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IMPROVEMENTS IN SACRAL ANTERIOR ROOT STIMULATION 

G.S.Brindley 

Spinal Injuries Unit 
Royal National Orthopaedic Hospital 

Stanmore, England, HA7 4LP 

Implantation of a sacral anterior root stimulator (1,2), 
usually with simultaneous sacral posterior rhizotomy, has long 
been a useful way of achieving voluntary micturition and 
urinary continence, and of protecting the kidneys from back­
pressure damage, in patients with spinal cord lesions. Two 
recentl~ developed accessories to the sacral anterior root 
stimulator will be described. One provides a simple way of 
generating a mode of stimulation that diminishes sphincter 
spasm. The other allows simultaneous recording of pressure in 
the rectum and the upper and lower parts of the anal canal, 
for the purpose of setting up better defaecation programs. 

A means of diminishing urethral sphincter spasm 

In neurologically intact people, the pelvic floor and 
intrinsic urethral rhabdosphincter are active except during 
micturition, when they relax. In all people with complete 
transections of the spinal cord, and in many with incomplete 
spinal cord lesions, the relaxation during micturition is 
absent. It is often replaced by an increase in activity, 
called detrusor-sphincter dyssynergia (DSD). Sacral posterior 
rhizotomy usually abolishes DSD, but leaves the resting 
rhabdosphincter tone and its persistence during micturition 
unchanged. 

Because the resting rhabdosphincter activity is not 
inhibited, the outflow resistance in micturition driven by a 
sacral anterior root stimulator is higher than it is in the 
voluntary micturition of neurologically intact people. This 
increased resistance seems usually to be harmless, but in a 
few patients it prevents the bladder from emptying completely. 

The parasympathetic fibres of the sacral anterior roots 
cannot be stimulated without also stimulating the somatic 
fibres that innervate the rhabdosphincter and pelvic floor. It 
is, however, easy by using weak stimuli to do the reverse. 
Such stimulation of the somatic but not the parasympathetic 
fibres has for a long time been used by a small minority of 
patients with sacral anterior root stimulators, either at low 
frequency to treat stress incontinence of urine, or at high 
frequency to fatigue the rhabdosphincters before applying the 
micturition program. It does more than merely cause local 
muscular and motor end-plate fatigue in the sphincters; it can 
also be shown electromyographically to inhibit their motor 
neurons. The inhibition is likely to be due to activation of 
Renshaw cells by impulses passing antidromically along the 
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relevant somatic fibres and spreading into recurrent 
collateral branches. 

Fatigue and inhibition of the sphincters would be expected 
to be more effective if their nerve fibres could be stimulated 
at high frequency not only before the beginning of the 
micturition program, but also during it. One cannot usefully 
increase the frequency of the strong pulses that make up the 
bursts of this program, because this would cause excessively 
high bladder pressure during the first and second bursts, and 
fatigue the bladder so that later bursts of the sequence might 
be ineffective. What can usefully be done is to interpose weak 
pulses that stimulate only the somatic fibres between the 
strong ones that stimulate the parasympathetic fibres as well. 
There is a simple electrical trick for doing this. The drive 
box of a sacral anterior root stimulator does not send pulses 
to its three transmitters simultaneously, but in regular 
rotation: ~BCABC .... By interposing fans of diodes (3 diodes 
in each fan) in the lead from drive box to the transmitter 
block, the pulses intended for transmitters A, Band C can all 
be sent into transmitter A, and these same pulses also into 
transmitter B. If now the "A" output from the drive box is set 
to a high voltage and the "B" and "C" outputs to a low 
voltage, the parasympathetic fibres accessible to the A and B 
channels of the implant are stimulated at the same frequency 
as if the diode fans were not in use, and the somatic fibres 
are stimulated at three times this frequency (see Fig.!). Use 
of this device in two patients with high outflow resistance 
has greatly improved the completeness with they empty their 
bladders. 

< ------------------------------ 150 msec --------------------------- > 
Part of a burst from a standard micturition programme. 

< ---------------------------------150 msec -------------------------- > 
Part of a burst from the modified micturition program 

generated by the Diode Fan for SARS. 

Fig.!. How to modify the pattern of stimulation so that 
the somatic motor nerve fibres are stimulated at 3 times the 
frequency at which parasympathetic fibres are stimulated. 
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Simultaneous recording from the lower and upper parts 
of the anal sphincter and the ampulla of the rectum 

Fig.2 shows the device. It is made of silicone rubber, and 
contains three cavities, which in use are filled with water 
and connected by tUbes to external pressure transducers. Such 
a system cannot respond at high frequencies, but for its 
practical purpose only frequencies between 0.02 and 2 Hz are 
needed, and in this frequency range it can record changes 
faithfully. 

/ 
Solid segments. The 
lower is conical, the 

upper roughly spherical. 
-
\ 

Thin walled cylindrical 
cavities. Each is 

connected to one only 
/ of the three tubes 

Three silicone rubber 
tubes of internal 

diameter 1 mm. external 
diameter 2mm and 

length 50 em, ending in 
Luer sockets 

10 cm 

Fig.2. Triple recording balloon for anal and rectal pressure. 

Implant-driven defaecation, like implant-driven 
micturition, uses a program of bursts and gaps adjusted so 
that the sphincter pressure is low when the expulsive pressure 
(in this case rectal) is high. A sufficiently good program can 

- 3 -



often be set up by a fixed rule, the same for all patients: 
bursts of 10 seconds separated by gaps of 20 seconds. However, 
if this fixed rule is used, about half the patients fail to 
achieve implant-driven defaecation, though many of those who 
fail nevertheless find the stimulator useful as an aid to 
digital evacuation. A technique for adjusting the program to 
the needs of each patient is needed. 

The sphincter that surrounds the lower part of the anal 
canal consists entirely of striated muscle innervated by 
somatic motor nerve fibres of S2, S3 and S4 origin. In the 
upper part of the anal canal the sphincter consists mainly of 
smooth muscle. This muscle has an excitatory sympathetic and 
an inhibitory parasympathetic innervation. The 3-cavity device 
distinguishes between the two parts of the sphincter. Records 
from its lowest cavity show exclusively the rapid excitatory 
responses to stimulation that are characteristic of striated 
muscle. Re~ords from its middle cavity show predominantly slow 
delayed inhibitory responses to stimulation, with small rapid 
excitatory ones superimposed. The highest cavity lies in the 
ampulla of the rectum, and records from it show mainly the 
slow excitatory responses to sacral root stimulation that one 
would expect of rectal smooth muscle. Sometimes faster 
responses can be seen superimposed on the slow ones. 
Inspection of the abdominal wall will usually show whether 
these are reflex abdominal contractions or direct responses of 
the levator ani muscle. 

A good defaecation program must achieve high rectal 
pressure during periods (which must be at least 10 seconds in 
duration) when the pressure is low in both the deep and the 
superficial parts of the anal canal. It will be easier to 
search for a pattern of stimulating pulses that will achieve 
this if a device is available that allows simultaneous 
independent measurement of the three variables (rectal 
pressure, smooth muscle sphincteric pressure and striated 
muscle sphincteric pressure) whose time-course needs to be 
adjusted. 
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Technology and speech coding strategies for 
third generation cochlear implants 

Ingeborg Hochmair-Desoyer, University of Innsbruck, Ins1. 1. Angewandte Physik 

Cochlear implants employ electrical stimulation of the auditory nerve to elicit 
hearing sensations in deaf subjects. They consist of an implantable part comprising 
of a receiver/stimulator driving the stimulating electrodes and an external part 
consisting of the speech processor, containing batteries, and a transmitter for 
transmission of the transcutaneous signal and power. Candidates for cochlear 
implants are deaf adults and children who derive little or no benefit from 
conventional hearing aids.The lower age limit for children has come down to 
around 2 years, and even younger children are accepted in special cases, 
especially if signs of cochlear ossification are detected. 

Third generation cochlear implants have the following characteristics: 
Back telemetry, multichannel stimulation (8 or more channels) and high stimulation 
rate (at least 800 p.p.s per channel). Therefore these devices can implement 
strategies which make use of both spectral as well as temporal features. The "CIS" 
(continuous interleaved sampling) strategy, according to B. Wilson of RTI (USA), 
exhibits these features, and generates non-simultaneous pulses at a constant rate. 
The amplitude of each pulse depends on the output of an envelope detector (low 
pass filtering and rectification stages) for each of a number of frequency bands, 
which together cover the speech frequency range, and corresponding to the 
number of contacts in the intracochlear electrode. Since the envelopes of the 
individual filter outputs contain frequencies of up to at least 400 Hz., sampling 
frequencies higher than 800 Hz. are necessary. 

Non simultaneous stimulation is instrumental in achieving good communication 
capabilities since it greatly reduces field interaction problems leading to channel 
cross talk which has hampered multichannel analog stimulation strategies. 

Telemetry is a valuable feature, especially with young children, because by 
checking electrode impedences it allows objective tests of correct implant function. 
A Euro-pean multicentre clinical study is being conducted at 16 ENT departments. 

The use of the highrate CIS-strategy at 12 000 p.p.s. overall sampling rate (that is 
1500 p.p.s. per channel) and mono polar stimulation, as implemented in the COMB I 
40 cochlear implant system, has resulted in a fast learning process and open 
speech understanding without lip reading within days of the speechprocessor 
switch-on with the majority of the postlingually deafened adult study patients. 
At the 6 months test the mean single syllable understanding score is 48%. 

A comparable value has not been reported with first or second generation cochlear 
implants. 
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FUNCTIONAL ELECTRICAL STIMULATION ON PARAPLEGIC PATIENTS 

H. Kern, M.D., Ph.D. 

Dept. of Physical Medicine and Rehabilitation 
Wilhelmlnenspltal, Vienna, Austria 

ABSTRACT 

We report on clinical and physiological effects of 8 months Functional Electrical 
Stimulation (FES) of quadriceps femoris muscle on 16 paraplegic patients. 
Each patient had muscle biopsies, CT-muscle diameter measurements, knee 
extension strength testing carried out before and after 8 months FES training. Skin 
perfusion was documented through infrared telethermography and xenon clearance, 
muscle perfusion was recorded through thallium scintigraphy. 

After 8 months FES training baseline skin perfusion showed 86 % increase, muscle 
perfusion was augmented by 87 %. 
Musclefiberdiameters showed an average increase of 59 % after 8 months FES 
training. Muscles in patients with spastic paresis as well as in patients with 
denervation showed an increase in aerob and anaerob muscle enzymes up to the 
normal range. Even without axonal neurotropic substances FES was able to 
demonstrate fiberhypertrophy, enzyme adaptation and intracellular structural benefits 
in denervated muscles. 
The increment in muscle area as visible on CT -scans of quadriceps femoris was 30 
% in spastic paraplegia and 10 % in denervated patients respectively. FES induced 
changes were less in areas not directly undemeath the surface electrodes. 

We strongly recommend the use of Kem's current for FES in denervated muscles to 
induce tetanic muscle contractions as we formed a very critical opinion of 
conventional exponential current. In patients with conus-cauda-Iesions FES must be 
integrated into modem rehabilitation to prevent extreme muscle degeneration and 
decubital ulcers. Using FES we are able to improve metabolism and induce positive 
trophic changes in our patients lower extremities. 

In spastic paraplegics the functions "rising and walking" achieved through FES are 
much better training than FES ergometers. Larger muscle masses are activated and 
a increased heart rate is measured, therefore the impact on cardiovascular fitness 
and metabolism is much greater. This effectively addresses and prevents all 
problems which result from inactivity in paraplegic patients. 

Keywords: Paraplegia, Functional Electrostimulation (FES), musclebiopsy, fibre 
size, histochemical changes, enzyme-activity, force-measurement, Xenon 133, 
Thallium 201, IR-Thermography. 
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INTRODUCTION 

Functional Electrical Stimulation (FES) and its role in metabolism, trophic changes, 
function and movement with respect to cardiovascular fitness, spasm control and 
musclestimulation and training in paraplegic patients are reviewed. 
Our knowledge of morphology, biochemics and training of spastic and denervated 
muscle still seems to be incomplete. 

