVA|CVA|CVA |CVA|CVA| SCI | SCI | SCI
Age[Years] 62 | 50 | 38 | 58 | 27 | 48 | 53 | 65 | 63 | 47 | 25 | 30
Injury [Years] | 6 7 2 4 13 7 12 9 8 5 8 2
IMax [mA] 45 | 63 | 40 | 40 | 15 | 10 | 55 | 22 | 50 | 45 | 33 | 25
Target [Nm] 25 |19 | 12 | 19 | 11 | 62 | 62 | 12 | 25 | 37 | 50 | 37
PTna. [NM] 13 |11 | 11 | 10 | 56 | 35 |062| 26 | 84 | 24 | 21 | 22
PTmcs [Nm] 23 | 17 | 13 | 95| 87 | 35| 45| 93| 12 | 26 | 23 | 25
STDna [NM] | 48 | 25| 37 | 38| 16 |094|1 02109 | 3 |78 | 65|71
STDmcs[Nm] | 87 | 56 | 45| 35| 29 |088| 14 | 26 | 39 | 93 | 6.1 | 82
Table 1. Shows, for each subject, the maximum values for stimulation (IMax), target torque, Peak torque
(PT) and the standard deviation (STD) of the natural track and the MCStrack.
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Asit can be seen in Figure 1, showing the torque
enhancements, the trend of both PT and SD enhancement
are the same. Figure 2 shows selected tracking tests from
the stroke subjects. Subject B gained an offset during
natural tracking immediately after the first period in the
test which reflectsin alow PT enhancement but a high
SD enhancement.

In 7 of the 9 stroke and 2 of the 3 SCI subjects the
AutoMeCFES increased the torque and thereby muscle
force. In 3 subjects (D, F and Y) the torque was not aug-
mented; the enhancement scores are less than zero. The
IMax was very low for F (see Table 1) because this per-
son found the sensation of FES very uncomfortable. In
the pre-test for D, it was revealed that stimulation did not
increase force above maximum voluntary contraction.
None of the subjects had been trained in the tracking test
and they only tried 2-4 tracking tests before the measure-
ments were taken. This part of the study, therefore, does
not take into account the effect of an eventual learning,
which might improve the control.

Case story: Subject G declared that the foot was ‘dead’;
he was not aware of any volitional contraction whatso-
ever. During pre-tests of the session, the level of myo-
electric activity was displayed instead of the torque with-
out application of stimulation and the subject regained a
volitional torque of 2Nm and 6Nm with MCS.
Immediately after the session, the subject was thus able to
perform slight dorsiflexion against gravity. This can be
interpreted as a short-term carry-over effect from the bio-
feedback that the AutoMeCFES provided.

The SCI subjects had curves morphologically similar to
subject A but with less torque enhancement.

CONCLUSION

We conclude that, in some cases of paretic TA dueto
stroke or SCL, AutoMeCFES can be used to increase
isometric force and that the control can be continuous
rather than on/off.
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Top: An example of a good tracking test.
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SUMMARY

This paper reports preliminary results of pilot studies of a new implantable two channel drop foot
stimulator. The two subjects use the stimulator on a daily basis and have shown increases in
walking speed between 10% and 44% when compared to their baseline measurements. [sometric
tests have demonstrated that the stimulator allows repeatable and selective stimulation of ankle
joint muscles.

STATE OF THE ART

There is a growing body of evidence, including one RCT, supporting the orthotic benefits of using
single channel, surface-mounted drop foot stimulator for Cardio Vascular Accident (CVA) patients
and others [1],[2]. The clinical benefits are now being seen by growing numbers of patients in the
UK and mainland Europe, not just at the centres with a direct research interest in the technology
but also elsewhere. This move away from the research centres into more widespread clinical usage
can be seen as a coming of age for the technology. However, this has been a very slow and patchy
process and even in the UK where clinical usage is now relatively widespread, the total number of
patients being treated remains relatively small [2]. While less than desired funding is undoubtedly
a factor, technical limitations have also caused problems, chiefly those inherent with the use of
surface electrodes

In the past, surface stimulators have suffered from a number of practical problems, particularly
associated with the foot switch and leads. Despite considerable effort on the part of engineers to
replace the footswitch with an alternative, for now it remains the sensor of choice in clinical drop
foot systems. The traditional problem with the footswitch and leads was a poor robustness, with
fatigue failures commonplace. In recent years, this low-tech, practical but important problem has
been tackled and footswitches and leads are now available that typically last in excess of 6 months
daily use.

Nevertheless, the problems inherent to stimulating the Common Peroneal nerve using surface
electrodes remain. These include a lack of selectivity over the muscles and nerves recruited,
sensitivity of muscle recruitment to electrode placement and pain and tissue irritation associated
with passage of current through the skin. Taylor [3] identified problems with locating the
electrodes as the most common non-physiological reason for discontinuing use of the surface
stimulator. These issues have long been recognised and various attempts have been made to
implant a single channel drop foot stimulator system on the Common Peroneal nerve [4],[5].
However, this approach failed to solve the selectivity problem as it was not possible to control the
relative proportions of dorsiflexion and eversion. This project attempts to resolve this problem by
stimulating the two branches of the Common Peroneal nerve separately. The Deep Peroneal nerve
innervates muscles that primarily dorsiflex and invert the foot, whilst the Superficial innervates
everting muscles.
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MATERIAL AND METHODS

Stimulator development

The stimulator that is based on transcutaneous RF-coupling was developed over several years at
the University of Twente and Roessingh Research and Development [6]. It is based on a very
simple receiver design, using basic passive components, encapsulated in silicon rubber. The novel
aspect of the design lies in the type and location of the electrodes. The electrodes are sub-epineural
type, developed for this application, but similar in design concept to certain electrodes used in pain
relief applications. The location of the receiver distal to the knee avoids the need for the cabling to
cross a joint, a common cause of failure in similar applications. The transmitter is located over the
site of the receiver, and is triggered in the same manner as the conventional surface stimulator,
using a foot switch.

Clinical protocol

The pilot study was intended to investigate the following questions: does the stimulator function as
predicted, is it safe for use in humans and, are there any side-effects. The predicted functions were
that its use would result in an improvement in gait, that stimulation response would be relatively
insensitive to minor (1-2cm) changes in transmitter positioning and that selective stimulation of
the two branches of the Common Peroneal nerve could be achieved. Ethics and regulatory
approval for both trials were granted from the appropriate authorities.

The first implant took place in The Netherlands in July 2000 [ 7]. Since then, a further 3 implants
have taken place, one in The Netherlands and two in the UK. The subjects are all CVA patients
with a stable neurology, at least 3 years post stroke and aged between 31 and 48 years. Baseline
data on walking speed and endurance were gathered on at least 3 separate occasions, both without
and, with their normal walking aid (if any). The UK group also measured Physiological Cost Index
(PCI) data. Prior to the implant operation nerve conduction measures were taken to check the
integrity of the Deep (DPN) and Superficial Peroneal (SPN) nerves [8]. Following implantation all
measurements were repeated. Furthermore, isometric torque measures were taken following a
period of recovery and at regular time intervals at follow up. Isometric measures of ankle moment
were taken using custom-built devices described elsewhere [9],[10].

RESULTS

The results of the first two implanted subjects in the Netherlands and the UK are presented.
Figures 1 and 2 show the results of the walking speed and 6 minutes endurance measurements pre
and post implant, respectively for the Dutch (NL) and English (UK) patient. The Dutch patient
was an occasional walker with an AFO and therefore measurements with and without the orthosis
were taken. When using the implanted system in both patients the walking speed and distance
were increased by respectively 10% (UK) and 44% (NL) from mean baseline values. Figures 3
and 4 show typical graphs of the isometric response to stimulation at ‘optimal’ setting for the 2
subjects. The patients themselves defined the optimal setting. The stimulation times and ramping

_ 170 500 <
I 1.60 - aha = .
2 5 E 450, A A
£3 g
g 1.40 1 + NL (AFO) 5 400 - + NL (AFO)
3 £ 1301 = NL (no AFO) € = m NL (no AFO)
B 120 ANL (FES) © 350 ANL (FES)
2110 == " implant % UK (no AFO) E fmplant (NI. & UK) x UK(no AFO)
g g 1.00 - operation x UK (FES) e 300 ~ « % x UK (FES)
£7 090 Bosolx X[ ox
S 0.80 X oy XX a
g X X
0.70 T T T 200 T T T
10 20 30 40 0 10 20 30 40
Time (weeks) Time (weeks)
Figure 1: Walking speed Figure 2: Distance in 6 minutes
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varied between the Dutch and UK transmitter, due to minor changes in the settings for the two
patients. These graphs show that at the onset of stimulation the force produced increased rapidly
and was maintained at a stable level. After termination of stimulation the force rapidly declined.

(4]

The sensitivity of isometric response to
transmitter movement was also investigated. In
P - the case presented here, sensitivity was defined as
=w| | change in  dorsiflexion  moment  with
"o | proximal/distal displacement. Results from the

UK and Dutch patients are shown in figure 5 ("

order polynomial curve fitted to data). This graph

Dorsiflexion moment (Nm)

20 shows that a displacement of about 1cm would
displacement from nominal centre (mm) not significantly affect the moment produced,
Figure 5: Sensitivity of dorsiflexion indicating that the implantable system is relatively
response to transmitter placement insensitive to minor positioning errors.
DISCUSSION

As may be seen in figures 1 and 2, both patients gained orthotic benefit using the stimulator.
Taylor [11] showed a mean change in walking speed amongst CVA patients of 12% (0.07 m/sec)
at 6 weeks and 27% (0.16 m/sec) at 4 2> months use of the surface stimulator. The results obtained
in the present study are similar to those reported by Taylor [11]. Figures 3 and 4 show that
stimulation on user-defined optimal settings resulted in a response characterised by smooth
dorsiflexion with moderate eversion. These results were repeatable both within, and between test
sessions [10].

The sensitivity to transmitter placement was determined to be relatively low. There are no reports
in the literature quantifying typical sensitivity to surface stimulation of the CPN, but experience
suggests that it is significantly higher. This ease of positioning may be of specific benefit when we
consider that typical CVA patients also have less control over their upper extremities. This new
system may therefore also help these subjects to gain more independence.

The implants in two other patients have shown failures after having functioned properly for
periods of months. An investigation of one of the explanted systems has shown that the system
failure was caused by a fault in the receiver manufacturing process. Prior to failure, both of these
patients also showed orthotic benefit from the device and similar isometric results to those
reported here. The manufacturing process has now been adapted and a new receiver version is
currently in production. Subject to regulatory approval, the clinical trials will continue in the near
future.
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SUMMARY

An automated system is developed to optimize the timing and magnitudes of stimulation for a two-
channel drop foot stimulator on the basis of criteria for the quality of the movement of the foot during the
swing phase of gait. These criteria encompass the timing of the start of dorsiflexion movement after heel-
off, foot clearance during the swing phase, and balance between inversion and eversion and heel-first foot
placement at the end of the swing phase. These criteria are evaluated using a six degrees of freedom
inertial sensor system placed on the foot. On the basis of this evaluation, the timing and magnitude of the
stimulation are adapted from cycle-to-cycle.

The observability of the formulated movement criteria from the inertial sensor measurements have been
preliminary evaluated in a patient experiment with and without stimulation of the peroneal nerve. The
approach is intended to result in an evaluation and tuning system for clinical use.

STATE OF THE ART

Stroke may have many physical and cognitive consequences. Physically, the motor control of one side of
the body may be deteriorated. Often, such a deteriorated motor function improves during the recovery
period and by training, although in many cases motor control problems remain. Among others, a frequent
consequence is the inability to voluntarily lift the foot at the affected side (drop foot). Since Liberson /1/,
FES systems have been developed to artificially activate the dorsiflexor muscles during the swing phase
of gait. More recently, a two channel implantable drop foot stimulator has been developed /2/, allowing
electronic balancing of inversion and eversion during foot lift. In the past year, this system has been
implanted in four stroke patients in Twente and Salisbury.

For effective application of the electronic balancing feature of this two channel implant, criteria for
optimal movement patterns need to be stated, a sensor system for measuring relevant movement
parameters of gait and procedures for the adjustment of the stimulation parameters both in time and
amplitude of both channels need to be developed.

MATERIAL AND METHODS

Criteria for optimal gait improvement by drop foot stimulation

The potential improvement of gait through the use of a drop foot stimulator is not limited to the foot
movement. It may prevent the lifting or circumduction of the affected leg due to drop foot gait. Foot
landing after swing is also of primary importance. Heel first landing without excessive inversion or
eversion contributes to stable gait and optimal loading transition from swing to stance. Heel-first landing
also avoids excessive stretch reflexes in the calf muscle which may result from fast dorsiflexion when the
forefoot first hits the ground /3/. Also at the onset of stimulation, fast dorsiflexion may elicit stretch
reflexes in the calf muscles.

-192 -



On the basis of these considerations criteria were formulated, concerning three phases of the walking
cycle: the transfer from stance to swing phase, the swing phase and the transfer from swing to stance
phase:
1. transfer from stance to swing:

la. dorsiflexion starts after heel-off, allowing for push-off, if available

1b. dorsiflexion with limited angular velocity, avoiding excessive calf muscle stretch reflexes.
2. mid-swing:

2a. foot clearance during whole swing phase without excessive heel lift or circumduction

2b. limited inversion/eversion of the foot.
3. transfer from swing to stance:

3a. heel-first landing

3b. limited inversion/eversion of the foot

Assessment of foot movement during the swing phase of gait

Each of these criteria can be conceived as the reference value for related movement parameters (e.g. time
of start of dorsiflexion movement after heel-off, foot clearance during mid-swing, foot orientation at foot
contact). These movement parameters can be assessed for each walking cycle using a six degrees of
freedom inertial measurement unit (IMU) attached to the foot. The IMU consists of 2 dual-axis
accelerometers (Analog Devices ADXL210) and 3 uni-axial angular rate sensors (Murata ENC-03J).
Advantages of micro-machined inertial motion sensors are that they do not need external sensors or
references to operate, their small size and low cost. When interpreted correctly an IMU will not only
provide angular velocity and linear acceleration but also position and orientation with respect to an
inertial frame of reference. Orientation is optimally estimated using sensor fusion and Kalman filtering
techniques /4/. Here, however, straightforward integration and coordinate system transformation is used.

Adequate application of initial conditions during the stance phase of gait (zero linear and angular velocity
of the foot) and adequate subtraction of the gravity acceleration component result in accurate calculation
of the 3D orientation and position of the foot during the swing phase without integration drift. This has
first been used in a step-to-step velocity meter for runners (RunnersWatch™ by Xsens). It should be
noted that the orientation and position of the foot are calculated with respect to the inertial reference
frame, not with respect to the shank, since for most movement criteria the orientation and movement of
the foot with respect to the floor is of interest. If an additional inertial sensor system is integrated with the
transmitter or implant of the stimulator on the shank, additional information about the movement of the
foot relative to the shank is available.

Automatic tuning of a two-channel drop foot stimulator

The timing and amplitude of the stimulation patterns generated by the two-channel implantable drop-foot

stimulator can be adjusted automatically by a controller consisting of two levels:

1. finite state detection of gait phases, especially transitions from stance to swing and from swing to
stance, including heel- and toe-off moments. Control of the timing of the stimulation (onset, ramp-up,
ramp-down, offset time) is relative to the timing of the states assessed using this finite state control
scheme.

2. A cycle-to-cycle control scheme /5/ adjusts the timing and amplitude parameters of the stimulation.
This discrete-time control scheme determines the amplitude and timing parameters of stimulation for
all cycles of gait on the basis of the evaluation of the movement parameters of all cycles in relation to
the criteria. The timing parameters are relative to the phases determined by the finite state detection
scheme.
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RESULTS

Assessment of foot movement during the swing phase of gait

The feasibility of the assessment of the movement parameters is illustrated in figure 1. 3D foot orientation
and position during the swing phase are shown for one step of a stroke patient walking with and without
the application of a external drop foot stimulator. Without stimulation (figures 1a,b), this example patient
walks with extreme eversion of the foot (positive x-rotation in fig. 1a), which, among others, results in
non-optimal foot contact during the transfer from swing to stance phase. This is improved with surface
stimulation (figure 1c,d).

without stimulation with stimulation
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Figure 1: Example foot orientation (a,b) and position (c,d) with respect to the inertial reference frame
during swing phase of gait for a stroke patient with (b,d) and without (a,c) surface stimulation of the
peroneal nerve, as measured by a 3D inertial measurement unit on the foot. Dotted (x) is walking

direction, dashed (y) is medial/lateral direction, solid (z) is vertical direction

Relevant movement parameters can be derived from these measurements. As an example, figure 2 shows
one of the movement parameters, the inversion/eversion angle at the instance of foot contact, as a
function of cycle number without and with stimulation.
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Figure 2. Example registration of one of the movement parameters, the inversion/eversion foot angle
(orientation around x-axis) at the instance of foot contact, as a function of cycle number without (a) and

with stimulation (b) (same stroke patient as in figure 1)

DISCUSSION

The preliminary results of movement measurement and cycle-to-cycle movement parameter extraction are
the basis for the automatic adjustment of stimulation patterns for the two-channel implantable drop foot
stimulator. In first instance, the automatic adjustment may only be performed during clinical sessions. In
this case, the foot sensor module is only applied during these clinical sessions and not during daily use.
An inertial sensor module integrated with the transmitter or implant stimulator on the shank is used for
phase detection during daily use /6/. This avoids the daily use of sensors on the foot, which has been a
major practical drawback of dropfoot stimulators using footswitches. If, eventually, the foot inertial
sensor unit can be integrated in the sole of the shoe and telemetrically linked to the stimulator, the
continuous use of the cycle-to-cycle controller during daily application of the stimulator is an option. This
would enable continuous adjustment of stimulation patterns when muscles fatigue or when the walking
surface, walking speed or other circumstances change.
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SUMMARY

This paper presents the work done on the use of a Gyroscope (Gyro) as a sensor for foot-drop correction
systems using Functional Electrical Stimulation (FES). These systems usually employ foot switches to
control the timing of stimulation. It is believed that the replacement of the heel switch with the gyroscopic
sensor would offer several advantages. The performance of the new sensor and associated software in gait
event detection have been tested and compared to foot switch and kinematic data. The tests were carried
out with both able-bodied and hemiplegic patients walking over different terrains. The results indicate
that the Gyro can be used to detect the necessary gait events for controlling the stimulator timing.