Is it possible to stimulate spastic and denervated muscles? 
Can effects of training be measured by computed tomography(CT), muscle histology 
or biochemical enzyme diagnostics? 
Does FES induce perfusion and trophic changes in skin and underlying musculature 
and are these changes relevant to decubital ulcer prophylaxiS? 
How can we increase effectiveness of FES by modifying stimulation parameters? 
Which recommendations can we deduce from our experiments for FES in paraplegic 
patients? 

MATERIALS AND METHODS 

We investigated 14 male and 2 female paraplegics, 6 of which had denervated 
muscles because of conus-cauda lesions. Informed consent was obtained for muscle 
biopsies before and after 8 months FES. The biopsies served for histologic and 
biochemical workup. Furtheron we investigated CT-Scans of quadriceps femoris 
muscle, isometric force tests and xenon clearance, thallium szintigraphy as well as 
infrared telethermography for perfusion measurement. Because of noncompliance 
with the second biopsy the data of 2 Patients were eliminated. 

FES was applied through a 2 channel constant voltage stimulator developed by our 
technicians according to our specifications and clinical experience in mobilisation of 
paraplegic patients. We conducted several series of studies to optimize stimulation 

. parameters, electrodes and stimulators. 
Stimulation frequency was 27 Hz which induced forcefull tetanic contractions while 
minimizing neural and muscle fatigue. We used biphasic rectangular pulses of 1,2 
ms duration. Total number of stimuli exceeded 48.000 stimuli per day. The patients 
stimulated for 30 min. twice a day through eight months. 
Patients were told to stimulate until complete extension in the knee was achieved 
and to increase weight load at the ankle accordig to maximal force gain. 

Patients with denervated muscles stimulated while seated or supine. At the 
beginning forceful single contractions were intended, only with progresssion of 
training and normalisation of contraction character as well as muscle membrane 
excitability was the reduction of pulse duration and therefore tetanic stimulation 
possible. 
We used Kern's current for denervated muscles which is characterised by 30ms 
duration biphasic pulses, 20 ms silent period and bursts of 2-3 sec. and 5 sec. off. 
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Patients used rubber electrodes on both thighs(impendance of 20 Ohm! cm2 and 
200cm2 surface area) for autonom daily stimulation at home, they adhered to a strict 
and precise stimulation protocol. 

Stimulation of quadriceps femoris muscle was used because this muscle is not only 
easily accessible but also of critical importance for the rise-to-stand from the 
wheelchair as are glutaeus muscles in paraplegic patients. 
The vastus lateralis portion of quadriceps femoris is also the best investigated 
human skeletal muscle with respect to exercise changes, histology, biochemical 
changes etc and we can therefore compare our results to those of normal adults. 

In the paraplegic we are confronted with different extent of atrophy. In denervated 
muscles we can expect about 25% fibre thickness and in spastic muscles around 
50% fibrediameter of normal controls. 

Four biopsies of each patient, one of each leg, before and after 8months stimulation 
were obtained of vastus lateralis muscle. Histologic, electronemicroscopic and 
enzymatic investigations were conducted. We adhered to international criteria as 
known in sports medicine(Bergstrom, Hoppeler). 

A few days before the biopsies CT-scans, xenon-clearence, thalliumszintigraphy and 
telethermographies as well as force measurements were performed. 

RESULTS 

After 8 months FES an increase in maximal isometric force from x=35 Nm to 
x=51 Nm while equally intense stimulation was observed. This represents a 45,7% 
force increase. The small absolute amount of measurable force during FES could be 
due to electrical co-stimulation or spastic co-contraction of antagonist muscles, the 
hamstrings in our case. 

Histologic changes were prominent with respect to fibre diameter increase in type I 
and type II fibres in denervated muscles of a median 58 and 74% respectively. In 
spastic patients we found a 65% increase in diameter type I fibres and a 37% 
increase in diameter type II fibres (p<0,05). 

Our stimulation regimen, comprising 48.000 Stimuli per day, induced a rise in aerobe 
and anaerobe muscle enzyme concentrations of 60% in denervated and 53% in 
spastic muscles which reaches into the levels of normal healthy muscles. 
CT -scans showed a cross-sectional increase of muscle tissue of 27% in spastic 
patients. Denervated patients achieved a rise of 12% in proximal and 8% in distal 
quadriceps femoris muscle. Between the two stimulation electrodes cross sectional 
muscle tissue ~urface increased by only 1,8%. This surprising result shows that 
neuronal degeneration forces electrical conduction to follow muscle fibres which in 
tum implies that stimulation of denervated muscles is best when large surface areas, 
ideally the whole muscle, are covered by electrodes. Current flow is higher and 
therefore stimulation and training adaptations of muscle tissue are more pronounced 
directly underneath electrodes where contractions are most intense. 
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We underline that increases of cross sectional area in CT scan are accompanied by 
5 to 10 bigger improvements of intramuscular structure as shown only through 
muscle biopsies. 

Xenon clearance of the skin showed perfusion increments of 76% after 15 min. FES 
at the beginning of the training period. After 8months FES results showed an 
increase from resting perfusion to 4,78ml/1 DOg/min. which corresponds to a 86% 
rise. 
Resting perfusion was augmented by 43% in the stimulated leg after 8months FES, a 
concommitant rise was shown in the non-stimulated leg of spastic patients. 

Muscle perfusion of the skin cannot be measured in absolute values. Therefore we 
determined skin perfusion in comparison to brain perfusion which is known to remain 
fairly costant during one year. 
8months FES produced a highly significant 5fold increase of quadriceps femoris 
muscle perfusion in denervated muscle and an even 9,5fold rise in spastic muscle. 
Small increases in lower leg perfusion remained insignificant. 

Skin hyperemia of 1,57°C in infrared telethermography expanded slowly from the 
stimulated thigh to the contralateral side and to both feet and reached statistical 
significance after 25 min. This increase lasted for up to one hour after stimulation 
ceased both on the stimulated and non stimulated leg. 
Denervated patients showed a comparable reaction in the thigh region, but 
expansion until the lower leg and foot was not observed. 

DISCUSSION 

We deduce that FES should be used in prophylaxis of decubital ulcers because it 
produces immediate and longterm perfusion increases in muscle and skin. 

Adaptation of muscle fibres seems to follow number of stimuli per day in respect of 
type I or type II fibre characteristics and actual workload in respect of 
fibrehypertrophy. 
Modem FES parameters must be adapted to these principles of fibre type 
characteristics and fibre hypertrophy. 

It is now clear that denervated muscle can be trained through FES, as we 
demonstrated through muscle biopsies(fibre diameter increase of median 66% and 
cross sectinal area increase of 8% underneath the electrodes) and through the rise 
of anaerobe and aerobe muscle enzymes into the normal range. 
The large increase in CT -cross sectional areas and in perfusion as shown in the 
thallium szintigraphies are further arguments for the training of denervated muscles 
through specialized FES. To our kowledge these results can only be achieved when 
using Kern's current for denervated muscles, because only these stimulation 
parameters assure forceful tetanic contractions which induce the hypertrophy in 
paralysed muscle. 
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From our research we deduce that patients with conus-cauda leasions should begin 
as early as possible with FES to prevent muscle degeneration and decubital ulcers in 
this population at extremely high risk for such leasions. We hope that this kowledge 
will spread quickly to all rehabilitation facilities and soon be implemented in day to 
day patient care. 

For spastic paraplegics FES rise-to-stand and walking represents an appropriate 
means of enhancing local perfusion and trophic changes, muscle fibre hypertrophy 
and increasing muscle cross sectional areas and intracellular structural gains. 
Active FES rise-to-stand and walking training seems preferable to FES-ergometry 
because it is cheaper, easier to handle and nearly everwhere applicable. 
FES walking training is an additional sportive activity and cardiovascular training for 
paraplegic patients. 
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FES FOR MOBILITY: THE LESSON LEARNED IN 30 YEARS 

A. Kralj, T. Bajd, L. Vodovnik 

University of Ljubljana, Faculty of Electrical Engineering 

Ljubljana, SLOVENIA 

SUMMARY 

This paper is attempting to discuss the developments in the FES field for mobility restoration occuring in 

the last 30 years. This developments are discussed in view of the evolution of the simple one channel foot 

drop correcting peroneal FES brace and with time emerging other FES devices as they were proposed in 

Ljubljana during this period. Only the progress steps and problems with perspectives for future 

developments in the FES field are highlighted. It is shown that technological insufficiencies and advances 

were limiting the FES field progress more than expected. Interesting is also the conclusion that clinically 

developed knowledge associated to the FES utilisation is with time little advancing or changing. This 

discussion of FES developmental events is showing that the FES field is still in its infancy and that major 

technological improvements enabling progress are still waiting to be introduced. 

INTRODUCTION 

Since the foot drop correction or peroneal functional electrical stimulation (FES) brace was proposed more 

than 30 years have passed. During this period different FES orthotic devices for mobility enhancement in 

hemiplegic, paraparetic, paraplegic and cerebral palsy children were developed and clinically used but 

many of them were later abandoned. This presentation is an attempt to highlight some of the 

developmental events with the aim of learning how did the entire FES field perform and what influenced 

the evolution of devices and clinical utilisation. The said is an ambitious, difficult and not very rewarding 

task. Nevertheless it can provide interesting findings, guidelines for understanding and decision making in 

the present and future. 

The main questions one would like to have answered are what was in FES accomplished, did we proceed 

and learn efficiently and which essential lessons have been or should have been learned in 30 years. In 

Ljubljana FES research was conducted in more or less a steady pace and the authors were privileged to be 

part of this development nearly for the entire period considered . There were many other vital and 

important focal points of FES research in the field considering such long period. To mention some of 

distinguished research centres in FES: in USA the VA Hospital Hines in Chicago where Dr. W.T. Liberson 

was contributing much of his pioneering work, the Cleveland Case Western Reserve group started by Dr. 

J. B. Reswick. Dr. L. Vodovnik and Dr. C. Long and continued by Dr. T. Mortimer, Dr. H. Peckham, Dr. 
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P. Crago, Dr. B. Marsolais and others and the Rancho Los Amigos Hospital group with Dr. H. Wilemon, 

Dr. W. Money, Dr. R. Watters and Dr. D. Mc. Neal, and partly Dr. lB. Reswick. In England Dr. G. S. 

Brindeley's group was active and many others contributed to the FES developments. In Europe the 

Ljubljana group was active since 1965, the Vienna group by Dr. Thoma started around 1970 and in the last 

years the group of CALlES is very active, headed by Prof. P . Rabischong. Looking back and considering 

the state of the art in FES for locomotion restoration there are many questions. Some are of great interest 

like why some FES devices have clinically succeeded and are accepted as a common approach and 

methodology, while others have more or less been forgotten and have never made it to a 

commercialisation state or marketable product. Could we learn some lessons from such development and 

could we perhaps foresee where the next FES developments and clinical successful applications might be? 

The period of 30 years is probably a good time to highlight the expected future events and to avoid less 

promising approaches. It is evident that the authors are able to make only a limited review of the events in 

FES for the last 30 years from their own and Ljubljana perspective. We are going to limit this discussion 

only to the development ofFES systems for locomotion restoration in hemiplegic (stroke and head injured 

or brain tumor operated patients), spinal cord injured patients (complete and incomplete lesion) and partly 

cerebral palsy children. Most of the developed FES systems were inspired and started from the idea of the 

simple peroneal brace. The FES peroneal brace developmental story was therefore selected in this paper as 

the case for discussing advances. All the other FES developments of locomotion systems were created, 

started and influenced by the developmental events and aspects of the peroneal system functional 

enhancement. We believe that such a display of developments is correct, advantageous and can provide 

answers with realistic judgements for the many new designs undertaken in the last 30 years for FES 

enabled locomotion improvements in different aetiologies of patients. 

THE PERONEAL BRACE EVOLUTION 

The original idea for the FES based drop foot correction system which with the time was commonly 

named the FES peroneal brace, was proposed by Dr. Wt. Liberson /1/ in 1961. The original design was 

patented in October 1967 and even commercialisation started but was soon stopped. In Ljubljana 1965 Dr. 

L. Vodovnik /2/ started his own design of FES peroneal brace inspired by the idea published by Dr. 

Liberson. Probably at that time similar projects were undertaken by other researchers and some of them 

have even considered FES as a modality for foot drop correction before ofLiberson as it is documented in 

/41. Around the seventieth there were already producing the peroneal brace and in the FES business were 

some larger companies. To mention some. The Phillips company in Holland, was manufacturing and 

marketing a device, and in USA the Medtronic Co. was producing and marketing an implanted system co­

designed by the Rancho Los Amigos Hospital FES researchers /5/. At that time also in Ljubljana surface 

stimulation units were already in clinical use and an independent design for an implantable system was in 

progress by Jegli~ et al /6/, at the beginning with a circumferential RF transmitting coil and later with a 

surface coil. Regardless where the evolution steps in the design of peroneal brace were made, it is 

interesting to observe the main steps of this progress. The steps of progress as they occurred in the 
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Ljubljana, and the developmental stages of the peroneal brace are displayed in Figure 1. and are quite 

instructional. 
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The designs in Figure 1 are indicating the desire for minimising patients involvement, maximising cosmetic 

appearance and practicality by means of miniaturisation and improved technology. Many units of the first 

design in Figure 1 were applied in Ljubljana and the follow up version of this design is still marketed today. 

From 1980 to 1990 out of 2500 hemiplegic patients 1575 were FES treated and 60 % utilised one channel 

FES, 30% two channel FES systems and onJy 10% more channels 116/. From 1979 in Ljubljana more than 

4000 hemiplegic patients were treated. Today in LjUbljana 8 - 10 different FES systems are clinically 

utilised on a daily basis II6/. The current and the last Ljubljana version is attached to the leg like shown in 

Figure F.). The radio link from heel switch was already foreseen in the Medtronic's Co. version designed 

around 1973 and in different versions built in Ljubljana at that time. The design with radio link did never 

get enough practical, reliable and price attractive to be a widely marketable solution. The design C.) in 

Figure 1 was discarded soon due to large energy losses, and the version d.) utilised, which was redesigned 

to the current marketed and used design presented in E.). The version in F.) is the extrapolated and 

expected next developmental state for achieving a totally implanted FES brace for foot drop. In this ' 

version the sensory nerve picked up information will provide the control for the FES system containing an 

implanted power source. Such a design should also foresee two stimulation channels for the adjustment of 

a balanced dorsiflexion and eversion, thus overcoming the main problem of all one channel FES peroneal 

braces so far marketed and utilised. The energy demanding but adjustment tolerant coil design C.) in 

Figure 1 was changed to the one in D.). This design is requiring more detailed antenna adjustment but is 

energy more efficient. The design of E.) is today probably a feasible one with the newly designed class E 

transmitters proposed for powering the implantable micro-stimulators. This is again an example that 

technological advances influence the FES developments more than it was recognised in the past. It is 
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expected that the described application of FES devices will be considerably improved after implantable 

event detectors for FES system triggering will be developed and totally implanted system utilised as shown 

in Figure 1 F.). Here, the patient is free of carying the system and maximal cosmesis is achieved. No 

external devices are present, accordingly no donning and doffing is required for the daily use. According to 

the said it seems that the broad utilisation ofFES systems for locomotion enhancement and restoration has 

potential to be started in the coming years. It is interesting to note that the existing and developed 

knowledge in the numerous applications like the multichanel systems for stroke patients, complex gait 

rehabilitation in CP children and incomplete spinal cord injured patients gait enhancement with gait 

enabling and restoration in paraplegic patients is at present a difficult marketable knowledge from the 

point of view of chronic application. However this knowledge is clinically utilised already today. It 

represents the basis upon which the next generation of the devices will be built. It is interesting to note that 

the clinical advances of FES systems utilisation, if compared to the many proposed technological solutions 

in the past, display a more solid and pennanent value and do not change rapidly with time. The clinical 

knowledge is emerging slowly in FES and dissemination of it is costly and time demanding. Probably, 

owing to the said rehabilitation engineering studies are more frequently addressed to technological 

solutions and are in less cases focused on a clinical problem solution. 

MANY IDEAS WITH FEW CLINICAL APPLICATIONS 

In general clinical applications and the number of patients benefiting from FES as judged today is rather 

low considering the 30 years of extensive investigations, developments and investments made. This general 

view applies to nearly all categories and areas of FES applications for movement restoration. For the time 

being the simple FES one or two channel devices which are potentially applicable to the very large 

population of stroke, head injured, and tumor operated patients are not broadly accepted as vital and 

practical devices. Therefore, FES is quite limited in utilisation if viewed internationally and consequently 

not of interest to producers. All the other multichannel FES devices for motion restoration or mobility 

enhancement are in this aspect even less attractive for the clinicians and producers due to their complexity 

and costly utilisation. In comparison the FES field for bladder functions restoration and enhancement 

started at least 10 - 20 years later than FES research for mobility restoration and yet more than 500 sacral 

anterior root stimulators are internationally applied, demonstrating in several years over 1900 patient years 

of follow up with rather small drop outs and failures /8/. The sacral anterior roots FES system is by far 

technologically more demanding compared to a two - channel peroneal system and yet much simpler if 

compared to an implanted system for restoring gait functions in paraplegic patients. For the latter case and 

for the last two decades, there does not exist a successful FES implanted case. It is known that in this 

regard many attempts were made for the last 20 years starting with the Rancho Los Amigos implant for 

paraplegic patient FES ambulation 17/. This was also the first hybrid system. The Rancho implant was 

followed by Dr. Brindley's, Dr. Thoma's multichannel implant /9/, up to the recent implant used by Dr. R. 

Davis 11 0/. It is questionable whether the existing technology is sufficient for the application of such 

devices? It seems that the restored functioning, involvement, complexity, the art of current technology and 

price play an important role in the introduction of such devices but also the quality of the management, and 
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the methodology applied are crucial for a positive outcome as learned from the cited last years 

accomplished bladder stimulation application. Owing to the very small application numbers of FES 

systems for mobility restoration it is justified to ask what, when and why did the FES field fail in the past? 

Or perhaps is the field of movement restoration different and hence more difficult from a technological 

application and management point of view. In movement restoration there were known different 

approaches which were promising in past and today not much of them remains. Just for reasons of 

reminding, let us mention some of this approaches. From the EMG control. approach did not remain much 

in clinical use until today. The biofeedback principle and optimistic promises made in the past did not 

prove effective in a long run. FES for CP children was not commercialised, while in some areas research 

did not start on a larger scale in spite of obvious importance. Similarly to the development of a two 

channel peroneal brace and also in view of sensory restoration for movement enhancement, there was not 

done much. In Figure 2 this principle is displayed. It is well known that sensation plays in movement 

control an essential role and yet only motoric FES approaches were in the past mostly considered. What 

was the reason for such attitude? Was this a consequence of unavailable and missing suitable technology? 

Would perhaps sensory nerve selective recording and selective nerve fibers activation advances with FES 

enabled blocking of nerve conduction change this course of approaches and open for sensory restoration a 

new era? Is the complexity of systems for movement restoration out of reach for the present technological 

level for providing successful clinical applications particular if combined with sensory restoration? 

Sensory feedback 
information 
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Figure 2 

Are the control problems associated with hand and locomotion functions restoration misjUdged or is the 

current FES activation too crude and time varying? Would it be better to start instead of providing 

complex gait systems to promote again simple few channels FES systems utilising the today superior 

technology compared to the one 20 years ago? Is a breakthrough expected in mobility restoration in the 

near future owing to the international sponsored research in selective nerve fibers activation, spinal cord 

structures stimulation, spinal roots stimulation and sensory nerve fibers recording? The selective nerve 

fibbers activation research was started and was attractive already in 1970, Caldwell /11/, as can be redrawn 

from his idea displayed in Figure 3. How closer to an usable solution are we today? How realistic is the 

very promising research for spinal roots stimulation /8/, selective nerve fibers information recording /12, 7/ 

and selective nerve fibers stimulation /13, 14/, with rather sophisticated implant developments /15/ enabling 

- 17 -



and challenging new and improved clinical applications for mobility restoration? We are concluding from 

this discussion that the FES field is according to the said still in its infancy. But it should be noted that the 

complexity of the applications is rapidly increasing with the new technological 
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Figure 3. 

Figure 4.3.1 Schematic diagram of et1mulating electrode array 
placed around nerve trunk. 

improvements and the consequences are hard to foresee. We should be also aware that somewhere along 

the development challenging technologies like nerve regeneration, and nerve grafts may enter the field. 

Therefore, it is wise and justified to discuss the trends of the FES field at large. 

TRENDS IN FES 

The developmental states as displayed in Figure 1 are showing the evolution of the simple one channel FES 

orthotic system. It displays the trend toward the development of totally implanted FES systems which are 

patient care free, cosmetic and non disturbing. Therefore, the FES applications technology will probably 

continue its development in the direction of complex totally implanted systems. From a functional point of 

view new aspect are introduced if the selective nerve fibers recording and activation will be clinically 

accomplished. The main trends as foreseen in FES system development are shown in Figure 4. The 

utilisation of pathological neural organisation 
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Figure 4. 
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and natural sensors information is feasible already today. Essential improvement of FES systems will be 

accomplished with better artificial sensory restoration and the incorporation to a larger extent of the 
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feedback control. It is evident that most of severely injured patients are suffering from multifunctional 

deficits. Therefore, integrative rehabilitation systems will be the logical further step in the development of 

complex FES systems. 

For the expected technological advances it is very important that new improved electrodes are designed 

and new implant biocompatible materials are successfully developed. This may promote the FES advances 

in all aspects. Here, let us mention the biocompatibility problem, techniques for easy implants servicing and 

changing, surgical techniques for placing of complex multichannel nerve electrodes, problems which all 

seek solutions. In the coming years, .' the technical knowledge considering efficient detection of nerve 

signals, amplification and information extraction will play an important role not mentioning the functional 

application software for the totally implanted complex systems. We may conclude this presentation by 

stating which lessons were learned in the last 30 years. It is evident from our discussion that insufficient 

technology is the main limiting factor for broader clinical FES utilisation and that knowledge advances for 

clinical FES application are slow in progress. We have also learned the hard way that the entire FES field 

is in regard of the developmental possibilities still in its infancy and the future is showing nearly unlimited 

possibilities for progress. 
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SUMMARY 

The goal of the British Heart Foundation Skeletal Muscle Assist Research Group is to work 
towards alternative surgical approaches to the treatment of end-stage heart failure that depend 
on harnessing -the power of skeletal muscle for cardiac assistance. This calls for a detailed 
understanding of the structure and function of skeletal muscle deployed as an active surgical 
biomaterial. We have to be sure that the nerve supply is intact and that the blood supply is equal 
to the metabolic challenge. The muscle must be stimulated in such a way that all parts of it are 
used. It must operate under appropriate conditions of stretch and load. It must not fatigue 
progressively under the working conditions it encounters in the new application. Its contractile 
properties must be appropriate not only to the energy demanded but to timing restraints imposed 
by the cardiac cycle. This paper reviews some of the recent progress we have made in these areas. 

ST ATE OF THE ART 

There is growing recognition of the potential of skeletal muscle assist as a surgical alternative to 
transplantation in selected cases of end-stage heart failure. The main steps-transferring a pedicled 
graft of latissimus dorsi muscle into the chest, and 'conditioning' the muscle to perform cardiac­
type work-are now standard features of the operation known as cardiomyoplasty. At the time 
of writing, over 600 of these operations have been performed world-wide. The feasibility of this 
type of surgery is not therefore in doubt. Currently, however, this form of skeletal muscle assist 
has several major drawbacks: 

• The conditioning protocol postpones for about 2 months the full benefit that could be derived 
from an active muscle wrap. During this time, the patient is seriously at risk, so the operation 
has to be restricted to patients who have an adequate cardiac reserve. 

• The conditioning protocol results in full transformation of the muscle to the slow-contracting 
phenotype, with a resultant Joss of power and problems of synchronization with the cardiac 
cycle. 

• Approximately 20% of patients are not helped by the procedure, and it is suspected that in 
these cases-and possibly in others too-there is serious fibro-fatty degeneration of the graft. 