STATE OF THE ART

Since the work of Liberson in 1961 /1/, many researchers have been interested in the application of
electrical stimulation for the restoration of lost or impaired function. The correction of foot-drop is one
common application with increasing clinical use. FES foot-drop stimulators typically employ a physical
sensor (usually a foot switch) as a feedback source controlling the timing of stimulation. These sensors
are reported — by more than one study /2/, /3/, /4/ — to suffer from a number of limitations, including
detection errors, in particular with pathological gait, and a relatively short mean time to failure with some
patients, for example children with cerebral palsy. Previous work at the University of Surrey /5/, /6/, has
investigated the use of a gyroscopic sensor as an alternative sensor to be used with FES foot-drop
correction systems. The use of a vibratory gyroscope in combination with other sensors has also been
investigated by other researchers /7/, /8/. A wide variety of other sensors, both artificial and natural, has
been investigated in detail to be used with FES systems. Accelerometers, goniometers, and inclinometers
are some of the artificial sensors that have been researched for use with FES systems /2/, /4/. Recordings
of both electroneurogram (ENG) and electromyogram (EMG) have also been studied as possible natural
sensors for FES systems /9/, /10/.

The replacement of the foot switch by the Gyro offers several advantages, which could improve system
reliability and function. The Gyro is a small and lightweight sensor (with potential for further
miniaturisation and implantation), which can be easily donned and doffed (positioning is not very critical)
with minimal encumbrance to the patient. The nature of the Gyro contributes to its high reliability and
long lifetime during which there is little or no deterioration in its performance. When compared to the
information provided by foot switches, which is essentially of a binary nature, the Gyro based sensor
system has the advantage that it could predict a gait event - and therefore begin, end, ramp up or ramp
down stimulation - before its occurrence.

As a replacement for foot switches in FES foot-drop correction systems, the sensor output (voltage
proportional to angular rate of moving limb segment) has to be adapted to be suitable for timing the
stimulation. In our work this has been done by developing detection software for the Gyro signal to give
four gait events (Heel Contact HC, Foot Flat FF, Heel Rise HR, and Toe Off TO). A portable
microcontroller based unit with data logging capability was developed. This unit runs the gait event

detection software and provides real time detection. This system was used for the evaluation of the sensor
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and associated software by comparing the detection times to those obtained from simultaneously recorded
foot switch and kinematic data (kinematic data was not available for evaluating the system when used by
the patients, as these tests were not performed in a lab setting). The evaluation of the system involved its
use by both able-bodied subjects and patients with foot-drop, and the system performance was tested over
different terrains including leveled and inclined walking, and staircase climbing.

MATERIAL AND METHODS

A Murata® ENC-05E piezoelectric vibrating gyroscope was used to capture the angular velocity of the
foot in one plane (worn on the anterior side of foot). The output of the Gyro and two foot switches
(located under the heel and first metatarsal head) was sampled by the data logger at 164 Hz. The tests
were split into two sets.

In the first set of tests, the system was used by five able-bodied subjects (average age 38 years), and
simultaneous kinematic data was captured using a Qualysis ProReflex motion capture system sampling at
240 Hz. Three retroreflective markers were attached to the foot at the lateral malleolus, the lateral side of
calcaneus, and above the first metatarsal head. The positions of these makers were visually inspected
afterwards to determine the times of the gait events. Each subject performed six trials walking on leveled
floor, up and down a 7° ramp, and a 7 step staircase, at two speeds (self-selected normal and slow). The
performance of the sensor was analysed by comparing its predicted times to those given by the foot
switches, and then by comparing both methods against the kinematically determined gait events.

In the second set of tests, the system was used by four patients with foot-drop condition (average age 53
years, 3 females and 1 male, 2 MS and 2 CVA patients, average time since diagnosis 4 years, average
time since stimulator was first used 5 months). The patients were asked to perform two trials: with and
without using their Odstock Dropped Foot Stimulator (ODFS, Salisbury District Hospital, Salisbury,
UK). The data from the Gyro and two foot switches was collected using the data logger while the patients
walked around the rooms of the hospital over both inclined and leveled floor. The data was then analysed
by comparing the Gyro and foot switches detection times for each gait event (foot switch detection times
were determined by thresholding). Two of the patients also ascended a stairway, however this data is still
being processed.

RESULTS

For the first part of the study, the differences in time between the three methods are presented in Tables 1-
3. These show the average difference between each of the methods used for different events against the
three terrains.” The absolute difference was also calculated and averaged to avoid any misleading
conclusions from considering the average difference alone.

Table 1: The results of the comparison of detection times (in ms) between the Gyro-Kinematic method.
(D = Average Difference; |D| = Average of Absolute Difference)
Event\Terrain | Level Ramp Stairs
Floor Up/Down | Up/Down

D D/ D D | D |p
HC 7 28 | -11 | 25 | -47 | 95
FF 221 25 | 28 | 30 | 37 | 47
HR 4 29 [ 25 68 | 110136
TO 56 1 58 | 69 | 69 | 80 | 98

* Murata Electronics (United Kingdom) Ltd., Hampshire, GU13 8UN, UK.
® Negative values indicate that the predicted time was earlier than the time given by the second method. For Table 1

this would be the kinematic method.
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Table 2: The results of the comparison of detection times (in ms) between the Foot switch-Kinematic
method.

Event\Terrain | Level Ramp Stairs
Floor Up/Down | Up/Down
D |D| D [Dl| D |D|
HC 31 37 | 42 63 | 55 111
FF 43 79 | 15 64 | 11 58
HR -44 81 | -65 112 | -73 108
TO 29 90 | 23 73 | -47 T8

Table 3: The results of the comparison of detection times (in ms) between the Gyro-Foot switch.
Event\Terrain Level Ramp Stairs
Floor Up/Down | Up/Down

D D/ | D[ p| D | D
HC 38 | 38 | -53 | 57 [-102 | 160
FF 21 | 78 | 14 | 66 | 4 | 64
HR 48 99 [ 90 112179 179
TO 85 118 | 45 101 | 128 138

The results from the second part of the study are presented in Table 4. As the trials with the 4 hemiplegic
subjects were performed in a non-lab setting, the data collected is from the Gyro and 2 foot switches only.

Table 4: The results of the comparison of detection times (in ms) between the Gyro-Foot switch when
used by 4 hemiplegic patients walking on leveled and inclined floor.

Event\Trial No Stimulation | With Stimulation
D ID| D ID|
HC -7 48 -3 32
FF -3 16 42 51
HR 118 135 86 156
TO 98 98 -3 144
DISCUSSION

The results from the first part of the study show that when compared to the foot switches detection times
the Gyro had a similar performance and was generally closer to the kinematically determined times. As
the trials with the 4 hemiplegic subjects were performed in a non-lab setting, the data collected was from
the Gyro and 2 foot switches only. This meant that the Gyro and foot switch times could not be compared
against a third method. However, one observation is that the differences between the Gyro and foot
switch detection times (Table 4) are comparable to those from the first set of results (Table 3). It is
suggested that this is because the sensor system performed equally well as in the first part of the study. It
can be concluded from the presented results that the Gyro sensor system is capable of detecting four gait
events in both able-bodied and hemiplegic patients. The sensor also appears to be appropriate for staircase
and slope walking.

After some necessary modifications to the software, the sensor was also tested when worn on the anterior
aspect of the shank. The preliminary results for this are promising. The use of the sensor when worn on
the shank may offer a more convenient use with potential for developing a miniature unit encompassing
the sensor, stimulator, electrodes and microcontroller. Future work includes completion of analysis of
patient data, and further testing of the system when used on the shank. This will be followed by real time
use with the stimulator, evaluation of patient feedback and the development of a take home system.
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QUALITY PRODUCTS AND QUALITY FOR PATIENTS -- ISO9002 FOR MANUFACTURE
AND CLINICAL SERVICE.
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SUMMARY

In 1998 it became illegal to supply a Medical Device within the EC without a CE mark. The purpose
of the mark was to harmonise the various safety requirements of the Member States which were
otherwise becoming a barrier to trade. Companies or Institutes manufacturing medical devices now
need to show documented compliance with the Medical Devices Directive (MDD) /1/. It was no
longer sufficient to have engineers taking professional responsibility for their work. To demonstrate
consistency and good quality the MDD required that a Quality Management System (QMS) be in
place as part of the manufacture of medical devices.

The Odstock Dropped Foot Stimulator (ODFS) is a body worn, battery operated stimulator which was
being increasingly widely used across the UK. Review of the MDD showed that an externally
verified QMS would be required if we wished to continue to supply the ODFS outside of our
Institution. Since the clinical service was increasing as well, the decision was made to include both
the manufacture and patient treatment in our QMS assessment. The route to this successful
implementation is described along with the advantages and drawbacks encountered.

STATE OF THE ART

At the time of the June 1998 deadline for CE marking commercial companies had moved to comply
with the MDD for products they wished to continue to sell. Most hospital departments viewed the
work involved as excessive but the ODFS was a successful product and in Salisbury preparations were
started over a year before the deadline.

In the UK the National Health Service (NHS) was in a period where internal (between hospital)
competition was encouraged. It was considered that an externally recognised validation of the quality
of our patient treatment would give us an advantage in this environment. It is important to note that
external assessment is only concerned with how well we deal with patients or how consistently we can
make stimulators. It is not an endorsement of the effectiveness of our treatment.

METHOD

Choosing the Assessment route through the MDD

The first step is to confirm that your product is a Medical Device within the definition of the MDD.
The ODFS is a Medical Device because it's purpose is "alleviation of or compensation for an injury or
handicap" (MDD, Art 1, para 2(a)). By reference to Annex IX of the MDD a muscle stimulator that
uses skin surface electrodes falls into Class Ila. This was confirmed with the Medical Devices
Agency which is the UK Competent Authority overseeing implementation of the MDD.

Once the class of your device has been established it is necessary to choose a Conformity Assessment
procedure (Art. 11, MDD). For the Department in Salisbury it was decided to comply with Annex V
(Production quality assurance) which would require a QMS verified by a Notified Body. A Notified

- 200 -



Body is simply a company that has been approved by the Competent Authority to award a certificate
showing compliance with the MDD. The MDD does not specify how a QMS should be designed,
only that it should be externally verified by a Notified Body. In practice this means that the
international standard ISO9000:1994 /2/ should be used since Notified Bodies are familiar with
systems based on this document so accreditation would be more straight forward.

(N.B The 1994 edition of ISO9000 is being replaced by ISO9000:2000 with a phased assessment
program for existing certificate holders.)

Starting up a Quality System

Upon reading the ISO9000:1994 set of documents a decision had to be made as to which individual
standard would be used. Since we were not offering a design service for our customers we would not
generate appropriate records for ISO9001 which included design. ISO9002 covers production from
start to finish of an existing design and ISO9003 covers testing of a finished product. Since we would
be developing our own products we wanted a system that covered their manufacture so ISO9002:1994
was chosen. In the case of medical devices a supplemental standard, BS EN 46002:1994 /3/, is also
required and this was included when the quality system was being developed.

Stimulator Manufacture

This activity was judged to be a priority since non-achievement of the ability to CE mark would
prevent us supplying stimulators outside of our hospital. A Quality Manager was designated to
oversee the introduction and running of the system. In order to reduce the time taken to compile the
procedures required by ISO9002 a management consultant was employed. In consultation with the
staff doing a particular job he was able to look at the way we were working and write a procedure that
would satisfy the requirements of the standard. In almost every area the requirement was for traceable
records to be made showing that a specific check or activity had been carried out. Therefore record
books had to be modified or introduced to hold these records.

In order to affix a CE mark a Technical File for each medical device needs to be kept. This will
contain manufacturing and design drawings, risk assessments, product compliance with other
standards, instruction manuals and so on. Approximately half of the required documents were
available before the Technical File was put together for the ODFS. The remainder had to be generated
specifically.

An external company was used to verify compliance with EMC standards and the pass certificate was
inserted in the Technical File. Since this is a costly process some pre-testing was done at a local EMC
facility and slight modifications made in order to guarantee compliance. For compliance with the
applicable electrical safety standard (BS EN 60601-1 /4/) a checklist was completed by the designer
and signed off before insertion into the Technical File.

Once the procedures had been in use for several months an audit of the QMS was carried out to
determine how well it was working.. The audit is itself a requirement of ISO9002 and any
shortcomings need to be addressed by staff training or modification of the procedures. Staff not
involved in the area being audited should be used to carry out the audit. This prevents assumptions
being made about the activity being carried out and ensures the auditor follows the procedures and
records applicable for that area.

At audit or during normal operation a failure in the QMS needs to receive attention. Such failures are

typically called non-conformances and they can arise from a manufactured item not reaching the
required specification or a delivery containing the wrong goods etc. Non conformances are logged on
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a form together with the measures taken to correct any problems. These forms are then reviewed at
management meetings where measures to prevent any recurrence are discussed and implemented.
When an external assessor reviews the operation of the QMS these non-conformances and the actions
taken will be examined so minutes should be kept in sufficient detail to permit this.

A Quality System for Patient Treatment

Our method of treating patients with the ODFS had been carefully worked out over several years /5/
with input from engineers and physiotherapists. Several forms were in use in the clinic to collect data
about patient performance and equipment settings. This data was then used to demonstrate the
effectiveness of the device and highlight any perceived problems. The results were published in the
scientific press.

Introduction of the QMS only required slight modification of these clinic forms to record the person
completing them, some equipment details and confirmation that the patient had received instructions.
A procedure was written to cover the operation of the clinic which then specified the use of the new
forms.

As patient numbers increased the administration for the appointments and funding also required a
procedure to be written. The ISO9002:1994 standard uses language that is very focused on 'the
customer' and the contract between the customer and supplier. Whilst the obvious conclusion would
be that the patient was our customer, in practice our contract is with the doctor or health authority.
Contract review is a central ISO9000 requirement so it is these people that need to be informed about
our service before we can agree to see their patient(s). This required information on the treatment to
be sent to the referring doctors before their patients could be seen.

The Assessment

The Notified Body selected to carry out the external assessment of our QMS was the British Standards
Institute (BSI). A Client Manager was assigned to us on the basis of our operation, i.e. electrical
engineering for medical device production. A pre-assessment visit was made to ensure that the system
we had was ready for assessment both on 1ISO9002 and the MDD. Since our Client Manager felt that
the patient treatment aspect of our work fell outside his expertise a second BSI Assessor was brought
in to do this assessment at later date.

Assessment of the QMS for stimulator CE marking took two days initially and a number of
shortcomings or non-conformances were discovered. However, these were not sufficiently serious to
prevent granting of the EC Certificate and a Certificate showing compliance with ISO9002. A plan
showing how these non-conformances would be rectified had to be submitted to the assessor and
approved before the certificates were awarded. After six months an assessor for the patient treatment
came to look at this aspect of our operation in addition to a follow up visit for the manufacture. Our
patient treatment actives were then added to the ISO9002 certificate.

Assessments then take place at six monthly intervals to ensure the QMS is being maintained. In
addition the assessor will wish to see how the QMS system is being used to improve quality by

monitoring such activities as repair, customer complaints and other non-conformances.

RESULTS AND DISCUSSION

Benefits
The major beneficial result of achieving the ISO9002 registration is that we can continue to make
stimulators for supply outside our hospital. This extends the benefit of the treatment and generates
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some income to continue development of the ODFS and other devices. We now supply to several
countries in Europe. For this we need to translate the instruction manuals and other safety information
(e.g. labelling)

Records that are kept as part of the QMS have improved the way we run the manufacture and
especially the patient treatment. Any other devices we design can be brought into our system and CE
marked. Similarly we can take on the role of manufacturer for products designed elsewhere and CE
mark those.

Drawbacks

There is some extra work to do and there was staff resistance to overcome. However, the day to day
running of the QMS is very smooth and the kind of records we now keep should probably be kept by a
responsible department in any case. When audits, reviews and assessments take place there is a high
workload on the Quality Manager which should not be underestimated. In addition there are costs for
the Notified Body amounting to £2500/year.