• Muscle that is wrapped around the heart, particularly an enlarged heart, is too heavily loaded 
to develop anything like its optimum power. 
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IMPROVING THE CONDITIONING PROTOCOL 

Relationship of the pattern of chronic stimulation to transformation 

Long-term stimulation induces the synthesis of slow muscle forms of myosin, which confer a 
slow contractile speed. The muscle is actually better suited for cardiac assistance at an intermediate 
stage of transformation, when changes in the blood supply and metabolism have already occurred 
but the myosin heavy chains are still of the fast type. We have conducted experiments at lower 
stimulation frequencies to see if these properties could be maintained stably. We showed that 
skeletal muscle could become sufficiently fatigue-resistant to perform cardiac work-without 
concomitant induction of slow myosin heavy chain isoforms-by continuous stimulation at 
2.5 Hz /1/. We have also analyzed the metabolic changes taking place in these muscles. Earlier 
we had observed that the rise in oxidative enzyme activity during the first few weeks of stimulation 
at 10 Hz was consistently followed by a smaller secondary decline, despite continuing stimulation 
/2, 3/. We have now established that muscles stimulated at 2.5 Hz, in which slow myosin 
isoforms were not induced, also fail to show this secondary decline in oxidative enzyme activity. 
This suggests that the bioenergetic consequences of myosin isoform transitions might modify the 
influences that drive metabolic change /4/. 

Some properties of the muscles stimulated at 2.5 Hz appeared not to have stabilized fully at 
12 weeks. We therefore conducted a more extended study in which rabbits were stimulated for 
10 months at 2.5, 5 or 10 Hz. The experiment confirmed that the stable intermediate character of 
the 2.5 Hz-stimulated muscles could be maintained essentially indefinitely (H. Sutherland, J.e. 
Jarvis, S.J. Gilroy, S. Salmons, manuscript in preparation). 

Optimized patterns 

Continuous stimulation at a low frequency is a scientific stratagem: it enables us to examine the 
effects of changing the aggregate impulse activity with a single variable: frequency. Practical, 
force-generating patterns for therapeutic use will, of course, demand more complex partitioning 
of the impulse trains. Conventional, constant-frequency burst stimulation is unphysiological and 
wasteful of energy. We are therefore developing new approaches based on changing interpulse 
intervals, of the type found in motoneurone firing patterns /5/. 

We have conducted a comprehensive study of the relationship of force and force-time integral to 
the interpulse intervals contained in the stimulating pattern /6/. Three approaches were used: 
(1) an incremental method in which the response to each pulse in a train was successively 
optimized (2) ranking of the responses to a series of quasi-random computer-generated bursts (3) 
construction of 3-D contour maps in which the response was plotted against frequency and the 
number of pulses in the train. The study has generated methods for determining the optimum 
pulse train for muscles of given contractile speed. 

The general form of an optimized pulse train can be described as an initial burst of impulses with 
short interpulse intervals, followed by a series of impulses at a lower frequency. The initial burst 
elicits a rapid development of tension (the I doublet effect'); the low-frequency train then maintains 
the tension optimally for the required duration /7/. An important aim of the recent work was to 
extend these findings to muscles that had been conditioned by chronic stimulation. The results 
show that the doublet effect is abolished by regimes of stimulation that produce slowing of 
contractile speed; in such muscles optimized protocols of stimulation confer no advantages /6/. 
We have now begun to investigate the energy costs and long-term effects of optimized burst 
stimulation by means of a new generation of implantable stimulators based on semi-custom 
CMOS technology. 

- 22-



THE VIABILITY OF THE GRAFT 

Damage studies 

Some published studies have seriously overestimated the role of damage in the adaptive 
transformation of skeletal muscle. We have carried out a systematic, quantitative study of damage 
in rabbit muscles that were stimulated in situ. Because our previous experience indicated that 
there could be large variations in the extent of damage, we combined point-counting morphometric 
techniques with multivariate statistics in order to evaluate the sources of variation: position 
within the cross-section, position along the length of the muscle, the anatomical muscle, frequency 
of stimulation, left vs. right limbs, sex, and individual animals /8-10 /. The study established that 
damage was not a necessary concomitant of type transformation (a finding that is reassuring 
from a clinical viewpoint). For example, in tibialis anterior muscles stimulated continuously at 10 
Hz the mean percentage volume of damaged muscle was a mere 3%. Foci of damage were 
randomly distributed within a muscle, and their extent depended systematically on the muscle 
studied and the frequency of stimulation. 

The mechanisms responsible for the damage induced by stimulation have never been established. 
We have examined the role of permeabilization of the muscle membrane by measuring increases 
in the uptake of 99'fcm-pyrophosphate /11/. By using radioisotopic markers of blood volume and 
extracellular space we could show that Ic uptake involved a hierarchy of mechanisms not all of 
which were associated with membrane permeabilization. We also showed that permeabilization 
did not necessarily lead to necrosis of the muscle fibre, confirming earlier suggestions that some 
types of damage are reversible. 

Blood flow studies 

Fibro-fatty degeneration has been shown to be present in cardiomyoplasty flaps formed in dogs, 
goats and man, affecting more than 50% of the muscle in some cases, yet stimulation in situ does 
not produce damage on this scale. With our surgical colleagues in Manchester we have studied in 
a systematic way the effect of different stages of the surgical procedure on damage produced in 
the latissimus dorsi muscle (LD) of sheep /12/ . The study showed that mobilization, particularly 
when the muscle was reattached at reduced tension, produced significant damage, and that the 
effect was compounded if stimulation at 2 Hz were introduced 2 weeks later. Damage was worst 
in the distal part of the muscle, whose normal supply from the perforating branches of intercostal 
arteries is interrupted during mobilization of the flap . 

We therefore suspected that stimulation-induced damage was dependent on changes in the 
blood supply to the muscle, and that the rest period of 2 weeks that forms part of the normal 
clinical protocol may not be sufficient to re-establish normal perfusion in all cases. This has 
prompted an extensive study of factors influencing the distribution of regional blood flow, 
measured by means of coloured or fluorescent microspheres. We are also investigating the 
relationship between intramuscular pressure, tension (measured under both isometric and isotonic 
conditions) and blood flow. These studies are in progress. 

THE EVALUATION OF SMV PERFORMANCE 

The external work performed during a single contraction of skeletal muscle depends on the force 
developed, the velocity of shortening, and time available for contraction, the last two determining 
the distance through which the force acts. The velocity of shortening is not independent of the 
force: it is related to it by the familiar hyperbolic relationship first described by Hill /13/. Thus 
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when the force is low, the velocity of shortening is high, and conversely when the force is high, 
the velocity of shortening is low. In these two extreme situations the rate of doing work (the 
power) is very low. Between the two there is an optimum loading that produces the best 
combination of force and shortening velocity for doing external work. 

In cardiomyoplasty the power available for assisting the heart cannot be optimized because the 
loading on the muscle wrap is determined by the pre-existing geometry. If, however, the graft is 
configured as a skeletal muscle ventricle (SMV), then the size, shape, wall thickness and fibre 
orientation can all be manipulated to achieve the best result. In principle, it should therefore be 
possible to optimize the geometry so that the muscle graft operates at or around maximum 
power. There may well be a need for compromise-for example, to deal with anatomical constraints 
or to improve the flow characteristics of the ventricle. Moreover, since the work done by the 
muscle is non-linearly dependent on wall stress, and since wall stress is a non-linear function of 
the shape and size of the SMV, which itself varies throughout a pumping cycle, the problem of 
determining the optimum geometry is far from trivial. 

We set out to use the contractile performance of a muscle working under well-controlled, linear 
conditions to predict the hydraulic performance when the same muscle was configured as an 
SMV. The strategy was to load the muscle with a fast, computer-controlled servomotor that 
simulated the complex, time-varying loading conditions that would be encountered in the wall of 
an SMV. Initially the experiments were conducted on rabbit hind limb muscles, and provided 
some useful general predictions concerning SMV behaviour. However, we needed to test the 
predictions against real SMVs, and to this end we conducted a series of experiments with sheep 
LD muscles, first characterising the performance under linear conditions and then constructing 
SMVs of different size from the same muscle and measuring their hydraulic performance. Using 
a mathematical model we could predict the passive behaviour of the ventricles well, but we 
found that active linear contractions of the muscle could not be used as a basis for predicting the 
performance of an SMV during single ejections. We now recognize the limitations of this approach: 
contraction is less efficient when the muscle is wrapped concentrically in an SMV configuration, 
and there is a loss of power that we could not take into account. We are currently using a 
modified apparatus to characterize the hydraulic performance of SMVs constructed and tested 
acutely in sheep. 

THE FLOW WITHIN SKELETAL MUSCLE VENTRICLES 

Physical simulation 

Any SMV poses a risk of thromboembolic complications arising from events at the interface with 
the blood. To minimize the risk it is necessary to establish suitable flow characteristics inside the 
ventricle, avoiding both high shear stresses, which can lead to haemolysis and platelet activation, 
and areas of stagnation, in which thrombus can form. In our physical simulation, the inner 
surface of the SMV is represented by a translucent elastomeric ventricle, which is enclosed within 
a sealed, fluid-filled chamber. The pressure in the chamber is varied by a computer-driven 
displacement pump, causing the ventricle to interact with the flow in a separate circulation, 
which can be static, constant or cyclically varying with any desired waveform. The fluid in this 
circulation contains suspended polystyrene particles. Particles that enter the ventricle are 
illuminated by a laser and flow is visualized by a video system that has been specially designed 
to capture the movement of particles over an adjustable time interval /14/. 
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With this apparatus we have been able to show that flow is dominated by the formation of 
coherent vortices /15/. We have studied the dependence of these structures on pulse shape, 
amplitude and frequency, and we have begun to explore the influence of inlet configuration and 
flow in the pumped circuit. We have also established that extended quiescent periods at the end 

. of the filling phase generate travelling vortices (A Shortland, R.A Black, J.c. Jarvis, S. Salmons, 
manuscript in preparation). Since these are mixing structures they are highly relevant to SMV 
design. 

Numerical simulation 

The numerical analysis of flow in SMVs is a very challenging problem, even with the latest in 
Computational Fluid Dynamics codes. To simplify the problem, data has been assembled that 
describes the wall movements of the elastomeric ventricle in the physical model. This has been 
used as the input to a corresponding moving-wall model and predictions generated that could be 
compared to the empirical data obtained by flow visualization. Initially, the numerical analysis 
failed to predict the observed flow with any accuracy. With improved temporal and spatial 
resolution, and refinement of the analysis, a much better agreement has been obtained (F.5. 
Henry, A Shortland, F. Iudicello, R.A Black, J.c. Jarvis, M.W. Collins, S. Salmons, manuscript in 
preparation). This is one of the few cases in which a thorough validation of the codes has been 
performed, and illustrates the value of the combined approach. Developments are in hand to 
refine further the predictive value of the computer model. 
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SUMMARY 

The influence of_functionally electrically stimulated ankle plantarflexors on the swinging lower 
extremity was studied in incomplete spinal cord injured persons. Stimulation sequences wIth different 
time and frequency I!arameters were delivered to ankle plantarflexors, knee extensors, and peroneal 
nerve. The results 01 kinematic assessment showed that stimulated calf muscles provide noticeable 
forward and upward propulsion to the swinging leg. 

STA TE OF THE ART 

The ankle plantarflexors provide significant energy during the push-off phase of human walking. As 
they are easily accessible by both surface or implanted functional electrical stimulation (F:ES), it is 
sensible to inClude this important muscle group into the FES assisted gait pattern of incomplete spinal 
cord injured (SCI) subjects. In our prelimm~ experiments I I I, performed in stationary conditions, it 
was shown that up to I4.5cm ofhonzontal d~acement of the center of body (COB) can be obtained 
by. the stimulation of ankle plantarflexors. In FES assisted walkil}.g of incomp1ete SCI patients 12/, this 
effect of ankle plantarflexors stimulation was less pronounced. However, a noticeable difference was 
observed in instantaneous horizontal velocity of the COB which was found more continuous and fluid 
and approached more near normal appearance. 

In the studies "'performed in normal persons a noticeable increase of the COB energy, resulting from the 
ankle plantarffexors activity, was not found 13 ,41. Only some of the energy generated by the calf muscles 
continues upwards through the knee joint and small energy continues across the hip Joint to the trunk. 
It, therefore, appears more probable that the work of ankle plantarflexors provides the kinetic energx 
for the initiation of the swin.,g phase. In the present investigatio~l it was our rum to study the influence of 
electrically stimulated calf- muscles on tlie effectiveness of me swinging leg movement. In surface 
electrical stimulation rather large electrodes are usually placed over both m. soleus and m. 
gastrocnemius. M. gastrocnemius which extends from the heel to the thigh is a biarticular muscle. 
Immediately after tlie start of the push-off phase, when the knee is in slIghtly flexed position, m. 
gastrocnemIUs not only maintains the ankle in plantarflexion but can also further flex the knee. It was 
fiypothesized that FES of ankle plantarflexors may provide three important gait functions: 
• rising of the heel andJ'reparation of the leg for the swing phase, 
• proVIding upward an forward propulsion to the swinging leg, 
• enabling lrnee flexion and thus shortening of the swingmg leg. 

METHODS 

The FES assisted push-off was realized by controlli.Qg three stimulation channels delivered to the ankle 
plantarflexors, knee extensors and peroneal nerve. FES of the knee extensors, being active during the 
entire midstance phase, was discontinued . Electrical stimulation was delivered to the ankle 
plantarflexors. Adequate swing phase was accomplished by triggering of flexion response. Proper 
timing of the three stimulation se~uences was based on the expenences from the preVIous work. An 
important gait parameter is the delay between the start of the train of stimuli delivered to the peroneal 
nerve and maxImal knee and hip flexion obtained during the elicited withdrawal response. This latency 
was found to be in the range from 0.5s and 0.75s 1,5

1
6/. Similarly, a delay ofO.3s was observed between 

the start of the train of stimuli delivered to the anKle plantarflexors and maximal vertical reaction force 
Ill. Based on this data the duration of flexion reflex stimulation was selected to be 0.5s, while the 
stimulation of ankle plantarflexors lasted for 0.3s. 
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Six combinations of stimulation sequences, characterized with different time and frequency parameters, 
were investigated in the present study. They are displayed in Fig. 1. The first set belongs to our present 
simple FES gait pattern where only knee extensors and flexion reflex are stimu1ated IS/. Hand 
pushbutton is used to discontinue the stimulation of knee extensors and to start the flexion reflex. The 

. stimulation frequency in both channels was 20Hz. In the second set of stimulation sequences the 
afferent stimulation frequency was increased to 50Hz in order to reduce the latency of the withdrawal 
response 16/. In the next four combinations of stimulation se'l.l.!ences, the FES of ankle plantarflexors 
was added. In order to obtain strong and fast prQPulsion, 50Hz stimulation frequency was used also 
with the efferent stimulation of the calf muscles. The four stimulation sequences are characterized by 
different delays with regard to hand triggering and different types of stimulated muscle groups 
coactivation. The positioning of the surface electrodes over the knee extensors, ankle plantarflexors, 
and p'eroneal nerve was the same as described in our previous work /1/. The amplitudes for all three 
stimulation channels were selected before the test when the subject was in the seating position. In all six 
combinations of the stimulation sequences the same amplitudes were used for each subject. The 
amplitude for flexion reflex triggering was adjusted at 50Hz stimulation frequency. 

1. 20 Hz 
20Hz 

2. 20Hz 
50Hz 

20Hz 
3. 50Hz 

50Hz 

20Hz 
I. . 50Hz 

50Hz 

20Hz 
5. 50Hz 

50Hz 
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tJ 
0.15 
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Fig. 1. Electrical stimulation sequences delivered to the knee extensors, ankle plantarflexors, and 
peroneal nerve. 

Repeated measurements were p'erformed in four incom~lete SCl patients. The incompletely par~zed 
patlents had the following spina! cord lesions: T-11,12 subject 1M, 34 years old), C-T (suoject TP, 24 
years), C-7 (subject BS, r8 years) and C-6 (subject G, 18 years). All incomplete patients were 
selected from the group of SCI subjects having one leg almost completely paralyzed, while the other leg 
was under voluntary control and sufficiently strong to provide safe standmg. The three channel FES was 
therefore applied to them only unilaterally. During the measurement the incomplete SCI subjects stood 
supported oy the help of parallel bars. The subjects entered first the push-off phase and then the swing 
pnase by vo1untarily activating the hand pushbutton. The experiment was repeated three times in each 
mcomplete SCI suoJect tested. 

The described stimulation sequences were generated by eight-channel MC68HC16 microcontroller 
based stimulator. The stimulation parameters such as pulse amplitude (0-150Y) pulse duration (50-
800,...s) and frequency (5-1 OOHz) were selected independently for each channel. the amplitude of the 
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stimuli was adjusted manually by means of potentiometers. Stimulator functions were selected thro~h 
hierarchical menu oriented control system, accessible through LCD screen and three push buttons. The 
movements of the swLngi.!l...g leg were assessed by contactless OPTOTRAK measuring system ~othern 
Digital Inc., OPTOTRAKl30rO, Waterloo, Ontario N2L 3V2, Canada) including two precalibrated 
position camera systems which permit measurement of 3-D marker coordinates at 30Hz sampling rate 
and accuracy of O.3Smm. Four UPTOTRAK markers were placed in the estimated anatomical posItions 
of the hiI', Knee, ankle and metatarsaljoints in the sagittal prane. The OPTOTRAK data were collected 
and cheCKed with a PC computer and further processed on Unix based HP 9000/700 workstation with 
commercial Matlab software and custom written subroutines. 

RESULTS 

The aim of the present investi..gation was to evaluate experimentally the effectiveness of the FES 
delivered to the ankle plantartrexors in order to obtain lDlproved swing phase of Walking. It was 
hYPothesized that ankle plantarflexors provide necessary propulsion to the swinging lower extremity. 
Two parameters were found particularfy interesting to estimate the swinging leg movement: maximal 
horizontal swing of the metatarsal jomt and maximal vertical swing of the knee joint. The first 
parameter indicates the effectiveness of prop'ulsion in forward direction and it corresponds to the step' 
length. The second parameter demonstrates the propulsion of the swinging limb in upward direction ana 
is tnerefore interesting when planning tasks sucn as overcoming sidewlillci or climbing stairs. 

MAXIMAL 
HORIZONTAL 

SWING 
[cm] 

80 

3 4 5 6 

T.P. 
12 3456 SEQUENCE 

B.S. SUBJECTS 

.Fig. 2. Maximal horizontal swing of the metatarsal joint resulting from application of six stimulation 
sequences. 

MAXIMAL 
VERTICAL 

SWING 
[cm] 

3 4 5 6 

T.P. 
1 2 6 STIMULATION SEQUENCl: 

L.G. SUBJECTS 

Fig. 3. Maximal vertical swing of the knee joint resulting from the application of six stimulation 
sequences. 
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The results of the assessment of the maximal horizontal swing of the metatarsal joint in the sagittal 
plane are displl!)'ed in Fig. 2. The first two columns belong to tlie stimulation sequences 1 and 2 wllere 
only flexion reflex was elicited, first with 20Hz stimulation and second with 50Hz stimulation. The next 
four columns represent the stimulation sequences 3 - 6 where also the stimulation of ankle 
plantarllexors was added. It can be first noticed that stimulation of ankle plantarfiexors resulted in 
lDlproved responses in all four incomJ!lete SCI jJatients. The influence of stimulated calf muscles is 
specially evident in subject B.S. where llexion reffex alone was unable to move the limb forward. Next, 
if can be noticed that the differences among the four stimulation sequences including the ankle 
plantarfiexors stimulation are small and cannot be considered significant. In two patients (T.P. and 
L.G.) increasing of the stimulation frequency of the flexion response (stimulation seguence 2) resulted 
in noticeable improvement of the forward swing. From the results obtained in patient L.G. it can be seen 
that steps lenf¢is over 80cm can be obtained with the three-channel stimulation of the paralyzed limb 
what exceeds the step length of normal walkin~ Similar results were obtained when measuring the 
maximal vertical swing oftlie knee joint (F)g. 3).lhe highest amplitudes were again assessed in patient 
L.G. indicating that tlie stimulated extremitY. can be lifted sufficiently to be placed on a sidewalk or a 
stair. The effectiveness of the ankle plantaiflexors on the swinging reg is somewhat more pronounced 
when observing vertical lift of the lower extremity. 

DISCUSSION 

When comparing the results of our previous work, when the energy of the stimulated ankle 
plantarllexors was delivered to the trunk /1/, with the results of the present investigation, when this 
same energy is transferred to the swinging leg, we can conclude iliat the latter approach is more 
advantageous for FES walking of incomplete ~SCI patients. It was further demonstrated that small 
differences in the timing of the stimulation sequences of the knee extensors, flexion reflex, and ankle 
plantarfiexors have insignificant effect on the movement of the swinging extremity. 

Electromyographic recordings show that the muscles of the swinging leg are predominantly silent 
during the swing phase. Assumption was, therefore, made that no muscular moments are provided to 
any of the joints of the extremity after the initial jJositions and velocities of the joints have been 
established at the beginning of the swing phase 171. Swing phase of the human gait was described as a 
ballistic motion. According to our oDservations in incomplete SCI subjects, it appears that the 
stimulation of calf muscles alone can provoke the swing phase of walking. 

REFERENCES 

1. Bajd T, Kralj A, Karcnik T, Savrin R. and Obreza P, Sigpificance of FES-assisted plantarfiexion 
durinR walking of incomplete SCI subjects, Gait & Posture, Vo1.2, pp. 5-10,1994. 

2. Bajd T, Munin :tvt Kralj A, Savrin R. and Benko H, Voluntary commands for FES assisted walking 
in mcon:!plete SCI patients, Med & Bioi. Eng. & Comput., Vol. 33, No.3, 1995. 

3. Winter DA, and Robertson DGE, Joint torque and energy patterns in normal gait, Bio!. Cybernetics, 
Vol. 29, pp, 137-142, 1978. 

4. Hof AL, Nauta J van der Knaap, ER. Schallig. MM and Struwe DP) Calf muscle work and 
segment energy changes in human treadmill walking, J Electromyogr. Kmesio!., Vol. 2, pp. 203-
215, 1993. y 

5. Baid T, Kralj A Turk, R, Benko H, and Se~ J, The use of four-channel electrical stimulator as an 
arribulato!y~aid for p.ar~pl~gic patients, Phys. 7her., Vol. 63, pp. 1116-1120, 1983. 

6. Granat MH, Heller BW, Nico DJ, Baxendale RH, a.t:ld Andrews BJ, Improving limb flexion in FES 
gatt usmg the fleXIOn WIthdrawal response for the spmal cord mJured person, J. Biomed Eng., Vol. 
15, pp. 51-56, 1993. 

7. Moclion S and McMahon TA, Ballistic walking: An improved model, Math. Biosci., Vol. 52, pp. 
241-260, 1979. 

Acknowledgement 

The authors acknowledge the financial support of Republic of Slovenia Ministry of Science and 
Technology. 

Author's Address 

Univ. Prof. Dipl. Ing. Dr. Tadej Bajd,l Faculty of Electrical and Computer Engineering, University of 
Ljubljana, 61000 Ljubljana, TrZaSka 2::>, SLOVENIA 

~ 30-



CONTROL STRATEGIES FOR FES-SUPPORTED STANDING UP 

P.H. Veltink!, J.J. Trooster!, P. Leth Jensen2, S. Heinze!, H.FJ.M. Koopman!, P.A. Huijing3,! 

!Institute for Biomedical Technology, University of Twente, Enschede, the Netherlands 
2Center for Sensory-Motor Integration, University of Aalborg, Aalborg, Denmark 

3Faculteit Bewegingswetenschappen, Vrije Universiteit, Amsterdam, the Netherlands 

SUMMARY 
Real-time closed loop control of standing up using electrical stimulation of quadriceps and hamstrings 
was investigated in a biomechanical simulation study. The model was based on literature and experimental 
identification of relevant parameters in two paraplegic subjects. The simulations indicated that hamstrings 
stimulation can be effectively controlled based on observations of knee and hip angular velocities if the 
stimulated muscles are well trained and the body weight of the subject is limited. 

STATE OF THE ART 
Restoration of mobility in paraplegics can be supported by Functional Electrical Stimulation (FES). From 
a functional point of view, the support of standing up is especially important, since it enables the 
paraplegic subject to reach objects, make transfers and communicate with other people face to face. 

A well-coordinated standing up movement requires a balanced activity of electrically stimulated 
muscles acting at the knee and hip, taking account of the upper body activity voluntary exerted by the 
subject. This upper body effort is required since joint moments generated with current electrical 
stimulation systems are insufficient to lift the body weight. In this way, the subject can also voluntary 
assist in balancing the body during standing up. 