Conclusions

Whenever some question arises as to the value of the QMS and the other documentation it is helpful to
consider what would happen if a product we had manufactured were involved in a serious incident
that harmed a patient. In a court room or other inquiry questions would be asked about the quality of
our products. In such a case there is ample documentation to demonstrate that our products have been
properly designed and made. This was probably not the case before the MDD requirements. There
are also continuous benefits from the improvement in record keeping and the documentation of
procedures.
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SUMMARY

The Functional Electrical Therapy (FET) is a new term describing a combination of functional electrical
stimulation that generates life-like movement and intensive exercise in humans with central nervous system
lesions. We hypothesized that the FET can promote a significant recovery of functioning if applied in sub-
acute stroke subjects. The study included 16 stroke subjects divided in a low functioning group (LFG) and a
high functioning group (HFG) based on their ability to control wrist and fingers, and randomly associated
into the FET and controls. The FET consisted of 30-minutes daily sessions during three weeks. The exercise
comprised functional use of daily necessities (e.g., writing, using a telephone receiver, drinking from a can).
The outcome presented in this paper is the upper-extremity function test performed before and after the
therapy. The change in performance of the HFG group was significant: 1) the number of successful repetitive
movements in two minutes was doubled, and 1.6 times increased for controls; and 2) the time to perform the
movement was decreased by 71 percent, and by 36 percent in controls. In the LFG FET group the difference
in performance was the following: 1) the number of tasks was increased from zero to six tasks (total of 11
tasks); and 2) the averaged number of successful repetitive movements from zero to three. The functional
improvement in FET LFG is probably not sufficient to make the more affected arm/hand effective for daily
necessities; thus, the FET effects could deteriorate at longer time. The subjects from a control LFG made
only a marginal improvement. The study will continue for the next 18 month.

INTRODUCTION

In one of the earliest studies Merletti ez al. /1/ applied a two channel functional electrical stimulation (FES) in
order to augment the elbow and fingers/wrist extensions. The conclusions were that FES contributed greatly
to recovery of hand and elbow movements in five stroke subjects, yet in the remaining three the
improvement was significant only at the elbow joint. Electrical therapy has been applied as a therapy in
humans with CNS injuries although there are no conclusive directions which technique works the best for a
given indication. Kraft et al. /2/ reported that subjects assigned to electrical therapy improved their
aggregated Fugl-Meyer score significantly from pre-treatment to post-treatment, and the improvement was
maintained at three- and nine-month follow-ups. Feys et al. /3/ used FES for six weeks in stroke subjects.
Subjects performed better on the Fugl-Mayer test compared to the control group throughout the study period,
but differences were significant only at follow-up. 26 subjects were randomly assigned to receive either
neuromuscular stimulation or placebo /4/. The treatment group received surface neuromuscular stimulation to
produce wrist and finger extension exercises, and the controls received placebo stimulation over the paretic
forearm one hour per day, for a total of 15 sessions. Parametric analyses revealed gains in Fugl-Meyer scores
for the treatment group immediately, and after four and twelve weeks of treatment. Francisco et al. /5/ and
Cauraugh et al. /6/ reported results that suggest that the EMG-triggered FES is effective for rehabilitating
wrist and finger extension. The Handmaster NMS-1 system is becoming widely used for the therapy in
stroke subjects /7/. The Handmaster NMS-1 uses three-channel FES to control opening and closing of the
fingers and the thumb opposition. The common conclusions from all studies are that combined electrical
stimulation and extensive physical exercise with enhanced feedback contribute to the recovery, and that the
contribution is more exposed if the treatment is applied timely, i.e., shortly after the stroke. Evaluation of the
Bionic Glove /8/, and Belgrade Grasping System /9/ in chronic tetraplegic subjects showed that FES
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improves the reach and grasp. The results indicate important short- and/or long-term carry-over effects. This
paper presents the results from a study in progress where FET is applied to the more affected arm in sub-
acute stroke subjects. The FET uses a neuroprosthesis that mimics life-like movements.

METHODS

Subjects. Sixteen volunteer stroke subjects (Table I)
have been included in the study. The subjects were
associated to a higher functioning group (HFG) or
lower functioning group (LFG) prior to the study
upon their active range of motion at the wrist and
fingers. The determinations were made with the
subject sitting, the forearm resting on a supported
surface, and the forearm in pronation. The hand was
hanging over the edge of the supporting surface
(e.g., the arm of a chair) to allow for maximum
wrist flexion with gravity. The subjects were
identified as belonging to a HFG if they were able
to actively extend the paretic wrist further than 20
degrees and actively extend the MP and IP joints of
all digits at least 10 degrees. The subjects were
assigned to a LFG if they could actively extend the
paretic wrist at least 10 degrees (<20°), and extend
the MP and IP joints of the thumb and at minimum
two additional digits at least 10 degrees.

The study included eight subjects from the HFG
subjects, and eight subjects form the LFG.

° Age Start after Ashworth Diagnosis Group
stroke
1 62 4 weeks 1+ Hemi. I. sin. HFG-FET
2 61 6 weeks 1+ Hemi. I. sin. HFG-FET
3 50 7 weeks 2-3 Hemi. I. sin. HFG-FET
4 52 11 weeks 4 Hemi I. sin. HFG-FET.
5 62 8 weeks 1+ Hemi |. dex. HGF-control
6 65 4 weeks 2 Hemi I. sin. HGF-control
7 61 9 weeks 3 Hemi I. sin. HGF-control
8 72 5 weeks 2-3 Hemi. I. sin. HGF-control
9 41 4 weeks 2-3 Hemi. . dex. LFG-FET
10 27 3 weeks 2-3 Hemi. . dex. LFG-FET
11 72 7 weeks 3 Hemi. . dex. LFG-FET
12 65 8 weeks 2 Hemi. I. sin. LFG-FET
12 72 6 weeks 2 Hemi. I. sin. LFG-control
14 45 4 weeks 2-3 Hemi. I. dex. LFG-control
15 51 7 weeks 2 Hemi. . dex. LFG-control
16 67 10 weeks 2-3 Hemi. I. sin. LFG-control

Table I Basic data for sub-acute stroke subjects included in
the FET). The HFG stays for high functioning group and LFG
for low functioning group.

Procedure. The stimulation was applied for three weeks, for 30 minutes daily. The FET was applied with the
four channel stimulator and surface disposable electrodes. Two channels were used to stimulate the finger
flexors and finger extensors. The cathodes were placed over the extensor digitorum communis m. and flexor
digitorum profundus and superficialis m. A common anode for these two channels covered the major arm
nerves. The other two channels were applied to control the thumb. Subjects used the switch to start a

Fig. 1: An acute stroke subject from HFG before FET (upper
panels) and after three weeks of FET (bottom panels) exercising
to drink from a can. At the beginning he was not able to hold his

left arm, neither to grasp a can (upper panels); after three weeks
of the FET he could repeat the task of drinking from a can for 20
times during a two minutes session.

stimulation pattern to grasp or release an object. The
pulse duration, frequency and pulse amplitude
(current) were set to minimize discomfort during
stimulation, yet provide externally assisted grasp.
The typical values for stimulation were the
following: =50 Hz, T =300 is, | = 15 - 45 mA.
The FET tasks were to actively reach and
functionally use selected objects typical for daily
activities (e.g., juice can, telephone receiver, pen,
comb, and toothbrush). The control group was
required to exercise the same tasks as the FET
group, yet without electrical stimulation for 30
minutes daily. Fig. 1 shows an example of the
effective functional outcomes captured from the
movies recorded before and after the FET in one of
the subjects from HFG.

Outcome measures. Evaluations were done at the
beginning and the end of the FET. Evaluations are
planned during every two months for the next 18
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months. Here we summarize only one of the several measured outcomes: the Upper Extremity Function Test
(UEFT). The purpose of UEFT was to determine the differences in the performance of certain activities of
daily living before and after the FET without the use of the stimulator. The following tasks were tested: 1)
combing hair; 2) using a fork; 3) handling a VHS tape; 4) picking up a beer can; 4) picking up a small
(pop/soda) can; 6) writing with a pen; 7) handling the telephone receiver; 8) brushing teeth; 9) pouring from
a one litter container; 10) drinking from a mug; and 11) handling finger food. The performance of the tasks
was graded as Success (YES) and Failure (NO), and if "YES" the time for accomplishing the task was
estimated. The time was determined by dividing the time interval (120 seconds) with the number of
successful trials during this interval.

RESULTS AND DISCUSSION

The results of the UEFT are summarized in Tables II and III. The data includes the number of trials that the
subjects were able to accomplish before and after the therapy for HFG and LFG. There is a substantial
difference between the performance of the LFG and HFG both before and after the FET.

FET GROUP CONTROL CROUP
HFG - Subject N° 1 2 3 4 5 6 7 8
Number of successful tasks after 11 10 10 6 11 9 11 7
before 11 3 7 6 11 8 11 7
Averaged number of after 31.54 10.8 24.9 17.83 8.27 2.11 18.34 123
successful trials before 19.36 2 4.1 15.5 5.54 1.63 10.36 88
Averaged time (s) after 3.8 11.11 4.81 6.73 14.51 28.43 6.47 9.75
before 6.19 60 19.26 7.74 21.66 73.62 11.58 13.83
LFG - Subject N° 9 10 11 12 13 14 15 16
Number of successful tasks after 9 0 10 8 0 0 3 3
before 0 0 0 0 0 0 0 0
Averaged number of after 3.8 0 3.3 1.75 0 0 1 1.33
successful trials before 0 0 0 0 0 0 0 0
Averaged time (s) after 31.58 N/A 36.36 68.57 N/A N/A 120 90
before N/A N/A N/A N/A N/A N/A N/A N/A

Table II: The averaged number of tasks and successful trials. Sub-acute stroke subjects were randomly assigned to
FET group (1-4, and 9-12) and controls (5-8, and 13-16). All subjects use medications against high blood pressure,
anticoagulants, and medications for spasticity reduction. First eight subjects (1-8) were classified to the high
functioning group (HFG), while the subjects 9-16 to the low functioning group (LFG).

The results for the HFG show that total number of tasks in both groups (FET and controls) at the end of three
weeks are comparable. The only task that was not accomplished by almost all subjects is handling of the one
litter container being too heavy and big. The FET group comprised subjects whose performance was initially
worse compared to controls: in average they accomplished 6.75 tasks, compared to 9.25 tasks performed by
controls. The improvements in UEFT scores in the HFG are substantial: the average number of trials was
increased for 10.88+1.01 in FET group, and 3.67+0.88 in controls. This difference can be even better
appreciated by analyzing the time to perform a task. The time in average decreased 71% (from 23.29 to 6.61
seconds) in FET group and 51% (from 30.17 to 14.79 seconds) in controls.

The control LFG showed marginal improvement. The FET LFG functioning improved: in average they could
accomplish 6.75+£2.28 tasks (zero at the beginning), and in average they could repeat almost three times
every task during two minutes (zero at the beginning). Results in Table III show that the improvement in the
functioning is probably not good enough to make the affected arm useful for daily activities. We speculate
that the period of three weeks is not long enough for the therapy to show effects, and that the stimulation of
more proximal muscles (e.g. elbow flexion and extension) could contribute significantly.

The use of electrical stimulation has been shown to produce therapeutic effects: decreased spasticity,
increased movement range and speed, and increased muscle strength. The mechanisms by which those
changes are occurring are still controversial. We hypothesize that FET generates activity-dependent changes
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Table III: The averaged number of successful tasks, and
trials, and the averaged time required accomplishing a

within the CNS when applied during appropriate motor

FET GROUP CONTROL ) . §
CROUP tasks. This follows the findings that the brain possesses
HIGH FUNCTIONING GROUP .y . . .
the capability to reorganize itself in such a way to allow
oy after | 920211 20099 ighboring cortical regions to expand into territories
successful tasks 7 ctore | 6.7523.3 9.25£1.03 neighboring - cot °g p
Averaged number | after | 21.26+4.47 10.2543 41 normauy Occuplefi by input .from other organs. The FET
of successfultrials [~ 10>~ 5 5ae7.93 most likely manipulates with the sensory input; thus,
Averaged time (s) | after 5.6121.61 14.79%4.83 modulate the magnitude of cortical response and
before | 23.20+1258 | 30.17x1a64 | modulate motor pathway excitability, thereby produces a
LOW FUNCTIONING GROUP mixture of excitation and inhibition at supraspinal levels.
Number of after 6.75+2.28 1.5%1.5
successful tasks before 0 0
Averaged number | after 2.95%1.7 0.5840.5 REFERENCES
of successful trials
before 0 0
Averaged time (s) | after 45.50£11 10515 /1/ Cauraugh J., Light K., Kim S., Thigpen M., Behrman A.,
before | N/A N/A Chronic motor dysfunction after stroke: recovering wrist and

finger extension by electromyography-triggered neuromuscular
stimulation. Stroke 31:6 1360-4, 2000.

task for the FET and control group. The acronym N/A is /2/ Chae J., Bethoux P-, Bohine T., Dobos L., ngis T., Friedl
used because the time could not be calculated for the A., Neuromuscular stimulation for upper extremity motor and
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1998.
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SUMMARY

An important aim of rehabilitation therapy for the upper limb following stroke is the recovery of motor
function. Recovery of sensation is also thought to have an effect on functional recovery.

The aim of this study is to investigate the effect of electrical stimulation on motor and sensory recovery in
the upper limb and to establish their relative contributions to functional ability.

Subjects, within one year following a first stroke, were randomised into treatment and control groups. The
treatment group received electrical stimulation of elbow and wrist extensors and the control group, elbow,
wrist and finger extension exercises. Upper limb function was assessed using the Action Research Arm
Test. In addition the Jebsen Taylor Hand Function Test was performed and hand sensation was assessed
using the static Two Point Discrimination Test. Twelve subjects have completed the treatment stage of the
study, 6 in the stimulation group and 6 in the control group.

This paper presents the results of the Action Research Arm Test for 12 subjects who have completed the
treatment phase of the study.

STATE OF THE ART

There are nearly 150,000 first strokes a year in the United Kingdom. About half of these have impaired
function of one upper limb and of these only 14% will regain any useful function.

The main focus of therapy for most patients following stroke is on recovery of motor function rather than
any associated sensory deficits. However, it is well documented that these deficits have an adverse effect
on functional outcome although the degree of functional impairment is not necessarily related to the extent
of sensory loss.

Some physiotherapy treatment includes specific re-education of sensation in addition to motor retraining
to improve function but few attempts have been made to promote recovery of sensation directly following
stroke.

There has been little work with electrical stimulation to re-educate sensation in the hand of the hemiplegic
patient with identified sensory deficit. Baker et al /1/ stimulated the wrist and finger extensors of 16
subjects over a 4 week period but recorded no changes in sensation using the 2 point discrimination test.
Prada /2/ found that use of ‘contingency stimulation’, that is, electrical stimulation to the hemiplegic
forearm triggered by movement of the unaffected arm, resulted in significant improvement in awareness
of the affected arm measured by the Rivermead Perceptual Assessment Battery and that this improvement
was maintained.

Taylor et al /3/ conducted a retrospective analysis of 20 patients who had suffered a stroke at least 6
months prior to commencement of electrical stimulation treatment for the upper limb. These patients had
restricted hand function but were able to take the hand to the mouth. They received electrical stimulation
to the wrist and finger extensors reciprocally with either the lumbricals, the finger flexors or a rest period.
Exercises were carried out twice daily for up to an hour a session. Tests of hand function using the Jebsen-
Taylor hand function test, grip strength and the 2 point discrimination test for sensation were carried out.
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Improvements in function were recorded and sensation tested in 11of the original 20 subjects showed
improvement in 7 and no change in 4 subjects.

Few studies have quantified functional changes following therapy. Kraft et al /4/ compared three groups
who received proprioceptive neuromuscular facilitation therapy, bias balance electrical stimulation
therapy or EMG initiated stimulation to wrist extensors, with a control group. Assessments using the Fugl-
Meyer (FM) post stroke recovery test showed significant improvements in all treatment groups, with the
greatest gain in the EMG triggered stimulation group. Those in the treatment groups who could complete a
Jebsen —Taylor hand function test also showed improvement. Controls showed no improvement.

MATERIALS AND METHODS

Subjects within a year of recovery from a first stroke leading to hemiplegia were recruited following
admission to an acute inpatient rehabilitation unit, a neurological outpatient service or an Elderly Care
Day Hospital. They were at least 18 years old with no upper age limit, medically stable, able to give
informed consent and to comply with assessment procedures. Subjects who had evidence of sensory
impairment and who were able to carry the hemiplegic hand towards the mouth were included.

Subjects were excluded if they had cognitive or psychiatric problems affecting their ability to understand
or comply with treatment procedures, had a history of cardiac problems or wore a cardiac pacemaker.
Ethical approval for the study was obtained and subjects signed informed consent. Subjects were
randomly assigned to the electrical stimulation group or the control group, using computer generated
sealed allocation codes. All subjects continued with their standard physiotherapy, occupational and speech
therapy.