Previous research on FES supported standing up /1-21 mainly focused on the control of knee 
extension via quadriceps stimulation. Mulder et al. 11/ proposed an on-off control scheme based on 
switching curves in the knee angle - angular velocity state space. 

However, activation of hip extensors in good coordination with knee extensor activation may be 
required for optimizing standing up 131: it may reduce the required upper body effort and improve the 
balance. The biarticular hamstrings muscles are especially suited for this purpose, because they 
simultaneously influence knee and hip joint moments and are well accessible for surface stimulation. 

CONTROL OF STANDING UP 
The current study focuses on strategies for the control of standing up. These control strategies should 
generate a well coordinated standing up movement, with simultaneous extension of knee and hip joints, 
requiring minimal arm force for lifting and balancing the body and minimizing muscle stimulation to 
reduce muscle fatigue. 

Several alternative control strategies may be conceived. The first is real-time feedback control, 
adjusting stimulation on the basis of on-line acquired sensory information, such as joint angles, 
orientations of the leg segments andlor interaction forces with the environment (ground reaction force 
and arm force). Several questions arise with respect to this approach: 
• can real-time adjustment of stimulation effectively influence standing-up, considering the relatively high 

inertia's and weights of the body segments and the relatively low joint moments that can be generated? 
• what sensory information is required for adequate feedback control? 
• what control algorithm should be used to adapt the stimulation on the basis of the sensory feedback 

information? 
If real-time control would not be sufficiently effective alternative control strategies may be considered, 
like the application of preprogrammed stimulation patterns or model based predictive control. However, 
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the effect of preprogrammed patterns may be variable and the model prediction inaccurate in the presence 
of relatively large voluntary upper body activity, which may not be very reproducible. 

As a first phase in investigating the possibilities of real-time feedback control, we performed a 
biomechanical model study. Two alternative control strategies for coordination of knee and hip extension 
were considered: the first strategy stimulates hamstrings if hip extension angle is behind knee extension 
angle, according to a preset linear relation; the second strategy stimulates hamstrings if hip extension 
velocity is behind knee extension velocity. In both strategies quadriceps, assumed to be mainly 
monoarticular knee extensors, were continuously stimulated. 

MATERIALS AND METHODS 
The biomechanical model 
A 2D three link biomechanical model was implemented in the simulation package SIMULINK, with arm 
force, hip and knee moments as kinetic input. The equations of motion were derived using the method of 
Lagrange /4/. Hip and knee elasticity were modeled using two exponential functions /5/. Hip and knee 
damping were assumed linear. Elasticity and damping parameters were taken according to Yamaguchi et 
al. /5/. Anthropometric data were obtained from Winter /4/, and scaled to total body length and mass. 
Muscle dynamics were modeled with first order dynamics (time constant 30 ms) and maximal joint 
moments depending on knee and hip angles. These angle dependencies were identified for one paraplegic 
subject. Voluntary upper body activity was simulated by an arm force controller, which continuously 
adjusted arm force according to a proportional control law, with a vertical velocity setpoint of 0.2 m/s for 
the center of mass and with a horizontal position setpoint. 

Preliminary open loop stand-up tests 
Standing up was tested in three patients, two of which are reported in this paper (TN and JO). Open loop 
stimulation of only quadriceps was compared to simultaneous stimulation of quadriceps and hamstrings. 
The muscles were stimulated using surface electrodes. Movements were measured with a VICON system, 
ground reaction forces with AMTI force plates, arm forces with instrumented arm supports. 

Model identification 
Model parameters of TN and JO were identified: body mass and length were determined for both 
subjects. Knee moments at several combinations of hip and knee angles were determined under isometric 
conditions using a KINCOM dynamometer system. For TN these relations were only determined at a 
single hip angle of approximately 90 deg. For JO knee moments were measured at varying hip and knee 
angle combinations for quadriceps and hamstrings stimulation. Only the angle - moment relations of JO 
were used for identification. For TN, these relations were scaled for the difference in maximal quadriceps 
knee moments. Hip and knee angle dependence of hamstrings hip and knee moments were identified from 
the measurements of JO, assuming a constant position of hamstrings attachment and center of rotation at 
the hip according to Brand et al. /6/, a Gaussian length - force characteristic of hamstrings /5,7/ and a 
straight muscle connection between origin and insertion. 

RESULTS 
Identification 
Body mass of JO and TN were 100 kg and 60 kg respectively. Their lengths were approximately the same 
(1.90 m). Maximal quadriceps knee moment was 20 Nm for JO and 75 Nm for TN, both at a knee angle 
of approximately 40 deg. The quadriceps knee angle - moment relation did not show a large dependence 
on hip angle (figure 1 a) . As expected, the hip angle dependence of the hamstrings knee angle - moment 
relation was much larger (figure Ib). 

Open loop stimulation of mono and biarticular muscles: preliminary experiments 
Open-loop standing up in TN (figure 2) showed knee extension before hip extension when using only 
quadriceps stimulation, whereafter the subject had to extend the hip joints by using his arm force. Adding 
hamstrings stimulation resulted in a simultaneous extension of knee and hip joints. However, too large 
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activation of hamstrings resulted in insufficient knee extension moment and the body tended to fall 
backwards. Required arm forces were between 30 and 60% of body weight. It was concluded that the 
monoarticular parts of quadriceps should be stimulated at a maximal level throughout most of the 
standing up and that hamstrings should be adjusted via feedback control. 

Open-loop standing-up in JO showed a large required arm force of approximately 80% of body 
weight. Quadriceps and/or hamstrings stimulation did not show a marked influence on standing up. 
Furthermore, JO had hip flexion spasms, which influenced standing up in a negative way. 
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Figure 2. Open-loop standing up in subject TN (experimental result /3/). 

Closed-loop control of standing up: simulations 
Simulation ofJO standing up predicted a large required arm force of between 60 and80% of body weight 
throughout standing up, and thus a low contribution of quadriceps, which is in agreement with open loop 
experimental tests. Hamstrings were not activation, since the large arm force already resulted in sufficient 
hip extension. For TN, however, simulations predicted an improved coordination of knee and hip 
extension with hamstrings stimulation, again in agreement with the experimental results. 
The two alternative hamstrings control strategies (based on the comparison of knee and hip angle or knee 
and hip angular velocity) were simulated for TN's body weigth and length for 3 strengths of hamstrings 
muscles: 1, 2 and 3.5 times the hamstrings strength ofJO. Figure 3a shows that hamstrings are activated 
too late, when controlled on the basis of knee and hip angle assessment. However, hamstrings control on 
the basis of knee and hip angular velocities yields an improved result in tracking the linear relation 
between knee and hip extension angles during standing up (figure 3b). 
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Figure 3. Real-time feedback control of hamstrings stimulation (simulations). 

DISCUSSION 
The current simulation results indicate that real time control of hamstrings stimulation can be effective 
despite large inertia' s and low joint moments generated by the muscles. However this can only be 
achieved if it is based on angular velocities rather than angles. It is evident that deviations from a 
simultaneous knee and hip extension can be earlier observed from angular velocities than from angles. 
More general, a proportional differential (PD) controller may be used for hamstrings control. 

It has not yet been evaluated whether such a control also results in reduced vertical and horizontal 
arm forces (balance) and reduced stimulation. 

Experiments and simulations indicate that real-time feedback control can only be effective in 
relatively well-trained subjects (high joint moments generated by stimulated muscles), who are not too 
heavy. 
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COMPUTERIZED ELECTROMYOGRAPHICAL ANALYSIS OF THE BIOMECHANICAL 
FUNCTION OF SELECTED MUSCLES IN LEVEL GAIT: A CONTRIBUTION TO THE 

DESIGN OF THE FES WALK 

J. Zollner, B. Herbsthofer, F. Bodem, J. Heine, A. Meurer 

orthopadische Klinik der Johannes Gutenberg - Universitat Mainz 

SUMMARY 

A knowledge of the exact activity pattern exhibited by the lower 
extremity muscles during the gait cycle is the basis for FES 
applications to human walk. We have developed a computer 
assisted electromyographic gait analysis system which is suitable 
for investigations of this kind. This paper describes the basic 
features of this system presenting exemplarily some selected 
findings of -typical muscle activity patterns measured in the lower 
leg of test subjects during continuous level walk. In particular, 
the electromyographic status found in a young athlete sUffering 
from a temporary paresis of the peroneus communis nerve is 
presented and the possible application of FES in cases of this 
type is discussed. 

MATERIAL AND METHODS 

In the biomechanics laboratory of our department the following 
computer assisted gait analysis system is used: During an 
uninterrupted test gait of a subject on a level walk way of about 
12 meters length the following measurements can be carried out: 

- Electromyographic surface activity of up to 14 muscles by 
electronically active skin electrode arrangements 

- Angular motion of the upper and lower leg in the sagittal plane 
by an optoelectronic goniometer system 

The measuring signals are transmitted from the walking subject via 
a trailing cable running in a track on the laboratory ceiling to a 
stationary signal conditioning unit. The suitably amplified and 
filtered signals are fed to a computerized data acquisition and 
processing system. In the subsequent digital data analysis the 
angular measurement data are used to identify the motion cycles of 
the recorded gait sequence. The electromyographic signal data are 
subjected to a digital high pass filtering for motion artefact 
suppression, a digital full wave rectification, and a digital low 
pass filtering, in that order. The signals of all recorded gait 
cycles (i.e. full strides) are then linearly superimposed (signal 
ensemble averaging). This procedure is carried out for a 
sufficiently large number of test gaits of the same type (n = 10) 
in order to obtain a sufficiently high number of gait motion 
cycles for a final signal averaging. It was found that by 
averaging over about 50 full strides electromyographic activity 
and angular motion patterns are obtained that are highly 
characteristic for the subject examined and the experimental 
conditions given. They are reproducible within narrow limits for 
most muscles of the leg in different experimental sessions if the 
experimental conditions are the same. The averaged angular motion 
curves of the upper and lower leg are used to calculate the 
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angular motion curve of the knee and to obtain 
differentiation the respective angular velocity and 
curves. 

by numerical 
acceleration 

These investigations are carried out within an experimental study 
endeavouring to develop a diagnostic tool for the clinical 
evaluation of selected gait characteristics of patients before and 
after orthopaedic and/or physiotherapeutic treatment. Healthy test 
subjects are examined to establish a normal gait data base for the 
assessment of pathological findings in patients or, as in the 
present instance, for the planning of selected FES measures in the 
treatment of gait disorders. 

RESULTS 

We exemplarily present in the following the electromyographic 
activity curves of some muscles during the gait cycle of a young 
athlete suffering from a temporary impairment of the dorsal 
extension biomechanics of the right foot due to a lesion of the 
peroneus communis nerve. Fig. 1 shows, top to bottom, the 
activities of the rectus femoris, biceps femoris, tibialis 
anterior, peroneus longus, and soleus muscles of the left healthy 
leg (left column) and of the right leg while affected by the 
paresis (middle column), and of the right leg 4 months later after 
partial rehabilitation (right column). The curves of 10 test gaits 
obtained by averaging over 6 full strides each have been 
superimposed in these graphs to demonstrate the fluctuations 
remaining when averaging over too small a number of motion cycles. 
A further averaging over these 10 curves comprising a total of 60 
gait cycles in this case would yield the highly reproducible 
curves described above. Nevertheless, the missing activity of the 
peroneus muscle of the affected leg is clearly evident from these 
graphs as well as the heavily reduced activities of the tibialis 
anterior and the soleus muscle (middle column). This is a 
consequence of the disturbed foot motion during both the stance 
and the swing phase of the gait cycle. 4 months later the walking 
motion of the patient's left leg had approached the normal pattern 
again with a partially recovered peroneus longus muscle activity 
and nearly normal activities in the tibialis anterior and soleus 
muscle. The patient was treated by a special shoe that kept the 
left foot permanently at right angles to the tibia thus 
facilitating level walk but leaving the concerned muscles 
inactive. In this particular case an appropriate FES could have 
be.en used to try to effect a close to normal walking motion. 
Moreover, by such a procedure a continuous training effect in the 
muscles inactivated by the disorder could have been achieved 
during the rehabilitation period. The findings obtained in the 
investigation of the walk of heal thy test subjects could be used 
in the development of an optimum electrical stimulation pulse 
pattern. In all subjects, for instance, widely symmetric activity 
patterns in the right and left leg muscles during uniform level 
walk have been observed. In context with the particular case study 
presented here we show in fig 2 as typical examples the 
electromyographic activity curves of the left (top) and the right 
(bottom) tibialis anterior (1), peroneus longus (2), and 
gastrocnemius (3) muscles. The phase shift of half a motion cycle 
has been omitted in these diagrams. Curves A, B, and C show the 
respective angular motion, angular velocity and angular 
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acceleration of the lower leg. It is evident that the EMG signal 
of normally activated contralateral muscles could be used as FES 
triggers for their handicapped counterparts in periods of uniform 
level gait at constant speed, for instance. 