Subjects in the electrical stimulation group received stimulation to the triceps and extensor carpi radialis
and extensor digitorum communis muscles simultaneously to achieve a quasi functional movement.
Stimulation was applied initially for 10 minutes twice a day, increasing to two 30 minute sessions a day.
Stimulation was delivered by a Microstim 2 neuromuscular stimulator, powered by a PP3 9 volt battery
and producing a train of pulses of 300 microseconds duration at a frequency of 40Hz. Stimulation is
applied for 8 seconds alternately with a rest period of 8 seconds with ramps of 2 seconds. The stimulation
was applied using Pals skin surface self-adhesive electrodes. Current amplitude was adjusted to achieve
full elbow, wrist and finger extension at a comfortable level.

Subjects in the control group were instructed in self-administered passive stretches of the elbow, wrist and
fingers. These were carried out for the same length of time as the electrical stimulation exercises.

All inpatient treatments were supervised by a trained therapist. On discharge, treatment was supervised by
a carer or carried out independently. Subjects carried out treatment for 12 weeks.

Demographic data was recorded for all subjects (Tables] & 2).

Upper limb motor function was assessed using the Action Research Arm Test /5/ and hand function using
the Jebsen-Taylor Hand Function Test /6/. The 2 point discrimination test was used to assess sensation in
the hand /7/.

Assessments were carried out by a trained therapist at week 0 (start of treatment), week 6 (treatment)
week 12 (end of treatment) and week 24, (12 weeks post treatment). Results of the assessments at from
weeks 0-12 were analysed using paired t tests.

-211 -



RESULTS

Results are presented for the Action Research Arm Test (ARAT) /6/only.This test consists of sections for
Grasp, Grip, Pinch and Gross Movements. Each section is scored separately and the scores added. The
maximum possible total score is 57.

Twelve subjects, 8 female and 4 male, mean age 71.9 years (+/-10.1) have completed the treatment phase
of the study (seeTablel). Six subjects received electrical stimulation and 6 were in the control group.

FES group Control group
Mean Age (SD) yrs. 68.2 (9.1) 75.7 (10.3)
Age range yrs. 58 - 80 63 - 88
Sex 3 Female — 3 Male 5 Female — 1 Male
Side of hemiplegia 3 Right — 3 Left 1 Right — 5 Left
Mean time since stroke (SD) 7.2 (5.0) months 8.8 (2.8)
Cause of stroke 5 Infarct — 1Haemorrhage 5 Infarct — 1 Haemorrhage

Tablel: Demographic data

Following randomisation it was observed that initial Action Research Arm Test scores for the stimulation
group were higher than those for the controls. All subjects showed improved scores over the treatment
period from weeks 0-12. Changes in weeks 0-6 of treatment were significant in both groups —
FES: p<0.010, :Controls p<0.042. Improvement continued in both groups during weeks 6-12 but was only
significant in the stimulation group FES p<0.001, Controls p< 0.094 (see Table 2).

Mean ARAT Scores FES Mean ARAT Scores Controls

Week 0 6 12 0 6 12
Mean score(SD) | 23.0(17.2) | 32.7(15.1) 40.0(14.0) 8.8(7.7) 13.7(9.2) 16.5(11.0)

p-value at 95% C.1 0-6weeks  p<0.010 0-6weeks p<0.042

0-12weeks p<0.001 0-12weeks p<0.094
Confidence interval
-15.88,-3.45 | -23.74,-10.26 -9.77,-0.023 -14.02,+1.45
Table 2 SD = Standard Deviation
DISCUSSION

These preliminary results indicate that although improvement in Action Research Arm Test scores is
achieved by both stimulation and control groups between the first 2 assessments between weeks 0 and 6 of
treatment , there is greater improvement in the stimulation group Between the second and third
assessments at weeks 6 and 12 there is continued improvement in both groups but this is significant only
in the stimulation group. There are a number of possible reasons for this. Despite randomisation the initial
Action Research Arm Test scores for the FES group at week 0 were lower for the control group than for
the stimulation group. The mean age of the control subjects was greater and they had a longer time
interval since onset of stroke. These factors need to be examined further for their possible contribution to
the differences in level of improvement in the 2 groups.

Clinically, subjects require at least some active movement at the shoulder to be able to perform the tasks
in each section of the Action Research Arm Test successfully. It was evident that some subjects who were
able to perform the hand movement to initiate a task were unable to complete it because of lack of active
movement at the shoulder. The criteria for inclusion in the study did not identify poor shoulder movement
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as a limiting factor and this could be a reason for the poorer performance of some subjects who were able
to achieve the required hand movements.

Although the title of this study states that it is concerned with hand function and sensation, it will be
necessary in a future trial to include assessment of the shoulder as an essential component of the upper
limb in performance of function.

Therefore, in addition to informing sample-size calculations for a larger trial in the future, this study is
also important to identify the most appropriate outcome measures for recovery of upper limb function and
sensation following stroke.
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SUMMARY

Cost-effectiveness analysis (CEA) increasingly receives attention as reimbursement and social
justification of health care expenses is considered. A preliminary economic evaluation was conducted on
electrical stimulation (ES) treatment in post-stroke hemiplegia. Costs of ES treatment were estimated
using a survey amongst professionals with experience with ES therapy. Benefits of ES treatment were
assessed using a willingness to pay approach. Net health benefit (NHB>0: cost-saving) was estimated
EURO -89.- and EURO -997.- for two commercially available ES devices respectively. Using a more
progressive scenario it is concluded that ES treatment may be cost-saving if success of the treatment can
be guaranteed.

STATE OF THE ART

Worldwide, the experience with technology assessment and CEAs on neuro-prosthetics in the field of
physicial medicine and rehabilitation is limited. Regarding neuro-prostheses (NP) probably most
experience is available on the (VOCARE) bladder stimulator in SCI (Wielink et a/, 1997; Creasey et al,
2000). Both authors performed a cost-minimization analysis, i.e. they assessed the additional costs and
savings after introducing the stimulator. The studies are conducted using the data collected in an
uncontrolled trial in the Netherlands and USA respectively. Only direct medical costs (surgery, hospital
visits and reduction in self-care and medication) were considered. In addition to the medical costs,
Wielink et al also assessed health related quality of life (HRQoL) using the Nottingham Health Profile.
The average pay back time of implanting the system was estimated to be approx. 8 years for the
Netherlands (discounted at 5 %) and 5 years in the USA. In both studies it is concluded that the stimulator
is economically viable.

Since the early seventies many studies have been published on the use of electrical stimulation to enhance
motor control in post-stroke hemiplegia. The majority of clinical research on ES treatment of the upper
extremity in post-stroke hemiplegia is still in an experimental stage. Nevertheless, a few years ago some
commercial systems became available, i.e. the automove AM800 and the NESS Handmaster. The AM800
provides EMG triggered stimulation and the Handmaster is an orthosis with integrated electrical
stimulation electrodes (Chae and Yu, 1999; Hendricks et al, 2001). Cost-effectiveness of the treatment is
expected to be useful while negotiating with insurance companies about reimbursement. Sculpher et al
(1997) argued that an economic evaluation should be designed according to the stage of clinical
investigation and each of these stages requires a particular focus on economic evaluation. In the first stage
emphasis is given to systematic collection of evidence on costs and effects and to collect informal clinical
opinions. The second stage is more characterised by a modelling approach, whereas the third and fourth
stage usually collect costing data alongside the trial. Most of the trials on electrical stimulation devices
can be considered as stage II trials. Therefore, the current study was carried out to gain insight into the
economic potential of electrical stimulation treatment in post-stroke hemiplegia. This paper intends to
explore whether electrical stimulation (ES) treatment of the upper extremity in stroke patients can be
economically viable. Although we studied both devices it is not the intention to compare them. We will
focus on the best available evidence on effectiveness and on the relevant costs that are associated with
electrical stimulation.
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MATERIAL AND METHODS

Preliminary economic evaluation

A societal perspective was chosen for this study. The time horizon was set at one year, because it is not
known what the long term effects of the treatment are. Also, it is unknown whether the subjects still use
the device after a year. Because the time horizon was only one year, costs were not discounted.

Study population

Estimates of potential cost savings were obtained retrospectively from a group of experts that was
expected to be able to judge the effects of electrical stimulation treatment on resources consumed. The
group comprised of 7 physicians for PM&R and 7 therapists who participated in a multicentre trial on
electrical stimulation therapy in stroke (response was 57 %). Willingness to pay values (benefit of
treatment) were obtained from a non-experienced reference population. In this study we selected 25
workers in a rehabilitation institute (response was 76 %).

Assessment of effectiveness (willingness to pay)

A systematic literature was carried out in order to assess the effectiveness of electrical stimulation therapy
in post-stroke hemiplegia (Kroon de ef al/, 2001). The review led to the conclusion that ES appeared to
have a positive effect on motor control, whereas no conclusions could be drawn on improvement in
functional abilities. Although EMG triggered stimulation theoretically would be more effective (Chae and
Yu, 1999) this could not be established in the review. There is a moderate evidence of a larger treatment
effect in a subgroup of patients with higher initial motor scores. The intermediate outcome measures that
were used in the reviewed studies, typically can not be used in an economic evaluation. On the basis of
the systematic review and other case studies it is expected that the effects of electrical stimulation therapy
can be described as slight to moderate improvement in motor control, reduced oedema, shoulder
complaints and spasticity. Assuming these effects it is possible to value the ES treatment. Valuation of
the ES treatment was performed in monetary terms, i.e. cost-benefit analysis. A contingent valuation
(willingness to pay) approach was used to obtain estimates of the monetary value of the treatment
outcome (O’Brien and Gafni, 1996). WTP was obtained for three different probabilities (10, 50 and 100
%) of a successful outcome. Success was defined by using the results from the systematic review. The
following effects were shown to the respondents: 1) reduced arm spasticity, 2) slightly less oedema, 3)
less shoulder pain and a 4) moderate improvement in hand function. WTP estimates were obtained from
experienced clinicians (n=8) as well as a non-experienced reference population (n=19).

Assessment of costs and resource effects

Relevant costs associated with stroke (direct and indirect medical costs and productivity loss) were
determined using a database of the Health Care Insurance Board of the Netherlands (1997). Costs of the
electrical stimulation treatment (therapist time and incidental and yearly cost of the equipment) were
incorporated. The ES devices have an incidental cost (device) as well as yearly costs due to replacement
of electrodes. Dutch market prices were used. The effects of ES on resource use (e.g reduction in medical
consumption) were estimated using a standardised questionnaire. The questionnaire was send to the group
of experienced clinicians. The clinicians were asked to mark the resources in which they expected a
change in consumption, e.g. prescription of spasmolytics. Finally, they were asked to estimate the
magnitude of the changes in resource use (percentage). Macro budgetary impact was calculated assuming
that 15 % of the stroke population would be suitable for the ES treatment (mild spasticity, some voluntary
activity in the hand) and that 80 % of that population actually receives the stimulation.

Data analysis

A cost model was made in EXCEL using the costing data and resource effects. Main assumption in the
model is the equal distribution of costs in the population of stroke patients of interest. The estimated
resource effects of each clinician were averaged and confidence intervals were calculated. Net health
benefit (NHB) is calculated by subtracting the costs from the benefits (WTP) of ES treatment. A NHB>0
implies a cost-saving treatment. Sensitivity analysis is performed on the main resource parameters by
using the lower and upper boundary of the confidence interval. Three scenario’s were calculated: the
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average scenario was calculated using the point estimates for costs and WTP, the conservative scenario
was calculated using the lower and upper limit of the WTP values and costs respectively and the third
(progressive) scenario was calculated in order to maximise the NHB (maximum value of WTP and most
reduction in health care expenses).

RESULTS
The experienced clinicians expected that ES treatment would not reduce health care expenses, except for
the use of spasmolytics (n=8) and

Resource N° hits

Acosts physical therapy (n=6). Three

(total: n=8) | Ave. | 95%LL | 95% UL | (lipicans expected a decrease in

Spasmolytics 8 -15 | 211 -8.9 occupational  therapy.  Two

Physiotherapy 6 -12 | -162 | 7.96 clinicans expected a reduction in

Sé’e‘“ahi_t Corllst‘}llltatlon g ?'35 '38(7) 362'06 specialist consultations, the other
ccupational therapy - -20. )

Aids for selfecare 5 51 180 =0 expected.that there would be more

consultations.

Table 1 Estimated resource effects (negative is reduction in costs). 95%

confidence intervals are presented (UL: upper limit and LL: lower limit). . .
Taking into account the resource

effects it is estimated that use of ES devices will increase the total costs of treatment of a stroke patient
between EURO 2540.- (AM800) and EURO 3448.- (Handmaster) assuming one year of ES treatment. It
appeared that the reduction in medical consumption is only marginal compared to the costs of treatment.
The overall increase in cost of ES treatment is caused by electrode supplies. Yearly costs of electrodes is
approx. EURO 408.- for both devices. Reduction in medical consumption does not outweigh the increase
in costs due to electrodes. Costs were also calculated using the upper and lower limits of the 95%
confidence intervals (table 1). Using a conservative estimation of the resource effects (upper limit, table
1) cost of ES treatment was estimated to be EURO 3967.- and EURO 3117.- for the Handmaster and
AMSO00 respectively.

WTP | 95% LL | 95% UL WTP of a reference population was approx. EURO 2450.-,
100% | 2451 1382 3520 assuming a 100% probability of success. WTP assuming a
50% 1708 655 2762 50 % and 10% probability was EURO 1708.- and EURO
10% 759 151 1367 759.- respectively (table 2).

Table 2 Willingness to pay (EUROs) for ES
treatment at three different probability levels.  Net health benefit was calculated using the estimates of the

cost of ES treatment and the WTP values if a 100%

probability of

Scenario WTP100% Costs NHBuandmaster | NHBAMs00 success is assumed
Average Point estimate | Point estimate -997 -89 (WTPip0%). NHB
Conservative | 95% CILL | 95% CI UL -2585 -1735 was EURO -997 -
Progressive 95% CI UL 95% CI LL 228 1079 and EURO -89 - for

Table 3 Net health benefit calculated using three different scenarios. the Handmaster and

AMBSO00 respectively (average scenario). Using a progressive scenario ES treatment may be cost-saving
(table 3).

DISCUSSION
The aim of this study was to gain insight in economic potential of ES treatment in post-stroke hemiplegia
and the present study can be considered a pilot investigation in order to judge whether a full economic
evaluation would be useful. In contrast to other neuroprostheses, e.g. the VOCARE bladder stimulator, it
is not very likely that health care expenses will be reduced after introducing ES treatment. It is expected
that only a small reduction in medical consumption (spasmolytics and physiotherapy) will be achieved
whereas costs outside healthcare (absence from work) will not be relevant. Also, ES treatment requires
the use of electrodes that contribute to a rise in annual treatment cost. Both ES devices use electrodes that
are relative expensive compared to the market price of the device. A critical aspect in the study is that ES
treatment usually requires a substantial time (e.g. 3 hours/day) investment of patients. There is an ongoing
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debate about how to take the time investment into account. It is obvious however, that time investment of
the patient should be incorporated in the analyses. Another critical issue is the long term use of ES
devices. It is not clear if patients are long term users of these devices and abandoning ES devices may
result in large costs for society without any beneficial effect.

The effects of ES treatment were derived from a systematic review, but in an economic evaluation one
needs outcome measures on an aggregrate level. The most common approach is the measurement of a
utility, which allows the researchers to calculate a quality adjusted life year (QALY). It is questioned
whether these instruments are able to measure the effects of ES treatment. The present WTP approach is,
at least in theory, more responsive to detect treatment effects. However, the approach is relatively new
and not without -methodologic- discussion. For instance, WTP depends on the wages of the respondents
and it is required to select a ,representative sample from the general population®. The amount of
information on treatment effects provided to the respondents influences the outcome. For instance, the
experienced clinicians had lower WTP values compared to the reference population, which may be
caused by a difference in a priori knowledge about the effects. The WTP survey is difficult to complete
and to overcome that problem we have chosen to include highly educated people. Although they may not
represent society, it is expected that they are better suited to capture the cognitive task.

Almost 50% of the reference population values ES treatment at EURO 2451.- or higher and for those
respondents, the value of ES treatment outweighs the costs. This would suggest that ES treatment may be
cost-saving for a part of the respondents if the probability of success is nearly 100 %. In order to establish
a high success rate it is required to critically examine the patient before an ES device is prescribed. In the
present pilot it was decided to study ES treatment as a general entity and it was not the intention to
compare two devices. Recently, different reviews have concluded that more fundamental research is
required in order to underpin the theoretical foundations of ES treatment in general (Chae and Yu, 1999;
Kroon, et al 2001). From that perspective it may be encouraged to improve existing knowledge on
treatment mechanisms and approaches before conducting a full economic analysis.

REFERENCES

e ChaeJand Yu D., Neuromuscular stimulation for motor relearning in hemiplegia. Critical reviews in
PM&R, 1999; 11: 279-297

e C(Creasey GH, Kilgore KL, Brown-Triolo DL, Dahlberg JE, Peckham PH, Keith MW. Reduction of
costs of disability using neuroprostheses. Assistive Technology 2000; 12: 67-75

e Hendricks HT, [Jzerman MJ, Kroon JR de, Zilvold G., Functional electrical stimulation by means of
the "NESS Handmaster" in chronic stroke patients. Clinical Rehab, 2001;15: 207-210

e Kroon JR de, [Jzerman MJ, Lee JH van der and Lankhorst GJ: Therapeutic electrical stimulation to
improve motor control and functional abilities of the upper extremity after stroke: a systematic
review. Proc. 6™ annual conference of IFESS 2001, p.155-157, Cleveland, USA

e O’Brien B, Gafni A., When do the dollars make sense? Toward a conceptual framework for
contingent valuation studies in health care. Medical Decision Making 1996; 16: 288-299

e Sculpher M, Drummond MF, Buxton M., The iterative use of economic evaluation as part of the
process of health technology assessment. J. Health Serv Res Policy, 1997; 2: 26-30

e Wiclink G, Essink-Bot ML, Kerrebroeck PhEV van, Rutten FFH: Sacral rhizotomies and electrical
bladder stimulation in spinal cord injury. Cost-effectiveness and quality of life analysis. Eur Urol,
1997; 31: 441-446

e Ziekenfondsraad. Treatment after stroke (Dutch text). Report. Amstelveen. 1997

AUTHOR’S ADDRESS
Maarten J. lJzerman, PhD, PT
Roessingh Research and Development
PO Box 310
7500 AH Enschede e-mail: m.ijjzerman@rrd.nl
the Netherlands home page: www.rrd.nl

-217 -



-218 -



POSTER PRESENTATIONS

-219 -



EFFECTS OF TRAINING WITH ELECTRICAL STIMULATION ON KNEE JOINT TORQUE

T. Angeli, T. Denkmeier

Institute of Machine Elements and Machine Design, University of Technology, Vienna, Austria

SUMMARY

The aim of this study was to investigate the influence of an eight-week Electrical Stimulation (ES)
training program on the knee joint torque of the knee joint extensor muscles of six test persons (three
trained hobby sportsmen ‘T ES’ and three untrained test persons ‘UT ES’). ES sessions were carried out
with simultaneous maximum voluntary isometric contraction five times weekly. A control group of six
test persons (three ‘T NoES’ and three ‘UT NoES’) completed the same training program without ES.
Every two weeks measurements on a dynamometer were done before, during and after training sessions.
The averaged strength increase of the ‘UT ES’-group amounted to 9.5% and of the ‘T ES’-group to 5.7%
at the knee joint flexion angle of 60°. The ‘UT NoES’-group achieved 9.1% at the same knee joint flexion
angle.

STATE OF THE ART

The physiological experiments of Galvani who made frog muscles contract with the aid of contact current
around 1791 are generally known. However in the year of 420 before Christ Hippocrates already treated
asthma with electrical strokes (ES!) of the torpedo-fish. Functional Electrical Stimulation (FES) has been
employed with spinal cord injury subjects for a long time. Kern /4/ reports on clinical and physiological
effects of eight months FES of the m. quadriceps femoris on 16 paraplegic patients. After eight months of
FES training muscle perfusion was augmented by 80% and the muscle fibre diameters showed an average
increase of 50% .

In recent years attempts have been increased to also use ES in training of healthy test persons
(sportsmen). Studies were conducted about ES for weight lifting /3/, for basketball players /6/, for
swimming /7/, for cycling /10/ and in the explosive strength training /11/. ES training proved to be
effective in all these studies. Very different strength increases of between 0 % and 44 % were reported
12/, 151,18/, 191.

In Austrian high-performance sports ES is used in skiing for strength training. In rowing it is used only
for regeneration, because the coach doubts the effectiveness of strength training with ES. These doubts
inspired us to investigate whether or not strength increase is attainable by training with ES. Tests were
done on untrained and trained test persons.

MATERIAL AND METHODS

12 healthy persons (two female and ten male, average age 22.4 years) who never had trained with ES
before were randomly assigned to the ES group or the control (NoES-) group. Both legs were trained in
this study. Surface electrodes (rectangular self adhesive electrodes, 50 mm x 50 mm and
100 mm x 50 mm) were placed above the motor points of the m. quadriceps (fig. 1). The muscle was
stimulated by a commercial stimulation unit (Compex Sport). The stimulation data are shown in table 1.
The leg was fixed at a knee joint flexion angle of approximately 90°. Both training periods I and II (tab.
1) lasted three weeks and the training period III 2 weeks. At first the test person warmed up his m.
quadriceps voluntarily and then the muscle was warmed up for five minutes with ES (low impulse
frequency and amplitude). The amplitudes of the stimulation currents (for warming up, strength training
and regeneration) were chosen by the test persons themselves depending on their pain sensitivity. The
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strength training, that lasted between 20 and 25 minutes depending on training period, followed. The test
persons had to contract the m. quadriceps isometrically (at a knee joint flexion angle of 90°) with
maximal force while being stimulated. The training cycle was completed by the regeneration part which
helped the test persons to cool down. The control group had to train, after warming up for 20—
25 minutes, with maximal voluntary isometric contraction at the same knee joint flexion angle.

training [warm up | strength | impulse |contraction |relaxation | regeneration | total time
period training | frequency time time
(min) (min) (Hz) (s) (s) (min) (min)
I 5 20 83 4 23 10 35
11 5 22 90 4 27 10 37
111 5 25 96 4 31 10 40

Table 1. Stimulation data

The measurements of the knee joint torque during contraction of
the knee joint extensor (m. quadriceps) were performed on a
dynamometer, that had been developed at our institute /1/. For the
calculation of the active knee joint torque two measuring steps
were necessary. First the test person’s shank was moved passively
(i.e., without muscle contraction) by the dynamometer and the
passive knee joint torque was measured (step one). This value
includes gravity forces and mass moment of inertia of the lower
extremity (plus that of the measuring arm), passive muscle forces
and loss of power due to friction. Secondly the test person was
requested to extend the knee joint with maximum force at a fixed
knee joint flexion angle of 110° (0° knee joint flexion angle equals
fully extended lower extremity). This isometric contraction
(between 0 ms and 1800 ms in fig. 2) allows the muscle to be
prepared for the following concentric contraction. The isometric
and concentric contractions are referred to as step two. These steps
are performed at the knee joint angular velocities of 15°/s, 30°/s
(fig. 2 and fig. 3), 60°/s, 90°/s, 120°/s and

200

Fig. 1: Surface-electrodes and
stimulation unit

180°/s. The test person tries to accelerate the isometrc force development
measuring arm during the concentric
movement as hard as possible. The active
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RESULTS AND DISCUSSION

Figure 3 depicts the knee joint torque
increase  for the ‘UT ES’-group
measured at the angular velocity of
30°/s. After 8 weeks of training the
torque of the isometric contraction at
the start angle of 110° was 27% higher
than before training. This enormous
strength increase can be explained by
the fact that these tests persons almost
never contracted their m. quadriceps
maximally. A strength increase would
have also been accomplished by the
training effect of the six measurement
cycles alone without the actual training.
The lower the knee joint flexion angle
was, the smaller the strength increase
was.

Due to the small number of test persons
and the deviation of their daily
conditions the measurement results
varied. The force velocity relation
diagrams (fig. 4 - 6) were therefore
smoothed. This was done by averaging
the values of both legs of two
consecutive measurement cycles and
depicting the results in one curve ( for
example O in fig. 4 — 6). The force
velocity relation values of the untrained
test persons are shown in figure 4
(‘UT ES’) and figure 5 (‘UT NoES’)
for the knee joint flexion angle of 60°.
The comparison of the results was
surprising. After eight weeks of training
9.5+6.4% strength increase was
measured for the ‘UT ES’-group and
9.1 £5.5% for the ‘UT NoES’-group.
All test persons who had trained with
ES complained about strong muscle
aches that were stronger than after
training without ES. These aches also
persisted longer than usual. It was
presumably for this reason, that the ES
group  probably  chose  smaller
stimulation intensities and as a result,
stimulated fewer motor units. This
could also be the reason for the low
values of the averaged results of the
second and third measurements of the
‘T ES’-group (fig. 6). In addition, it
seems that the value of the first two
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measurements at the knee joint angular
velocity of 60°/s in figure 5 is a
deviation and therefore the averaged
strength increase for the control group

T ES'-group at 60° knee joint flexion angle

rose.
It was no surprise that the strength

increase of the untrained test persons
achieved by this training was higher

active knee joint torque (Nm)

than that of the hobby sportsmen. The 0 30 60 90 120 450

‘T ES’-group achieved 5.7+3.3% knee joint angular velocity (deg/s)

Strength increase at the knee jOint —O—a.r. of the first and second m. —< -a.r. of the second and third m. ‘
ﬂexion angle Of 600 (ﬁg 6) The CT —0—a.r. of the third and fourth m. —/—a.r. of the fourth and fifth m.
NoES’-group achieved almost no _ .

strength increase (0.1 + 3.5%) without Fig. 6. Averaged results (a.r.) of the different measurements

ES. This surprising result of the control (m.) of the “T ES"-group at the knee angle 60

group might have come about because of lack of motivation. Moreover, one of the test persons
complained about muscle aches caused by strain.

CONCLUSION

To support the informative value of this test, more persons would have to be tested (there were only 6
stimulation units available for this study). It was surprising that such a great strength increase could be
measured with the untrained test persons without ES. It is to be presumed, that with top athletes the
strength increase is even smaller than with hobby sportsmen.
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VARIABLE FUNCTIONAL ELECTRICAL STIMULATION
DEPENDING ON KNEE FLEXION ANGLE

T. Angeli, M. Gfohler, A. Karg

Institute of Machine Elements and Machine Design, University of Technology, Vienna, Austria

SUMMARY

To clarify the different results of our simulation and FES-cycling tests, measurements on a knee
dynamometer were made. The m. quadriceps of 16 healthy test persons was activated both by FES and
voluntary contraction. Stimulated with the same level of intensity in a knee flexion angle range from 5° to
105°, the diagrams showed a very unusual course. The knee torque shows its maximum at the knee
flexion angle of approx. 30°. Additional isometric measurements using stimulation intensity on constant
on-verge-to pain levels for different knee angles were made. The measured courses of the resulting knee
torque as a function of the knee angle are much closer to the results of physiologically activated muscle.
These measurements show that for optimum power release, the stimulation intensity must be regulated
depending on the knee flexion angle.

STATE OF THE ART

The loss of voluntary muscle control below the spinal cord lesion limits mobility of the spinal cord injury
(SCI) subjects. Additionally the patients get atrophy of the muscle, bone demineralisation, decubitus
ulceres, heart disease and a general loss of cardiopulmonary fitness. Paraplegics are able to use a bicycle
by means of Functional Electrical Stimulation (FES). The aim of this study was to find the cause of the
discrepancy (deviation) between the simulation /5/ and the measurements /2/ of cycling for paraplegics.
Schutte et al. /7/ published the muscle joint torques dependent on the knee flexion angle for the isometric
contraction by FES for paraplegics. But the isometric muscle joint torques are only relevant to start
cycling. Stein et. al. /8/ measured knee torques on both SCI subjects and healthy persons in motion. They
described that the results of the voluntary contraction were quite reproducible, while the amplitudes
resulting from stimulated contraction decayed substantially between trials. To get parameters for the
simulation of the cycle movement we measured the knee torque at different angular velocities. As the m.
quadriceps is basically responsible for the power output (/1/, /6/), we chose this muscle for the
measurements.

MATERIAL AND METHODS

16 healthy persons (eight female and eight male, the average age of our test group was 32,4 years) who
never had been treated with FES before have been tested. The measurements were made on a knee
dynamometer, that was developed at our institute /3/. Four surface electrodes (rectangular self adhesive
electrodes, 50x130 mm) have been placed on the motor points of the m. quadriceps and the muscle was
stimulated by the programmable stimulation unit ‘Compex Sport p’. The stimulation frequency was
30 Hz. This low stimulation frequency was chosen to reduce muscle fatigue. The amplitude of the
stimulation current gradually ramps up to and down from a plateau level (compare /7/). Without the
ramps the spasms increased. At first the test person’s quadriceps is warmed up for ten minutes. The
stimulation intensity was chosen individually for each test person depending on their pain sensitivity at a
knee flexion angle of 15°. It is necessary to extend the leg almost completely, as in this position the pain
sensitivity is at its maximum. The individual stimulation intensity levels attained in this manner had the
effect that none of the test persons suffered from pain during tests. After getting familiar with the test
procedure, measurement cycles (Table 1) were done on two different days. These measurement cycles
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consisted of FES and voluntary physiological stimulation. For both stimulation types measurements were
made for isometric, concentric and eccentric contraction. For the calculation of the active knee torque the
passive knee torques (inertia force and mass moment of inertia, joint torques from passive muscle forces)
had to be subtracted from the total measured torque. For example: to hold the leg at the knee flexion angle
of 5° the m. quadriceps must overcome the weight of the shank and foot and the passive torque of the
antagonist muscles (hamstrings, m. gastrocnemius and others).

cycle 1 2 3 4 5 6 71819 (10|11 |12 |13
start angle |110°|110°| 110° | 110° | 110° | 110° [105°|91° |75°|61° |45°|31°|15°
end angle 5] 5° 5° 5° 5° 5% 104°190° | 74° | 60° | 44° |30° | 14°

angular ) 50/ 1300/ | 60°/s | 90°/s 1209/ |180°%s | 1975 | 1°/s | 19/ |19/ | 1975 | 175 | 175

velocity
Table 1. Measurement cycles
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Fig. 1 a) to d). Active knee torque and knee flexion angle as functions of time; averaged results of all test
persons (both legs, both test days); maximum knee torque V¥ in concentric contraction at the knee flexion
angle (marked with W) at 30°/s

When comparing the results, it becomes evident that the knee torques of the FES contraction
measurements (fig. 1 a—b) are clearly lower than the knee torques measured with voluntary contraction
(fig. 1 ¢ —d). This applies for both isometric and concentric contractions. The peak knee torque obtained
by FES is reached at clearly lower knee flexion angles when contracted concentrically. This could have to
do with the adjustment of the stimulation intensity at this angle range (see Methods).
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Fig. 2. Knee torque as function of knee angular velocity at a knee flexion angle of 60°; averaged results of all
test persons

The diagram (fig. 2 a; FES) showing knee torque over contraction velocity differs substantially to the
force velocity relation of activated muscle tissue /9/. Voluntary contraction shows a similar course to the
force velocity relation of activated muscle tissue. It is striking that the measured torque declines during
rise of the flexion angular velocity in the eccentric contraction by means of FES. At the knee extension
velocity of 60°/s during voluntary concentric movement over 70% of the isometric knee torque is reached
(see fig. 2 b). Less than 40 % of the isometric knee torque achieved by FES is obtained at the same knee
angular velocity.
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Fig. 3. Isometric active knee torque as function of the knee flexion angle with constant stimulation intensity;
averaged results of all test persons; knee torque at the knee flexion angle 60° marked with (M)

The course of torque in fig. 3 a) is not explainable with the current available muscle models. The EMG
activity over the knee angle in fig. 3 b) is not constant /4/. These two observations prompted us to repeat
the isometric measurements alternatively in a second test cycle with six test persons (two females and
four males; the average age was 28,0 years). This time knee torques were measured isometrically at 7
different knee flexion angles. The other difference to the first test cycle was, that the stimulation intensity
was adjusted to the maximum individually for each test person and at each knee flexion angle as done at
15° in the first test cycle (fig. 4 b). From the group of 16 the 6 test persons with the lowest pain sensitivity
were chosen so that high stimulation intensity levels could be used. The resulting course of active knee
torque over knee flexion angles (fig. 4 a) has a greater resemblance to that of voluntary contraction. The
difference between the two is their maxima; being at 45° knee flexion angle with FES (second cycle) in
comparison to 60° with voluntary contraction.
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Fig. 4 a. Isometric knee torque as a function of knee flexion angle with subjectively adjusted stimulation
intensity; averaged results of 6 test persons; maximum knee torque at the knee flexion angle of 45° (marked
with B); fig. 4 b. Subjectively adjusted stimulation current as a function of the knee torque; averaged results
of six test persons

CONCLUSION

In present applications of FES the knee flexion angle is read by the control unit in order to protect the
lower extremity against hyperextension of the knee joint. The measurement results presume that it is
necessary to vary the stimulation intensity according to the knee flexion angle to obtain optimal power
output with FES. To achieve this, it will be necessary to develop stimulation units that are able to read the
knee flexion angle and adapt the stimulation intensity accordingly.
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SUMMARY

Skeletal muscle strength and mass are severely impaired in patients with chronic heart failure.

The aim of the study was to determine the impact of Neuromuscular Electrical Stimulation (NMES)
on the thigh muscles of this group of patients. Forty-two subjects with stable disease course were
assigned randomly to a stimulation group (SG, mean age: 59y) and a control group (CG, mean age:
57y). A modified version of a space approved eight-channel electrical stimulation device was used
to exercise SG for eight weeks.

Control parameters were isometric and isokinetic thigh muscle strength and muscle cross sectional
area (CSA). An increase in muscle strength of 22.7% for knee extensors and 35.4% for knee flexors
could be demonstrated in SG while CG remained unchanged or decreased by 8.4% in extensor
strength. CSA increased in SG by 15.5% and in CG by 1.7%.

NMES of thigh muscles in patients with refractory heart failure is effective in increasing muscle
strength and bulk.

INTRODUCTION

In long-term space flights reduced gravity causes muscle atrophy, orthostatic hypotension and
reduction in blood volume. Physical activity and daily training are used as countermeasure /1/. As
alternative a stimulation system for leg muscles was developed and transferred to space station MIR
where two cosmonauts used it on a regular basis for 6 hours per day. After returning to the earth
both reported a better muscle status and a shorter rehabilitation time in comparison to previous
space flights /2,3/.