DISCUSSION 

We conclude from the results elaborated in our gait analysis 
program so far that although there is a basic similarity compar1ng 
different healthy subjects the individual electromyographic muscle 
activation patterns are, nevertheless, very characteristic in 
detail. They are highly reproducible at unchanged experimental 
conditions. Although not completely identical, the 
electromyographic activation patterns of the left and the right 
leg are very similar in a healthy individual. These basic facts 
have to be considered in the planning of FES assisted walk. 

Dr. med. J. Zollner 
Orthopadische Klinik 
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LUMBAR ROOT STIMULATION FOR RESTORING LEG FUNCTION: RESULTS IN PARAPLEGIA 

DN Rushton-, N de N Donaldson", FMD Barr-, VJ Harper-. 
TA Perkins", PN Taylor- and AM Tromans- . 

"Department of Medical Physics, University College, London; 
Spinal Injuries Units, ~OH Stanmore and -Salisbury General Hospital; 

and the London Hospital Medical College. 

SUMMARY 

In December 1994 we implanted an intradural array of 12 tripolar electrode systems on the 
anterior roots L2-S2, left and right, at cauda equina level, in a 33 year old woman with a complete T9 
cord lesion of 3 years duration. They are driven by the stimulator system described in an accompanying 
communication. All channels give movements, in patterns that might be predicted from the known 
anatomy of the cauda equina. In particular, L2,3 give hip adduction; L3,4,and 5 give knee extension; 
all the above give hip flexion in addition; L5, SI,2 give hip extension and abduction; and SI,2 give 
plantarfiexion. L5 gives mixed movements at the ankle. Responses have been stable. Some thresholds 
have varied, probably as a result of tissue encapsulation. 

The moment generated within each degree of freedom of the legs has been measured for each root, 
using the multi-moment measurement apparatus described in an accompanying communication. For some 
roots (L5 in particular), a movement of lower threshold may be accompanied by a second movement of 
higher electrical threshold, suggesting that different muscles may have fibre populations that differ in their 
diameter or their location in the root. The use of stimulus forms which enable selective anodal block may 
in the future perhaps enable separation of two distinct movements from a single motor root . 

STATE OF THE ART 

As yet, there is no system for lower limb functional neurostimulation (FNS) in widespread 
community (as opposed to laboratory) use for restoring standing or walking in paraplegia. One of the 
reasons for this is that each of the stimulator systems tried has proved to have significant disadvantages 
in practice. The first and simplest type uses surface electrodes, and was first demonstrated in the 
laboratory over thirty years ago /11. This device stimulated quadriceps femoris only. For simple standing, 
this method works well. The problem is that if the system is elaborated by providing stimulation to 
further muscle groups, applying the electrodes soon becomes too time-consuming to be practicable. Also, 
surface stimulation is wasteful of current, good skin-care is essential, and stimulation varies with 
movements of the limbs. For these reasons, many workers /2,3,4/ have concluded that the scope of 
surface stimulation methods is essentially limited to experimental work, and that to obtain selective and 
consistent results, the electrode system must be implanted. At present, implanted electrodes fall into three 
main groups. The first type is percutaneous wires, which are inserted through the skin, and located to. 
the motor point using trial stimulation /3/ . These are easy for a practised operator to insert, and do not 
require formal surgery. It is possible to add as many wires as are needed; but they break eventually, and 
require skin-care at the entry-point. The second type is the nerve-cuff electrode, which is inserted around 
peripheral motor nerves in a fonnal surgical procedure /2/. Self-wrapping helical electrodes are a variant 
on this type /5/. The problem with these types is that a multichannel system for paraplegic standing and 
walking calls for increasingly extensive surgery, in order to access all the required nerves. The third 
group is the epimysial type of electrode, which is an implanted disc electrode, which in the case of large 
muscles is usually placed near the motor point. These require less dissection than the cuff type, but 
multichannel lower-limb systems still require extensive surgery . Cuff and epimysial electrode types both 
require a system of implanted cabling in the limb. Up to now, cabling in the lower limb has not been 
very satisfactory; cable conductor fractures are common. 
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MATERIALS AND METHODS 

This paper describes a new approach to lower limb FN5, which employs 12-channel stimulation 
of the lumbosacral anterior roots, between L2-52 inclusive. The electrode design, cable type, surgical 
approach and implantation technique are based on the successful and long-proven sacral anterior root 
stimulator implant ('5AR5I'), which is widely used in Europe to restore bladder control in paraplegia 16/. 
The stimulator design, the controller hardware and software, the patient selection procedure, and the 
'multi-moment chair' used to measure the responses to root stimulation, are described elsewhere at this 
meeting. The patient is a woman aged 33 years, with a complete 1'9 traumatic cord lesion of 3 years 
duration. 5he is the first patient to be implanted with this design of system, although an earlier version 
with a different multiplexer was implanted in 1990, in a man aged 50 years with a complete T6 traumatic 
cord lesion of 15 years duration 171. 

RESULTS 
Effects of stimulating single roots 
Each motor root when stimulated gives rise to a set of moments in the appropriate limb. One set 

of moment measurements obtained in this way is shown in Table 1. All roots except for L2R give 
substantial responses. In each cell of Table 1, the upper figure relates to the 'sitting' posture (hips and 
knees at 90"), and the lower figure relates to the 'standing' posture (hips and knees extended). Ankles 
are at 90" in both cases. For many cells, the moment is independent of posture. For some, such as hip 
extension using 51, the moment is posture-related, probably because of the change of mechanical 
advantage of the muscle actions involved. In some, such as ankle inversion from lA or L5, the movement 
was also highly posture-related, without any change in the joint angle concerned. This was probably 
reflex. 

L2 L3 lA L5 51 52 

Hip -30 -25 -10 -8 24 5 
Ext -25 -30 -15 -10 0 0 

Hip -28 -30 -8 12 12 2 
Abd -20 -30 -9 12 5 -2 

Hip 0 0 -2 2 15 2 
Ext Rot -5 -4 0 8 10 4 

Knee 10 20 15 0 -8 -3 
Ext 15 20 12 5 -10 -3 

Ankle 0 -5 8 10 20 5 
PI Flex -8 -8 0 -9 20 7 

Ankle 0 0 15 10 15 1 
Invert 0 0 1 0 10 4 

Table I. Joint moments (N m) for each degree of freedom in the left leg, for stimulation of single 
roots. Data collected 3 months after implantation. 

Standing 
The patient stands using her implant, during her regular visits to the laboratory. Two months after 

surgery she stood well, but during the following two months there was an increase in reflex hip flexion 
(which had to be countered with large upper body forces) and ankle inversion, (which occasionally 
overturned one ankle). We then altered the daily training so as not to stengthen inversion; this has been 
successful. Meanwhile the hip extension moments available from SI and 52 have increased, so that 
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standing has improved. Six months after surgery the patient was able to stand with only one hand for 
support. Standing is improving as the reflex pattern settles, and the extensors strengthen. 

Finding an inverse map 
The moments resulting from stimulation of different roots should not inhibit, occlude or facilitate 

each other, so that in theory the results of stimulating two or more roots should be predictable by adding 
the sets of moments algebraically. However, in practice the shape of the relationship between stimulation 
strength and moment may differ for each root, each moment, and each joint angle. It is likely that the 
most useful stimulation patterns will involve more than one root. The Multi-Moment chair simplifies the 
problem by making isometric measurements. If, after any initial transient, the response settles to a set 
of steady values, then that response can be located to a coordinate position in 6-dimensional moment 
space (there are 6 important degrees of freedom in the leg), while the corresponding excitation is located 
to a coordinate position in 6-dimensional stimulation space (there are 6 roots available for stimulation, 
for each leg). To produce particular desired combinations of moments, we need an inverse mapping 
between these two -spaces, so that for each desired moment combination we can calculate a corresponding 
stimulus pattern. We have used Radial Basis Functions for the inverse mapping /8/ . 

The practical difficulty is the number of moment combinations required in order to produce a 
useful model. The automated stimulation and data collection methods used allowed us to collect the 
responses to 90 such patterns of stimulus intensity in 30 minutes of testing. This is the longest practicable 
uninterrupted testing period, because of the patient's need for pressure relief. In one experiment we 
applied 360 patterns which gave all combinations, with 2 or 3 intensities at each root. This was tiring for 
the subject and causes significant muscle fatigue. The variations induced by moment changes from one 
testing session to another were attributable to changes in the pattern of reflex responses, and continuing 
changes in the strength and state of training of important muscle groups. The model generated, however, 
had a mean error of only 8 % in intensity for each electrode, when tested using unseen data. Another 
model generated more recently, using only 135 data samples, had a mean 14% error. We hope that when 
the muscles are fully trained and less fatiguable, so that the responses are more constant, the model will 
be accurate enough to use in a controller. 

Figure 1. 
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DISCUSSION 

The strength and fatigue-resistance of all muscle groups in this patient have continued to improve 
during the fIrst six postoperative months, in spite of the fact that she trained every day, using surface 
stimulation, during the selection procedure (see accompanying communication) and for six months prior 
to surgery. This is likely to be because root stimulation gives access to the whoLe motor output, while 
surface stimulation reaches only part of it. One root (L2R) has given small moments throughout (except 
on the day of surgery), and it is likely that this is attributable to surgical damage. Regeneration may yet 
occur. It is known from experience with the SARSI that spinal roots are sometimes damaged, in spite of 
taking every surgical precaution /6/. Besides training, and the moment mapping experiments reported 
here, standing tests have been performed regularly, in which the intensities have been adjusted 
empirically, and satisfactory standing has recently been achieved. Good intensity patterns for extension, 
found by expert trial and error during standing, agree well with data found by rapid automated searching 
in the Multi Moment Chair. The flexion reflexes noted on the moment measurements have also been 
clinically present on standing, particularly hip flexion. In this patient, the combinations of lower limb 
moments that are accessible to root stimulation include those that are essential for standing and stepping. 
The stimulator control programmes, the multi-moment chair apparatus, and the data collection 
programmes together enable the rapid collection of large quantities of data. This enables us to make the 
testing sessions relatively 'friendly' for the patient. 
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SUMMARY 

A FES control system for support of the mobility tasks standing up, making a right or left step and sitting 
down has been designed and tested. The control system features the detection of the intentions of the user 
by artificial sensor inputs and an intention detection finite state model of the tasks. No voluntary 
command input is required from the user during the use of the system. The control system is realised and 
tested as part of a hybrid system, consisting of a STEEPER Advanced Reciprocating Gait Orthosis 
(ARGO) and external stimulation of quadriceps, hip flexors and hamstrings using electrodes on the 
surface of the skin. The sensor system consists of spring preloaded switches in the crutches, 
accelerometers, used as inclinometers, at the upper legs, hip and knee lock switches and (optionally) hip 
goniometers. The sensors are integrated in the crutches or attached to the orthosis. Preliminary testing 
has been performed. 

STATE OF THE ART 

Stimulation systems have been developed for the restoration of mobility of paraplegic patients 14, 5, 71. 
All of these systems need explicit control by the user during the performance of the mobility tasks. In 
most cases the control input is generated by the patient using manually operated switches. 

Andrews et al. 11/ introduced implicit intention detection using artificial sensors on the body used for the 
control of standing and gait. In this study we extend this principle of implicit intention detection also for 
the tasks standing up and sitting down and the automatic identification of the task to be performed. 

MATERIALS AND METHODS 

Control System Design 
The control system architecture has a multi-level architecture (see also Chizeck et aI. 12/) (figure 1): the 
high level intention detection, the intermediate task control level and the low level stimulation control. 