The introduced study is based on these findings and investigates the effects of NMES on non-
healthy subjects with reduced physical abilities.

MATERIAL AND METHODS

Forty-two patients with an established diagnosis of severe chronic heart failure, making them listed
for heart transplantation, were included in the 17 month lasting study at the Department of Physical
Medicine and Rehabilitation, University hospital Vienna.

Randomization to the NMES group (SG) or the control group (CG) was done after baseline
measurements in accordance with a block-wise randomization list. The personnel performing all
measurements was not aware of the patients group assignment. All patients were reviewed once a
week to check the skin and the equipment and to encourage adherence to the stimulation program.
The CG patients were asked about their medical condition and encouraged to continue their usual
activities of daily living. The overall duration of follow-ups was 8 weeks.
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Fig. 1: Four channel surface stimulator

The stimulation device offers four independent channels with transformer isolated constant voltage
outputs. Each channel is controlled by a micro-controller (PIC 16C57, Microchip, Chandler, AZ,
USA) allowing independent adjustment of pulse width, stimulation frequency and stimulation
amplitude.

Variation of the amplitude can be easily done with a rotary knob while alteration of pulse width and
frequency required a special tool. All control elements and connection cables are consequently color
coded to ease the handling. For safety reasons the device is powered with a rechargeable battery
that is charged externally in a commercially available device (Fig. 1).

Multi-usable hydrogel surface electrodes (1300m2, Bentronic, Munich, Germany) were placed
bilaterally on the thighs to stimulate quadriceps and hamstring muscles.

Biphasic impulses with duration of 0.7ms+0.7ms and a frequency of 50Hz were applied in a 2s on
and 6s off regime. The amplitude was set to achieve a strong tetanic contraction, corresponding to
25 to 30% of maximum voluntary contraction. After the patient was introduced to the handling of
the equipment stimulation started at home with 30 minutes per day, 5 days a week and increased to
60 minutes per day after 2 weeks.

Muscle strength was evaluated with the leg extension apparatus of Cybex 6000 dynamometer
(Cybex, Henley, USA). After a warm up with increasing effort consisting of 3 sets of sub-maximal
isometric and isokinetic repetitions, 3 reciprocal knee extension and flexion movements with an
angular speed of 60 degrees per second were performed with maximal effort. The highest value
achieved was regarded as peak torque. After 4 minutes rest the maximal isometric strength of
extensor and flexor muscles was measured at a knee angle of 60° by pushing and pulling as hard as
possible against the fixed lever arm for 3 seconds.

The CSA of the mid-thigh was evaluated by computer tomography using a single slice technique
and a semiautomatic segmentation with automatic fat tissue and bone exclusion.
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As secondary outcome measures we used a muscle fatigue protocol, the NYHA functional
classification, the functional assessment of activities of daily living related to leg muscle strength
(ADL score), and parts of the Medical Outcome Study Short Form 36 questionnaire.

The detailed results are published in /4/.

NMES (n=17) Control group (n=16)
Age 59 (£6) 57 (£8)
BMI 22.7 (£3.2) 25.7 (£3.9)

Baseline & weeks Baseline & weeks
Knee ext. IMPT [Nm] |109.5 (+37.9) 130.9 (+40.3)* 124.7 (+41.6) 115.8 (+42.3)
Knee ext. IKPT [Nm] |85.9 (£27.8) 103 (+£28.9)* 103.8 (£39.4) 94.0 (£37.6)*
Knee flex. IMPT [Nm] [57.5 (£25.0) 69.2 (£26.4)* 60.1 (£18.9) 56.4 (£18.4)
Knee flex. IKPT [Nm] |44.3 (£19.0) 55.2 (£18.7)* 52.5 (£20.5) 49.5 (£18.3)
CSA [cm2] 98.5 (£27.6) 111.3 (£24.2)* 104.4(£21.6) 106.4 (+22.8)

Tab 1: Isometric peak torque (IMPT) and isokinetic peak torque (IKPT) of knee extensor and knee
flexors, cross sectional area (CSA) of mid-thigh muscles for NMES group and control group. Body mass
index (BMI). All values mean (£SD); * p<0.001

RESULTS

33 patients completed the study, nine dropped out for several non NMES- related reasons.
Baseline measurements of both isometric and isokinetic muscle strength did not differ significantly
between SG and CG. After eight weeks SG showed increased isometric and isokinetic muscle
strength of both extensors and flexors (p<0.001) while CG remained unchanged. Increase of CSA
was in SG significant (p<0.001) as well (Tab. 1). Isometric muscle strength of both muscle groups
adjusted for total muscle CSA did not show significant differences in the observed groups.

DISCUSSION

NMES proved to be an effective and safe therapy to revert leg muscle wasting, enhance leg muscle
strength and improve activities of daily living in patients with severe heart failure awaiting
transplantation. NMES has no side effects, can be administered by the patients at home and is
economical. Therefore, the present study leads us to conclude that NMES of thigh muscles should
be a promising adjunct to drug therapy in patients with severe heart failure.
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SUMMARY

Neopraxis Pty. Ltd. (Lane Cove, N.S.W., Australia) is manufacturing the new implantable Praxis
FES24-B System to provide multiple benefits to suitable paraplegic users: Bladder Control,
Upright Functional Mobility, Pressure Relief and Lower Extremity Exercise. The implant
achieves these functions through epineural stimulation of nerves in the legs, the medial lumbar
region, the sacrum and the conus medullaris. A body worn controller, the Navigator,
transcutaneously powers and controls an implanted Stimulator via a magnetically held Transmit
Coil/Antenna. The Stimulator is connected to 22 Electrodes by flexible and stretchable insulated
leads. Sensor Packs attached to each thigh, shank and the trunk, provide the Navigator’s software
Strategies with real time information on the position of the lower extremities and the trunk. To
assist simple locomotor functions, we will focus on how the system can complement the use of a
wheelchair and be helpful in overcoming obstacles to wheelchair access especially doorsteps and
unadapted bathroom facilities. In addition, being able to stand up to reach objects and perform
prolonged manual tasks would be convenient for many workplace and home situations.

The FES24-B Stimulator provides up to 8mA of charge-balanced stimulation current via a
biphasic waveform. Pulse widths can be varied from 25usec up to 500usec. The total pulse rate
can range up to 14,400 pulses per second. The Stimulator provides real time data telemetry
functions including the ability to measure the impedance of the current path through each
electrode and the ability to transmit voltage measurements from each electrode. Since 1991, two
paraplegic subjects have been implanted with earlier models. A Multi-centre Clinical Trial the
system will commence in August 2001.

STATE OF THE ART

The authors aim has been to develop a generic FES implant for the restoration of function in
spinal cord injured (SCI) paraplegic individuals, the functions or modes of which can be matched
to an individual’s requirements: Upright Functional Mobility, Pressure Relief and Lower
Extremity Exercise, Bladder Control (1-4). In addition, for bladder control, less invasive surgical
procedures were proposed to avoid posterior conus rhizotomy, and sacral laminotomy in order to
access the sacral nerve roots for stimulation (3,4). It is hoped that this system will offer more
functions and less surgery to patients with a cost- benefit ratio. We call this new approach
“Multi-Functional”.

To assist simple locomotor functions, we will focus on how the system can complement the use
of a wheelchair and be helpful in overcoming obstacles to wheelchair access especially doorsteps
and unadapted bathroom facilities. In addition, being able to stand up to reach objects and
perform prolonged manual tasks would be convenient for many workplace and home situations
(2-4).
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METHOD

A] Controller (‘Navigator’): A body-worn controller transcutaneously powers and controls the
implanted Stimulator via a Transmit Coil (Fig. 1). The Coil is held in place on the skin surface
over the Stimulator by magnetic force. This battery-powered Controller runs software Strategies
designed to provide the user with a variety of functions. A touch sensitive LCD and remote
control units provide simple menu driven operation of the FES system.

Fig. 1 Fig. 2

B] The FES24-B Stimulator is the primary implanted component and is placed subcutaneously
above the left costal margin. The FES24-B provides 22 stimulation channels and two-monopolar
case Electrodes. The FES24-B utilizes a CIC3 integrated circuit (which is used in Cochlear
Ltd.’s Nucleus 24 implants). The “CIC3” integrated circuit implements a high-speed radio-
frequency data protocol. It can operate in common ground stimulation mode (all non-stimulating
Electrodes are placed in parallel to provide the current return path) or monopolar mode (a case
mounted electrode provides the current return path). The Stimulator provides real time data
telemetry functions including the ability to measure the impedance of the current path through
each electrode and the ability to transmit voltage measurements from each electrode. The FES24-
B Stimulator provides up to 8mA of charge-balanced stimulation current via a biphasic
waveform. Pulse widths can be varied from 25usec up to 500usec. The total pulse rate can range
up to 14,400 pulses per second.

D] Leads and Electrodes: The implanted Stimulator is connected to 22 Electrodes (Fig.2) by
highly flexible and stretchable insulated leads. Eight Electrodes are implanted in each lower
extremity adjacent to motor nerves. Two Electrodes activate the quadriceps, two the hamstrings,
two the ankle and two the gluteal muscles. These Electrodes facilitate the system’s mobility,
exercise and pressure relief functions. Two electrodes are implanted unilaterally in the medial
lumbar region to activate the psoas muscle for hip flexion. Three additional Electrodes are
implanted bilaterally adjacent to three sacral roots (S2, S3 and S4). These Electrodes facilitate
the system’s bladder control function. Pulsatile voiding is produced by periodically stimulating
the sacral roots causing the bladder’s detrusor muscle and sphincter to contract and then allowing
the sphincter to relax at its faster rate. The final Electrode is implanted epidurally directly over
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the conus medullaris at the T12-L1 level. This Electrode provides a neuromodulation function to
assist with a reflexive bladder. It is anticipated that this technique may reduce the need to
perform a posterior rhizotomy.

C] Sensor Packs, (Fig.3) attached to each thigh, shank and the
trunk, provide the Navigator’s software Strategies with real
time information on the position of the lower extremities and
the trunk. Each microprocessor controlled Sensor Pack
contains a miniature rate gyroscope and two 2-dimensional
accelerometers. The Sensor Packs derive their power from the
N : Navigator avoiding the need for additional batteries.

Fig. 3

E] Pre-surgical Subject Training: The Praxis system
includes a FES surface stimulator (Fig. 4), the ExoStim,
which is intended to provide pre-surgical training of
subjects in order to condition muscles and familiarize
patients with FES training. The ExoStim is controlled by
the Navigator and allows simple lower extremity software
Strategies to be utilized prior to surgical implantation.
The ExoStim is powered by ‘AA’ batteries and can
deliver up to 200mA of biphasic stimulation to 8 channels
with pulse-by-pulse control of the stimulation parameters.
The ExoStim has extensive built in status detection
capabilities including over voltage detection, pulse-by-
pulse compliance checking, battery status monitoring and
stimulation pad impedance.

RESULTS

Subject F.R, a 35 yr. old paraplegic male (F.R.: T10; ASIA: A), was implanted with an initial
version of the Praxis system (FES24-A stimulator) in August 1998. This earlier implanted
stimulator suffered breakage of its internal antenna coil after 8 months of operation. Redesign
work has overcome this problem by inclusion of the stimulator’s antenna coil within the FES24-
B stimulator’s rigid polymer housing.

A] Exercise and standing: For the year prior to his implantation, F.R. was able to stand without
knee bracing using a combination of the Andrews’ Anterior Floor Reaction Orthosis (5) and
closed-loop skin surface FES applied directly over the femoral nerves. With closed-loop control
of stimulation, he would typically stand uninterrupted for 30 minutes, and up to 70 minutes.
With training, F.R. has achieved the ‘C’ posture and can stand with the stimulation ‘OFF’ for
more than 50% of the standing time (3,4). After implantation of the Praxis FES 24-A system in
August, 1998, subject F.R., carried out an FES exercise routine, FR found that daily stimulation
decreased his muscle spasms and spasticity.

B] Bladder Results: On September 4™ 1998, with urodynamic testing, F.R.’s sacral roots (S3 &
4) were bilaterally stimulated intermittently. On 3 occasions F.R.’s bladder contracted with
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recorded pressures of between 45 and 50 cm of water. On December 14" 1998, urodynamic
testing again showed consistent results from S3 & 4 sacral root stimulation producing 3 sustained
bladder contractions with pressures of 40-55 cm water and urination with each stimulation
pattern (5 sec on / 5 sec off, 20 Hz, 8 bursts). On April 2™ 1999, urodynamic testing was
repeated with 2 bladder reflex activations from each pattern of stimulation (5 sec on / 5 sec off,
20 Hz, 8-14 bursts). Pressures of 50-70 cm water were recorded (4).

A FDA approved Clinical Trial of the Praxis24-B system is planned to start August 2001.
DISCUSSION

In the developing field of FES and implantable neural prosthetic devices, there has been a need
for reliable and safe, multi-channel implantable stimulating systems to restore function in
neurologically impaired patients. In paraplegic individuals, the stimulating systems’ functions
should be designed to modulate spasticity and precisely activate individual muscles for joint
movement and control of bladder and bowel functions. The more channels available, the more
nerves can be activated and the more modes of functionality can be restored. Our contribution to
this aim has been continuous since 1983, and the Praxis FES System (3,4), its FES24-B
stimulator, Navigator body worn controller and the connected Sensor Packs for sensing of joint
and body position in the paraplegic subjects (4) provides the hope for a new rehabilitation aid for
restoration of function in spinal cord injury paraplegia.
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SUMMARY

In the last years various studies proved that electrical stimulation can improve contractile
capability and restore muscle function in long-term denervated degenerated muscles. The low
excitability of the muscle cells at the initial stage of training and surrounding connective
tissue - acting as an electrical shunt - requires special stimulation parameters.

Until now no appropriate devices (stimulators) are commercially available, therefore we were
forced to design our own stimulators.

The control unit of the stimulators is based on a microprocessor for maximum flexibility
regarding the generation of the parameters such as pulse amplitudes, pulse width, frequency,
stimulation times, ramps etc. In addition the microprocessor design allows recording of
training data such as stimulation date, time, duration and used programs.

The voltage constant output stage of the stimulator is able to generate biphasic charge
balanced stimulation pulse with pulse width of 1-300ms, stimulation voltages up to 80V
(160 V) and 250mA maximum stimulation current. To prevent direct current due to inexact
charge compensation, the stimulation pulses are coupled capacitively. Simultaneous
two-channel stimulation with independent intensity is possible.

The stimulators are programmed with Notebook or Personal Digital Assistants (PDA’s) via
infrared serial interface. This concept avoids stimulation with wrong parameters because the
patient can only use the stimulation parameters preprogrammed for him in the outpatient
clinic. For training at home only changes in stimulation intensity within given limits are
possible. The portable units are powered by an internal rechargeable battery ensuring mains
isolation. Highly efficient switched voltage regulators are used for power supply of all circuits
to increase operating time of the stimulator.

INTRODUCTION

Direct electrical muscle stimulation with long pulse width — up to 300ms — has been the
common treatment for denervated muscle. But this therapy is still being considered to be
controversial by many rehabilitation centers and medical professionals. This is largely
because current teaching and training for therapists is still based on scientific and
technological knowledge of the fifties and sixties. Other sources of criticism are the
contradictory statements regarding its effect on nerve growth and re-innervation /1,2/.
Commercially available stimulation devices are only able to slow down atrophy or maintain
the muscle during recovery after non permanent denervation. The stimulation parameters
cannot be changed in the scope necessary for efficient therapy of permanent denervated
muscles. Most of the stimulators are only able to generate pulse widths of 300, 200 or 100ms
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and much shorter pulses with about 1 ms pulse width but nothing between. Another limitation
is induced by current EU standards for medical devices which are limiting the single pulse
energy to 300mJ per impulse. This is not sufficient for stimulating denervated degenerated
muscles (DDM) because of the connective tissue surrounding the muscle acting as an
electrical shunt and the long pulse duration needed for excitation of the denervated muscle
fibers.

In more recent studies investigating the effects of electrical stimulation on denervated muscles
especially build research prototypes or inappropriate commercially available devices adapted
to the specific requirements were applied. /3,4,6,7,8/.

CONCEPT OF A SUITABLE STIMULATOR

Based on experiences from previous experiments in the past years the following concept for
the design of the stimulator was made /6/.
Stimulation pulse width should be changeable continuously in a range between 1 and 300ms
depending on the excitability of the muscle fibers. The output stage of the stimulator has to be
capable of generating pulse energies high enough for effective treatment of long-time
denervated and degenerated muscles at an initial stage of training were extremely long pulse
durations and high pulse intensities are required for training.
The necessity of different biphasic pulse shapes for treatment of patients with incomplete
denervation has two main reasons. First for specific treatment of the denervated muscle fibers
without eliciting contractions in the innervated parts of the muscle — altered accommodation
in the denervated fibers. Second in case there are any sensory nerve fibers in the denervated
area intact the use of triangular or trapezoidal shaped stimulation pulses is less distressing for
the patient.
Multi channel simultaneous stimulation of different muscle groups should be possible in order
to reduce daily training time.
The device should be controlled by a microprocessor for:

e highest flexibility regarding the generation of stimulation parameters,

e storing different stimulation programs that are pre-programmed at the outpatient

clinic,
e casy handling of the stimulator by the patient (only a few control elements: start/stop,
therapy program, intensity) and

e permanent recording of stimulation activities.
For safety the stimulator should be battery powered to avoid direct line connection and during
recharging the battery the unit has to be inactivated.
Since there are no nerves distributing the stimulation impulse the use of large size electrodes
is essential for ensuring a contraction of the whole muscle /6/. Electrodes made of soft
flexible conducting rubber, that are applied with a wet sponge cloth or gel directly to the skin,
already used in our previous trials, proved to be best suited for stimulation of denervated
muscles.

RESEARCH PROTOTYPE

Based on the above concept a stimulation system specially adapted to the needs of patients
with degenerated denervated muscles was designed. Main parts of the stimulator are the
control unit for generating pulse parameters, storing stimulation programs and training
records, the power supply with the rechargeable battery supplying all components and
generating the necessary high voltages for stimulation and the output stage with two
independent channels for simultaneous stimulation of two different muscle groups.
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Stimulation Device

Power supply:

For powering the stimulation device special NiIMH battery packs made from single high
capacity cells with additional thermistors monitoring the temperature were chosen. All
circuits in the control unit and the output stage as well as the stimulation circuits are supplied
by switching regulators in order to increase efficiency. This allows long training sessions
without the necessity of recharging the stimulator. When running the stimulator with both
stimulation channels driven at maximum power the overall power consumption is about 35W.
To prevent failure of the stimulator due to battery undervoltage an acoustic signal is warning
the patient if battery low voltage occurs .

Output stage:

The output stage delivers current limited constant voltage impulses to avoid damage of tissue
in case of electrode peeling or in case of electrode short circuits damage of the stimulator.
Two separate stimulation channels with independent adjustable stimulation amplitude are
realized. This allows simultaneous stimulation of two different muscle groups reducing the
overall training time for the patient and thus increasing the compliance. To prevent direct
current the stimulation pulses are capacitively coupled.

Control unit:

Based on a 80C517 microprocessor the control unit is
generating all stimulation parameters such as pulse
width, pulse shapes (4 different), stimulation frequency,
stimulation on- and off-time, ramps, amplitude,
program duration etc. Via infrared serial interface the
stimulator is programmed at the outpatient clinic
according to actual status of the patient. This interface
is activated by a magnetic switch to prevent
unintentionally programming of the stimulator. The
control unit records training program, date and time of
activation and stores this information in an onboard
memory. This information is kept till the next visit to
the outpatient clinic where the data is downloaded to
the Personal Computer and added to the patient record
for evaluation.

A software for Personal Digital Assistants (PDA)
comprising all features of the PC based application was
developed allowing on-site programming with these
small and cheap devices instead of the need to carry
around a notebook. The control panel of the stimulator consists of 2 panel coders and 4 push
buttons. For safe handling of the device the user access is restricted to selecting different
programs and varying the intensity within a preset range.

Fig. 2:PDA with developed software
for programming the stimulator
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DISCUSSION

With the developed stimulator training of DDM is possible increasing contractile capability
and muscle bulk. Prolonged treatment of denervated degenerated muscle with electrical
stimulation specially adapted to the current state of the muscle tissue improves the
metabolism of the muscle cells and decreases the pulse width to get a muscle contraction.
Shorter stimulation pulse widths sufficient for training due to the increasing excitability of the
muscle fibers are allowing higher stimulation frequencies eliciting tetanic contractions that
are necessary to achieve the desired muscle fiber tension, constituting a hypertrophic
stimulus.

For further reduction of daily training time and functional training like standing up with
electrical stimulation the development of devices with 4 stimulation channels is necessary.
This requires new high capacity accumulators and a very efficient power supply for the
devices to ensure a sufficient long operating time.

Electrode garments with integrated electrodes and cables to simplify donning and doffing will
also reduce training time and improve safety preventing inappropriate connections and
electrode placement.
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SUMMARY

Long-term flights in microgravity cause atrophy and morphological changes of skeletal muscles.
Conventional training is insufficient regarding time to exercise and space for equipment.

The objective of the project MYOSTIM is to develop a training method, based on FES to preserve muscle
mass and fiber composition with minimal impairment to the cosmonaut.

For a pilot experiment on board of the MIR station a suitable 8-channel FES equipment was developed. It
consists of electrode trousers, that carry surface electrodes and cables, two interconnected 4-channel
stimulators, and a laptop-PC for stimulator programming and processing compliance data. An automatic
extensive training of 4 muscle groups of the lower extremities is performed for 6 hours per day, with 1 s
on /2 s off tetanic contractions at 20 to 30% of maximum tetanic muscle force. Synchronous activation of
antagonists of thigh and lower leg prevents from uncoordinated movements.

The first successful test on board of MIR was performed by 2 cosmonauts between December 98 and
February 99 respectively March 99 and August 99.

INTRODUCTION

Long-term flights in microgravity cause atrophy and
morphological changes of skeletal muscles. Extensive
daily physical training using mechanical devices
raises the caloric intake, shortens the operational
activities and requires extreme motivation of the crew
members. The limitation for an active muscle training
during a long-term space mission in terms of time and
space needs the consideration of an automatic
support.

Functional Electrical Stimulation (FES) is well
established in terrestrial rehabilitation and sport
training since years [1] [2] [3]. It has a high potential
to serve as an efficient countermeasure that avoids
most of the cited impairments, as long as the
equipment is comfortable and easy to handle under
space conditions.

To investigate the effectiveness and practicability of
FES as a countermeasure mean, a co-operation with
IBPM in Moscow was established and led to the
recent first two successful applications on board of
MIR space station (Fig.1).

Fig. 1: Commander of MIR crew 26 using
MYOSTIM on board of the station
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MATERIALS AND METHODS

Principle of training and parameters: FES is applied to 4 muscle groups of both lower extremities.
Electrodes are placed on the skin above the quadriceps femoris muscles, the hamstrings, the tibialis
anterior- and peroneal muscles, and the triceps surae muscles. Synchronous stimulation of antagonistic
muscle groups prevents from unwanted joint movements.

FES is applied additionally to the Russian routine physical training program, that comprises
predominantly intermittent treadmill exercises and resistance exercises with bungee-cords for
1-2h/day, organised according to a 4-day cycle (Tab. 1).

Day Goal Work load Intensity of load Energy expenditures
1 Maintenance of high velocity muscle characteristics and orthostatic tolerance small submax./maximal 380-420 kcal
2 Maintenance of muscle strenghth-velocity properties middle middle 450-500 kcal
3 Maintenance of endurance and of movement co-ordination high small 550-600 kcal
4 Active rest, physical exercices of cosmonaut’s own choice small ad lib. 150 kcal

Tab. 1: Russian routine countermeasure training scheme

The FES training is performed during 6 hours per day with 1 sec “on‘“ and 2 sec “off* trains at intensity
levels of 20 - 30% of maximum tetanic force (MTF) and a frequency of 25 Hz.

Equipment: The technical equipment consists of electrode trousers carrying stimulation electrodes for the
8 channels, and 2 interconnected 4-channel stimulators carried on a belt.

The electrode trousers simplify handling and placement of the electrodes by a patented construction of
two flexible flaps, carrying the electrodes and corresponding protection foils, that are alternatively
exposed to the skin. All cables are integrated in the garment (Fig. 2).

The 8-channel stimulation system is divided into two 4-channel modules interconnected by an I’C-bus
(Fig. 3). The 4 channel module contains circuitry for M-wave and impedance-recording, the stimulation
output stage, micro-controllers for impulse generation and measurement purposes (one for each channel),
a co-ordinating micro-controller, the power supply, the graphical display, control elements and a bus-
interface. The circuitry is miniaturised in SMD (surface mounted device) technology and integrated in a
robust metal case. All stimulation and training parameters can be set by a personal computer (PC) via an
RS232 link. The training protocol is transferred weekly to the PC via the RS232 link and stored in a
database.

All technical solutions were tested in-vivo and underwent the standardized Russian qualification and
certification test procedures.

left stimulator right stimulator
il 8 electrodes electrodes
it J¢r Jr gt it J¢ 3¢ gt
A T I 1T 1 T I 1T 1
KRB TE— i
M
EEB7 ﬁ\EG [a]
3 |
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. oo dz/ 12C interface
PC
Fig. 2: Principle of electrode configuration Fig. 30 System configuration with two
and equipment design 4-channel stimulators and laptop
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Evaluation: Evaluation is done in accordance with the standard protocol of the Moscow IBMP, which is
routinely used to investigate the effectiveness of various countermeasure means. The protocol contains
physiological as well as morphological pre-flight and post-flight examinations, and ergometric tests
additionally during flight. In addition the stimulation device records and stores all stimulation activities,
M-wave and impedance data (compliance data).

RESULTS

The equipment was transported to the MIR space station for the first applications on October 27, 1998. It
was successfully applied by one cosmonaut between December 98 and February 99 (Fig. 1) and by a
second cosmonaut between March 99 and August 99. Both cosmonauts went to MIR station in August 98
and used the equipment in a later phase of their flight till their landing. Up to now only data of the first of
the two applications are available.

During this first pilot application MYOSTIM was used for 3 hours per day additionally to the routine
physical training program. 4 control cosmonauts from different missions with similar flight duration
performed only the routine countermeasure training and no FES (Tab. 1). The compliance of training in
volume and intensity was between 80 and 100 %.

The first data showed promising results. It has provided us with data of both handling of the equipment in
microgravity and effectiveness of FES muscle training in space. However, we have only pilot results and
further systematic investigations are absolutely required.

In comparison to the control group, who performed only the routine physical exercise program, the
commander of crew 26, who used in addition MYOSTIM, was in much better condition during flight and
after landing. This was especially confirmed by the pre-, in- and post-flight locomotion tests where he
developed much lower heart rate and lactate levels.

Muscle contraction dynamics, investigated with tendometry (Tab. 2) and dynamometry, showed clearly
better values for the FES user in post-flight investigations.

Cosmonaut, routine physical training + FES 4 cosmonauts, routine physical training only
Single twitch Peak amplitude +134,5 % -8,3%
Time to peak +12,4 % +4,0 %
Half relaxation time -2,4% -23.4%
Max. voluntary contraction Peak amplitude 27,1 % -43.5%
Max. stimulated contraction Peak amplitude -12,9% 27,1 %

Tab. 2: Tendometry, triceps sure, changes in relation to pre-flight values

The histo-morphological investigations did show a similar reduction of fiber cross sectional area, when
compared with the control results, but the typical atrophy-related increase of interfascicular connective
tissue did not appear in the FES trained muscle. In contrary a decrease from 11% to 6% was observed.
Cytochrome-C-oxidase indicated a substantial increase of aerobic metabolism of both type 1 (+152%)
and type 2 fibers (+131%), an effect that was emphasized by an increase of capillary density by +174,5
%.

The positive influence of additional FES training was further confirmed in the posture stability tests and
in reflex tests that showed significantly better results and a much earlier recovery.

The subjective judgement of both cosmonauts was extremely positive: There were no complains
concerning daily handling of the equipment over months and practicability of the training during work,
except seldom extremely fine-motorial tasks, when they had to switch of the stimulation temporarily. The
reported improved fitness and well-being, the feeling of “complete muscle integrity” and the lack of
previously experienced muscle pain.

DISCUSSION

To substitute the terrestrial muscular load during long-term space flights exercise and training programs
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are required. The training and the devices consume extensively time and space, an alternative would be
helpful. The objective of our project was to provide an alternative method for avoiding or at least
reducing the changes in the neuromuscular system with minimal impairment to the cosmonaut.
Morphologically microgravity causes a loss of muscle mass and a reduction of type I muscle fibers,
which are responsible for muscle tone and posture above all. It is common knowledge that extensive FES
training tends to transform type II to type I fibers, an effect that seams to be useful to compensate the type
I fiber loss in microgravity [3].

The level of 20 to 30% of MTF was chosen to achieve substantial training at minimal sensible
inconvenience. Simultaneous activation of antagonistic muscle groups prevents unpleasant movements.
The first test under space conditions showed, that this isometric low level training is comfortable and
does not interfere with daily operational activities.

An exact simulation of terrestrial muscular activity cannot be expected from stimulation via surface
electrodes. Distribution of fiber types in an FES trained muscle will always differ from a normal muscle.
This effect is known to be totally reversible within several weeks after end of stimulation training under
normal muscular activity, i.e. under terrestrial conditions [4].

The results of the functional tests, the faster functional recovery and the subjective judgement of the
cosmonaut, who had experienced a long-term flight previously, lead to the assumption, that - besides pure
muscle preservation - a major benefit of applied FES training lies in the stimulation of the proprioceptive
system and induction of afferent activity.

The first applications in space have provided us with data of both handling of the equipment in
microgravity and effectiveness of FES muscle training in space. However, we have only pilot results, that
call for further systematic investigations. Provided that the technique further proves to be effective, the
application should be extended to the trunk and neck muscles.

Profit for terrestrial applications in medicine can be expected, as long-term immobilization causes similar
degenerative changes in the neuromuscular system. A first successful clinical study on patients with
severe chronic heart insufficiency confirms this assumption [5].
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Department of Biomedical Engineering & Physics, University of Vienna
* Department of Plastic and Reconstructive Surgery, University of Vienna

SUMMARY

Intraoperative Electroneurodiagnostic (IOE) is a diagnostic tool used during surgery of peripheral nerves
to precisely localize the site of lesions or to determine the functional status of the exposed nerve
segments. In principle, the nervous structure to be investigate is stimulated at its most proximal (healthy)
site, hereby evoking an efferent nerve compound action potential which is recorded from the surface of
the nerve at the exposed site. Stimulation sites vary according to the structure to be investigate: for
brachial plexus lesions, we perform Motor Evoked Potentials (transcranial electrical stimulation of the
motor cortex), as we do for scoliosis surgery. For peripheral nerve lesions, we stimulate the spinal roots
of the damaged nerve with surface electrodes placed paravertebrally above the respective nerve segments,
and for unknown sites of facial nerve lesions, we stimulate the facial nerve transcrianally at its exit from
the pons. Subsequent to the electrical stimulus, the evoked nerve action potential’s shape we conclude to
the function of the nerve: the amplitude of the Electroneurogramm is proportional to the number of
functioning nerve fibers

Former measurements have been done using commonly used 2-channel electromyograph with self
constructed, special prototype electrodes in combination with a commercially available stimulator
(Digitimer 185). The Digitimer can deliver monophasic rectangular impulses with a fixed pulse width of
50us amplitudes of up to 1000V. The findings using this equipment, like mains dependency, fixed pulse
width, only 2-channel recording and impossibility of short latency ENG recordings due to overdriving the
recording amplifier, led to the development of a 6-channel mobile (Laptop-PC), flexible and save (battery
powered) system with newly designed multi channel recording electrodes for reliably reproducible
measurements combined with an integrated adjustable biphasic electrical stimulator.

The preamplifier is equipped with a crowbar input protection circuit caused by the high stimulation
amplitude (up to 1000V) and it recovers after overdriving within 1ms. To amplify signals in the range of
10uV with a bandwidth of 10kHz a high signal to noise ratio (SNR) is required. The stimulator is variable
in amplitude up to 1000V and pulse width from 50us to Ims. Furthermore the discharge phase of the
impulse is separately adjustable in duration to minimize stimulus artifact. The recording is triggered by
the stimulation pulse and is active for 100ms, thus it can - together with parameters - be comparable
stored in a database. Without important loss of time the system is rapid applicable in the operating room
because of its save and easy handling.

STATE OF THE ART

In the course of Intraoperative Electroneurodiagnostic (IOE) electrical stimulation is applied by
transcutaneous needle electrodes. The stimulus is a single, constant voltage, rectangular monophasic pulse
up to 750V in amplitude and 100us in duration (Digitimer 180) or up to 1000V and 50us (Digitimer 185),
respectively /1//2//3/.

Biphasic stimulation pulses are well known in Functional Electric Stimulation (FES) for charge balancing
over trains of pulses to avoid electrode and tissue damage /4/. Usually rectangular biphasic stimulation
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pulses with up to 100V in amplitude and up to 1ms in duration are used to activate peripheral nerve
structures via surface electrodes for causing muscle contraction. For IOE, it is necessary to stimulate a
variety of nervous structures like the motor cortex, the spinal root, the spinal cord or the facial nerves. For
that purpose, higher stimulation amplitudes are necessary to reach the structures to be stimulated which
lay under bony tissue. However, to the desired activation of the nervous structure may be accomplished
by increased pulse width. This was defined by Lapique in 1926 and thus the intensity / of the stimulus can

be expressed by
C
I:B[él+Fj’ Equ. 1

where B represents the rheobase and C/T stands for the ratio of chronaxie C and pulse width 7. The log-
log plot of the strength duration curve can be seen in Fig. 1.

100 -

chronaxie of human motoric
central nervous system
C ~ 0.5ms

-/ T*|=const | .

pulse - intensity ( 1/% )
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1 100
pulse width scaled to chronaxie (T/C )

Fig. 1: Strength duration curve, scaled to chronaxie C and pulse-intensity 1. Rheobase is chosen as 1% of
maximum intensity and chronaxie of human motoric central nervous system is in the range of 0.5ms.

But pulse duration is limited as well, caused by the already mentioned short delay of the evoked potential.
For that reason a proper ratio of amplitude and pulse width of the stimulation signal has to be found to
minimize artifact and therefore optimize possible amplification of ENG recording.

MATERIAL AND METHODS

In the course of the project a newly developed IOE-System was used. It consists of two computer-
controlled modules, a single-channel electrical stimulator and a six-channel ENG/EMG-recording unit.
The maximum amplitude of a single biphasic stimulation pulse is 1000V per phase at 50us duration. The
duration of the first phase is adjustable from 50us to 1ms and due to minimizing the stimulus artifact /5/
the second phase can be tuned from 0% to 100% of the first (i.e. from monophasic to symmetric
biphasic).

The amplifier consists itself of tree parts. The first is a shielded part (i.e. the preamplifier) and has an
amplification of 20. The second part consists of an isolation amplifier with two fixed amplifications, one
for EMG- and the other for ENG-signals, 5 and 500, respectively. The third part is a multifunction I/O-
PCMCIA-card for multi-channel A/D-conversation with a sampling rate of 10kSamples for duration of
100ms, a resolution of 12bit and an amplification of 1 to 100. Thus the amplification range is adjustable
from 10% up to 10°.
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A Laptop-PC running a specially developed Microsoft-Win9x application controls the stimulator and the
recording unit. The communication to the stimulation module is realized via the serial interface (RS-232)
and the recording module is controlled by a multifunction-card (DAQ-Card 1200, National Instruments).
The whole system (Fig. 2) is - due to safeness of patients - battery powered and fits into a suitcase to be
easily portable and available within a few minutes in the operation room.

serial communication RS- 232 O
‘ ’ €.}
=]
stimulator =5 Ol ’ X
[] ooooo / \
stimulation AD - converter | —]
electrode PCMCIA Laptop - PC

recording amplifier with
crowbar input protection circuit

recording electrode

Fig. 2: ENG-recording system with computer controlled (Laptop-PC) stimulation and recording module.
Communication to the modules is realized via either serial interface (RS-232) or multifunction 1/O-card
(PCMCIA).

The data acquisition and hardware controlling software was developed with Borland Delphi Professional.
The recording screen has got 12 tracks divided by 1, 2, 3, 4 or 6 channels and a parameter panel holds the
recording parameters for each track such as number of averaged recordings, 4 cursor positions as well as
amplitude, pulse width and shape (mono/biphasic) of stimulation signal (Fig. 3). Referring to the patient
all recording parameters together with recording data are editable stored in a Paradox database.

RESULTS

ENG-recordings in Fig. 3 show the difference between the old (EMG-system with Digitimer 185) system
(Fig. 3a) and the new IOE-system (Fig. 3b).

N 2 ms
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. . . . T
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Fig. 3: ENG-recordings from a) EMG-system whereas stimulation was done by a monophasic pulse with amplitude
of 600V and duration of 50us (Digitimer 185) and b) IOE-system stimulated by a biphasic pulse with amplitude of
250V and duration of 100us per phase.
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The old system requires monophasic stimulation amplitude of 500V with duration of 50us to perform an
ENGe-signal of about 100pnV in amplitude and the new system needs only 250V with biphasic stimulus to
get the same result. This validates the theory of Equ. I shown in Fig. I, that double pulse width requires
only half amplitude. Also the effect of the biphasic stimulation pulse for charge compensation compared
to the monophasic stimulation signal can be observed in Fig. 3.

DISCUSSION

The new mobile IOE-system can be handled much saver and easier than the old EMG-system caused by
the battery power supply and the all in one suitcase technology. The stimulation and recording module,
controlled by the Laptop-PC running a Microsoft Win9x application, can easy be adjusted to the ENG
recording conditions. Caused by the indirect proportionality of amplitude and pulse duration lower
stimulation amplitudes (>100V) with longer pulse widths (<500us) can be used to elicit proper ENG-
signals. Asymmetric biphasic pulses are capable to minimize stimulation artifact within 1ms to detect
small ENG-signals (10uV) with low latency as well.
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SUMMARY

During the bygone years, a PC-based software package was used to set-up the stimulation
parameters for an eight channel surface stimulator, mainly used for paraplegic subjects
reactivation of lower extremities.

The growing complexity of the system, as well as system changes, required to design a new
toolset to simplify further programming. A set of flexible object oriented software
components was created. These components allow the manipulation of stimulation parameters
in various ways.

Additionally, these tools can be easily adapted and extended according to the project specific
needs. Usage in different development environments (e. g. MS Visual C++, MS Visual Basic
etc.) is possible in a straightforward way.

STATE OF THE ART

Systems, either using surface- or implanted- stimulation electrodes are state of the art. The
latter once provide better muscle selectivity and more useable channels, but require surgical
intervention. Most groups, dealing with reactivation of lower extremities use six to eight-
channel (surface) stimulators. Some of these groups try to achieve better results with an
increased number of channels, while others try to optimise the stimulation parameters. The
Viennese group takes the second chance to gain better results.

MATERIAL AND METHODES

The used system (Figure 1) consists of two modular designed four channel stimulators, a Bus
Manager for communication-control, a I[2C-Interface to communicate directly with the
stimulators, using their internal 12C bus and finally a PC-based software package to ease the
set-up of stimulation parameters. /1/

Patient
Control
Device

AT
T 433MHZ Wireless \Mz
Fhd s S LAN T
N~
L -~
T
12C Interface

Figure 1: Complete system
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The new toolset may be used to simplify the design of the PC-based software package. As
most people are familiar with the MS Windows’ interface, a similar - stimulation related - one
was designed, using Delphi (Borland, Scotts Valley, CA USA) as programming environment.

After a detailed functional analysis eight components, for the following tasks, were realized:
burst envelope setup, data handling and synchronization, user management and commun-
ication with the stimulators.

Each of these components contains a set of properties, methodes and events to fulfil their
required tasks.

Figure 2 shows the interaction and relations between these components in general. The
components communicate with their properties and methods and allow a subtle control of the
main implementation.

Password
companent

‘ ‘ Access Control

main implementation
FESDialogs E— SegData R
component b A component running on a

iL Personal Computer

FESGraph _ FES-Pulse —— OhbStim - 12CInterface
compaonent component | component 000000000 component

FES_DB ActiveSync FES DB
Access Access
[ component
camponent component

FES-
Crverall
Database

FES-
Fatient
Database

Patient
Control
Device

Stimulator

Figure 2: Components’ relationship

The Security-component supports a simple, hierarchically user management. Another task of
this component is to control user access to the PC based software package or main
implementation.

Once the implementation is successfully launched, the Dialogs-component — together with the
SeqData-component — loads some basic dataset information from the database. This
information is used to set-up the Pulse-component and to fetch the complete selected dataset
from the database.

Afterwards the Graph-component can be initialised. The Graph-component allows a mouse-
controlled manipulation of the burst envelope (points 1-4, Figure 3, left side) in an easy and
intuitive way. The points can be manipulated using drag’n drop, observing the specific
ancillary conditions. Special features, like showing of time and amplitude, as well as safety
borders during drag’n drop, can be activated according to the implementation needs. These
features provide additional information and may increase security.
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Figure 3: Burst envelope and burst details

All further values, like the positive- and negative pulse-width and the frequency (see Figure 3,
right side) must be set outside the Graph-component. All values may be set independently for
all phases. The remaining amplitude increment will be calculated, using the time and
amplitude values of two neighbouring points.

Communication with the stimulators happens by means of the ObStim-component. This
component also transforms all parameters into the correct format for the stimulators and
allows to control the BusManager, too. Communication between PC and the Patient Control
Device happens via RS232, USB or a wireless LAN, using the MS ActiveSync-software
package.

For storage of stimulation parameters and measurement results, as well as for later on data
analysis, a relational database structure is implemented. Several databases are used with this
implementation. One database — the general database - stores all datasets of all patients, while
another database — the patient database - stores only the synchronized datasets from one
patient. Synchronized means that these datasets are available for stimulation with the Patient
Control Device. Obviously a patient database has to be available for every patient.

Communication with these databases and all data handling is established by means of the
Database-component. To access the databases the PC’s Open DataBase Connectivity
(ODBC)-service is used. This service supports connection to various databases. Additionaly
more than one database-connection may be used at a time; necessary during synchronization,
where two databases are manipulated simultaneously.

The Patient Control Device, based on a standard handheld computer running MS Windows
CE is used to increase patient’s mobility and can store an adjustable selection of datasets. To
use these datasets later on, this handheld computer is equipped with special software.
Communication with this device can be obtained with the ActiveSync-component.

This component allows to transfer the patient database between the PC and the Patient
Control Device. Additional synchronization between the patient- and the general database is
supported.

All these components were combined in a sample implementation (Figure 4). Necessary
additional forms are called at runtime using the Dialogs-component. These forms may be used
for: selection of datasets prior to loading, setting dataset-names prior to storage, dataset
selection for use with the Patient Control Device.
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Figure 4: Implementation at runtime

RESULTS

The sample implementation (Figure 4) demonstrated their proper usage. After an extensive
testing phase, a first patient approach was done at the Department of Physical Medicine and
Rehabilitation'. Final modifications are considered and will be finished by the time of this
workshop.

The sample implemenation, together with some further implementations for testing purposes,
showed a notedly decreased development time. The components allowed reduction of
programming effort for the main implementation. This allows rapid prototyping and a shorter
development time, resulting in earlier patient test, for the future.
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WHEN CAN AUTOCORRELATION BE USED FOR THE CLASSIFICATION OF ENG
SIGNALS?

L.Zhou, N.de.N.Donaldson

Implanted Devices Group
University College London, United Kingdom

SUMMARY

The use of naturally-occurring sensory nerve signals, recorded from sacral nerves and used for the
control of neuroprostheses to inhibit hyperreflexic bladder contractions, has been the aim of recent
studies /1/. One of the problems is that, the sacral nerves, which carry bladder afferent signals, also
carry signals that originate in the cutaneous receptors, or the rectum. Autocorrelation is a possible
method to identify the signal source. However, the ENG signals, recorded from cuffs on the sacral
nerve roots, are very small compared to the noise. How does the noise affect the signal’s
autocorrelation function? At what signal-to-noise ratio (SNR) can we distinguish the ENG signal
when it is buried in noise? Our simulation shows that, in the ideal situation, where noise is white
(wide bandwidth), its ACF is large for zero lag and then random for other lags. These random
values are added to the ACF of the signal. In a real situation (narrow bandwidth), as the noise
increases, the autocorrelation function of the signal plus noise will increasingly resemble noise
alone. So, both the SNR and the filter passband determine the detection error rate for ENG signals
mixed with wide-band noise from the source resistance. We simulated classification by
autocorrelation in MATLAB, using synthesized ENG signals and white noise. We found that, with
the best passband, the error rate for detecting bladder signals falls below 50% when SNR is —8dB.
The best passband is significantly wider than the signal spectrum. This result will allow us to assess
the suitability of autocorrelation for classification when we know more about the SNR of actual
bladder signals. It also suggests that, when recording signals that will be autocorrelated, the
amplifier passband should be wider than the signal spectrum.

STATE OF THE ART

Brindley pioneered the use of the sacral anterior root stimulator to empty the bladder after complete
spinal cord lesions. However, his method also uses dorsal root rhizotomy to prevent hyperreflexic
incontinence and dyssynergia (inhibited voiding). Kirkham et al. /2/ have shown that stimulation of
the sacral posterior roots without rhizotomy can reduce the hyperreflexia. Craggs et al. /3/ and
Sinkjaer et al. /4/ have suggested that posterior root stimulation might be activated automatically
from the natural nerve signal (conditional neuromodulation). Jezernik /5/ showed that neural
signals, picked up by cuff electrodes on the extradural sacral roots in pigs, increases slightly with
bladder pressure, from 1.2uV to 1.3uV (SNR=20*log;((0.1/1.2)=-22dB). He suggested that this
bladder signal might be distinguished from the cutaneous and rectal signals by autocorrelation
(ACF), exploiting the fact that their tripole action potentials are different because they are carried
on fibres of the different diameters. However, although this would be true if the ENG signals had
high SNR (and distinct ranges of fibre diameter), the SNR of actual ENG signals, recorded from
cuffs on the sacral nerve roots, is poor.

This paper examines the limitation of this classification method for poor SNR signals. It shows that

to minimise the effect of noise on the signals autocorrelation function, the amplifier passband
should be optimised.
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MATERIAL AND METHODS

The investigation was conducted by simulation in MATLAB using artificially-generated bladder
ENG and noise. The autocorrelation functions (ACF) of pure ENG, and ENG with added white
noise, which had been filtered to one of three passbands, were compared. The ACFs are classified
as bladder signals according to one criterion. The detection rate for each combination of SNR and
passband was calculated from 50 ACFs.

ENG generation The artificial
transmembrane potential (Vy) was
generated using the formula V,=At’e ™'

C, and compared with standard V,, to o a
adjust A,B,C (figure 1, a). It was used 0.02 b N .
with bladder-associated human nerve
parameters from Schalow /6/ (fibre
diameter = 10.5um, myelin thickness =
1.55um, conduction velocity = 37m/s,
average diameter of extradural sacral
root S3 = 1.75mm) and tripolar electrode -0-06,
parameters (cuff diameter = 2mm, cuff
length = 20mm, electrode spacing =
10mm) to calculate a single fibre action
potential (SFAP) /7/ (figure 1, b). After
that, many SFAPs, occuring at random
times but uniformly distributed over
100ms, were added together. The
number of SFAPs (680) was estimated
from the number of fibres in the nerve .
root and by the observed firing fime (ms)

frequency /6/. The sample rate was gX10° Sym;hes'zea E;NG :
100kHz. The sums had nearly zero Vsl imoseoge | L
means, 1.8uVrms amplitude, and half '

power frequencies of the spectrum at 0.3
to 2kHz (figure 1 c, d).
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Autocorrelation of ENG

1
was compared to the detection range. If O8Iy i
it fells inside the range, it was classified e I T i
as bladder ENG. For each SNR level and 0.4 first Zergr - 1
filter passband combination, there were 5 02 e S S S
50 runs in order to calculate error rate
(Figure 4).
Lags (ms)
1 Autocorrelation of filtered noise 1 Autocorrelation of filtered noisy ENG
( filter passband 0.1-2.5 kHz) ; i |
3 s s (filter passband 0.1-2.5kHz)
(SNR -3.5dB after filtration)
ST NN S S — s § e
3 ~ Figure3 y Figure 4
= 9 ,§-~ —_ = e — e e e ——— ]
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A :
0.5 ———————————————— . S o SRRSO ORI SUS— .
0 0_‘5 i 1_|5 2 0 015 i 115 2
Lags (ms) Lags (ms)
RESULTS
Effect of filters on SNR & classification rate.
Classification rate >50% shown in grey.
Without filter With filter
0.1 - 10kHz 0.1 - 5kHz 0.1 -2.5kHz
SNR level (dB) 0 7 10 12.5
Detection rate (%) 88 96 98 100
SNR level (dB) -5 1.8 4.5 8
Detection rate (%) 82 94 94 100
SNR level (dB) -10 -3.5 0 2.5
Detection rate (%) 64 60 94 86
SNR level (dB) 13 6 0
Detection rate (%) none 50 84 42
SNR level (dB) -16 -10 -6.5 -3
Detection rate (%) none 42 60 0
SNR level (dB) -18 -12 -9 -6
Detection rate (%) none 20 40 0
DISCUSSION

The table gives the correct classification rate at different SNR levels. The SNRs in 3rd, 4th and 5th
columns are the signal to noise ratios after the noisy ENGs are filtered. The SNRs showed in 2nd

column are that of the corresponding unfiltered signal.

For a bladder ENG whose energy falls between 0.3-2 kHz, the SNR should be higher than —6.5 dB
in order to achieve 60% correct rate or better. Although narrower band filtering (0.1-2.5 kHz)
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significantly improves SNR, it classifies the nerve ACF less well. The middle pass band (0.1-5 kHz)
is optimal.

Therefore, the use of this classification method can be considered under three circumstances. First,
with good quality signals (SNR > -10 dB before filtering), it is possibly an effective way to identify
signal origins, as long as one knows the signals are carried by nerve fibres of distinct diameter.
Second, when SNR are less good (-16 to -10 dB), it still works for those applications requiring only
50% or lower classification rate. However, the optimal band is significantly wider than the signal
spectrum. If the nerve characteristics are uncertain, it would be safer to choose a wider band (also
faster sampling rate). Finally, it will not work if SNR is poor (< -16dB).

At present, the amplitude of the recorded bladder ENGs from animal experiments is small /5/, the
SNR levels are lower than the limit set above. There are also disputes about fibre types on which
bladder sensory information is carried. In cat, de Groat /8/ asserts that they are Ad (2-10um) and C
(<1um) fibre afferents /9/. For human, Schalow /6/ claims that they are larger fibres (“ST” fibre,
>10um). Until we have more human data on propagation velocity for bladder, rectal and cutaneous
afferents, and realistic SNRs, the feasibility of autocorrelation for classification in neuroprostheses
is uncertain.
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