The structure of the high level intention detection system is shown in figure 2. The mobility tasks 
standing up, sitting down, making a right or left step are modeled as transfers between stable states. The 
initiation of these state transfers is controlled by the intention of the user, which is implicitely detected by 
sensors on the orthosis and in the crutches: The intention to stand up is detected by crutch loading in a 
sitting posture; sit down by the unlocking of the hip and knee locks of the orthosis during a standing 
posture. The intention for a leit step is detected by crutch loading with the right leg in front ; a right step 
by crutch loading with the left leg in front. 
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Intention Detection 

Task Control 

Control of Individual 
Stimulation Channels 

Figure 1 

Figure 1. Hierarchical structure oj the FES mobility control system. 

step right 

Figure 2 

Figure 2. Finite state model ojmobility tasks. The mobility tasks standing up, sitting down, left step and 
right step are modeled as transfers between postures. The conditions jor these transers are detected 
using artificial sensors on the orthosis and in the crutches. 

In the current control system stimulation supported stepping is initiated after the patient has made the first 
step with only upper body effort. Stimulation support of the first step would require an extension of the 
current intention detection system. 

Identification of the postures sitting and standing is performed using tangentially directed accelerometers 
at the upper leg /9/, statically measuring the inclinations of these body segments. The detection of the 
relative position of the legs during stance is also performed by accelerometers on the upper leg used as 
inclinometers. Previously /3, Ill, a goniometer at the hip was used. 

At the task control level the coordination of a task is performed. Stimulation timing and activation levels 
of the stimulated muscles groups are determined by this level. Stimulation is only required during the 
dynamic transfer tasks standing up, sitting down, stepping left or right. The postures sitting and standing 
(both feet together, or one in front of the other) do not require stimulation, because the required 
stabilisation is realised by the orthosis. In the current control system preset stimulation patterns are mainly 
applied open loop, after the detection of the intention of a transfer task. During standing up quadriceps is 
first stimulated and hamstrings beyond a preset inclination angle of the upper legs. During sitting down 
quadriceps and hamstrings stimulation is gradually reduced. Left hip flexors and right hamstrings are 
stimulated at the start of a left step, right hip flexors and left hamstrings at the start of a right step. 

The low level stimulation control is currently limited to stimulation of the muscles with fixed frequency, 
pulse width and pulse amplitude. Only the timing of the stimulation bursts are applied according to the 
commands from the intermediate layer. 

Control System Realisation 
The hybrid system consists of a combination of surface stimulation and a STEEPER Advanced 
Reciprocating Gait Orthosis (ARGO). The control system requires the following sensor set: Spring 
preloaded switches in the crutches (the switches detect crutch loading above a preset force threshold), hip 
and knee lock switches and upper leg accelerometers (tangentially mounted), used as inclinometers. A hip 
goniometer is optional. The accelerometers, hip and knee lock switches and the optional hip goniometer 
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are attached to or integrated in the orthosis. Stimulation electrodes are mounted directly on the skin using 
self adhesive electrodes (pals Axelgaard, 5x9 cm). 

The control system has first been implemented on a portable controller/datalogger system (Infotronic 
Ultraflex) for initial testing, and is now implemented in dedicated hardware. In the initial phase an 8 
channel programmable, and with the dedicated system a 4 channel non-programmable stimulator (SMS4) 
was used, designed by Roessingh Research and Development. 

The gait control part of the system using a hip goniometer and spring preloaded switches in the crutches 
has been tested previously in 5 paraplegic subjects /3, 111. The first implementation of the total control 
strategy was tested in two sessions with one patient. 

RESULTS 

Testing of the gait control part in five subjects indicated good functioning. Some erroneous state 
detection occured especially during turning. 

Preliminary testing of the total control strategy, indicated the principle well functioning of the system. The 
subject needed some assistance during standing up and sitting down, because his quadriceps and 
hamstrings were insufficiently trained and he had some flexion spasms during standing up. This indicated 
that only well selected and trained paraplegic subjects may benefit from the standing up and sitting down 
parts of the system. Walking was satisfactory with the system, comparable to the first tests of gait 
control. Detection of relative leg positions using upper leg accelerometers showed comparable 
performance as a hip goniometer (figure 3). 
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Figure 3. Detection of states in the gait cycle using low pass filtered (2 Hz cult-off frequency) upper leg 
accelerometer signals. ill a paraplegic subject walking with FES and orthosis. For comparison hip 
angles are given. 

DISCUSSION 

In this paper, we presented a hierarchical control strategy, which requires minimal explicit attention from 
the user. The intentions of the user with respect to the task to be performed and the moment of execution 
are automatically detected using a finite state model of the tasks and artificial sensors on the orthosis and 
on the crutches. 
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The sensor set, consisting of upper leg accelerometers, hip and knee lock switches and spring preloaded 
switches in the crutches, could be well integrated with the orthosis. Upper leg accelerometers performed 
reliably in detecting the relative leg positions during gait, when their signals were low pass filtered at 2 
Hz. The stance phase appeared to be sufficiently static to use the accelerometers as inclinometers. 
Accelerometers on the upper legs have the advantage that they can more easily be integrated with the 
orthosis than hip goniometers and that they additionally can distinguish sitting from standing by the 
inclination of the upper legs. 

The control system has been designed in combination with an existing orthosis system and surface 
stimulation. Part of the principles may however also be applicable in the control of implanted stimulation 
systems, combined or not combined ' with orthosis. In the current · control system preset stimulation 
patterns are applied open loop, after the detection of the intention of a transfer task. In future the 
stimulation patterns can be adjusted from step to step for gait, e.g. to control step length /3/. 
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SUMMARY 

In this study two aspects of hybrid FES orthoses were investigated: joint motion constraints and the FES 
control strategies. The effects of joint motion constraints on the gait of nonnal subjects were flrstly 
investigated using modem motion analysis systems including EMG and heart rate measurements. An 
orthosis was developed to impose joint motion constraints, the knee and ankle could be fixed or free and 
the hip joint could rotate independently or coupled according to a pre-set flexion-extension coupling ratio 
(FECR). Compared with 1: 1 hip FECR, the 2: 1 ratio was associated with a reduced energy cost, increased 
speed and step length. The knee flexion during swing significantly reduced energy cost and increased 
walking speed. Ankle plantar flexion reduced knee flexing moment during early stance phase. Secondly, 
trials on three paraplegic subjects were conducted to implement some of these flndings. It appeared that 
the 2:1 FECR encouraged hip flexion and made leg swing easier. A simple FES strategy increased 
walking speed and step length, and reduced crutch force impulse using flxed orthotic joints. 

STATE OF THE ART 

A reciprocal walking pattern can be restored in complete paraplegic persons using purely mechanical 
orthoses, for example, the ParaWalker [1] and the Reciprocating Gait Orthosis (RGO) [2]. Although the 
energy cost of reciprocal gait is lower than that of swing-through gait, it is still up to 6 times the energy 
cost for using a wheelchair, even at very slow walking speed, so that the users gain only limited 
functional beneflts [3]. Functional electrical stimulation (FES) in conjunction with mechanical orthoses 
(the hybrid FES orthosis systems) has been used to increase the efficiency of paraplegic gait [4-6], and 
moderate reductions in energy cost have been achieved, suggesting that further improvement in hybrid 
orthoses may be possible. 

Many hybrid FES systems are based on existing mechanical orthoses which were originally designed 
without considering the potential incorporation of electrical stimulation. Inadequate hip flexion and flxed 
knee ambulation are major shortcomings of the exiting systems. To address these problems, this study 
investigated the effects of joint motion constraints on the gait of three nonnal subjects with the aim to 
derive guidelines for further development of hybrid systems. Paraplegic gait was then evaluated in the 
optimal configurations and FES strategies were implemented. 

MATERIAL AND METHODS 

Nonnal Subject Study 

To impose joint motion constraints to the subjects, an assessment brace was developed. It had uniaxial 
knee joints with drop locks, uniaxial modular ankle joints with double action, and specially designed hip 
joints which could rotate either independently or coupled to each other according to a pre-set extension­
flexion coupling ratio (FECR). A total of 12 configurations was tested in the study: free hip or coupled 
hip with 1: 1 or 2: 1 FECR, free or locked knee (FK or LK), locked or plantar flexion free ankle (LA or 
PA). Figure 1 shows the theoretical angle-angle diagram of the coupled hip joint demonstrating the 
deflnition of FECR at the ends of the curves. 
The VICON movement analysis system, two Kistler forceplates, two foot switches and an eight-channel 
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EMG system were used to collect all data necessary for gait 
analysis. To obtain some estimate of energy cost, heart rate was 
recorded and the Physiological Cost Index (PCl) was calculated 
[7]. Three healthy subjects participated in the study. Prior to the 
test programme, they underwent a training programme. During 
the actual tests, sufficient time was allocated for the subject to 
adjust to the new joint constraints before any data was collected. 

Patient Study 

Three paraplegic volunteers participated in the study, two of them 
used elbow crutches to assist walking and the other walked in 
parallel bars. Two sessions were undertaken for each of the com­
parisons: 1:1 and 2:1 FECR without FES, and with and without 
FES assisted hip flexion. The peroneal nerve or rectus femoris 
was stimulated to produce hip flexion. Goniometers and strain 
gauge transducers were used to measure the hip angles and 
crutch axial forces, respectively. Again, PCI was used as an 
estimate of energy cost. 

RESULTS AND DISCUSSION 
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Figure1. Theoretical angle-angle 
diagram of the new orthotic hip. 

oICl 

:30 

0.20 

E 10 
~ 

~ o~---+-~~~-
·10 

·20 '------'------
-:30 ·20 ·10 0 10 20 ::0 4J 

right hlp 

Figure 2. Hip angle-angle dia­
gram of normal walking. 

The three subjects had significantly (p<O.01) different PCIs and 
walking speeds, so that the data were normalised as percentage 
of the individual subject's overall mean to eliminate the inter­
subject variability. As shown in Table 1 the 2:1 hip ratio was as­
sociated with lower PCI, higher speed and longer stride length 
compared with the 1: 1 hip ratio, demonstrating superior perfor­
mance of the 2:1 hip in normals. In normal walking the hip 
FECR is approximately 2: 1 at heel strike (Figure 2). The Table 1. Mean(±SD) normalised PCI and 

speed, and stride length in different brace con­
figurations 

hip coupling mechanism in the RGO imposed a hip FECR 
of 1:1. By imposing a ratio higher than 1:1 on paraplegic 
walking, an increase of the step length is expected. The 
objective is to increase the step length and speed without 
significantly increasing the energy requirement Compared 
with the ·free hip, the 2: 1 hip produced similar PCI, lower 
speed but longer stride length, having no obvious ad­
vantages over the free hip configuration. 

The LKLA configuration produced the highest PCI in all 
knee and ankle configurations. Therefore, FK or/and PA 
are desirable in reducing energy cost During swing phase, 
knee flexion ensures foot ground clearance and keeps 
excursions of the centre of gravity of the body small, 
resulting in an energy efficient gait. Ralston [8] reported an 
45% increase in energy cost in normal walking when the 
knee movement was restricted. Bataweel and Edwards [9] 
demonstrated that a 56% reduction in energy cost could be 
achieved in paraplegic walking if the knee joint was 
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PCI 
(%) 

speed 
(%) 

stride length 
(m) 

free hip 92(±16) 106(±11) 1.031(±O.155) 
1:1 hip 115(±34) 95(±15) 1.10 1 (±O.072) 
2: 1 hip 92(±24) l00(±l1) 1.170(±O.075) 

LKLA 
FKLA 
LKPA 
FKPA 

123(±28) 
99(±24) 
89(±22) 
85(±l6) 

88(±12) 1.036(±O.142) 
99(±10) 1.093 (±O.099) 
102(±7) 1.118(±O.I26) 
112(±9) 1.157(±O.080) 

LKLA - Locked Knee, Locked Ankle 
FKLA - Free Knee, Locked Ankle 
LKP A - Locked Knee, Plantar free Ankle 
FKP A - Free Knee, Plantar free Ankle 



allowed to flex during swing phase. Existing hybrid systems using 
RGO or ParaWalker usually have a fixed knee joint which results 
in a high energy cost. 

Compared with the LA (Figure 3), the knee flexion angles and 
flexing moments at early stance phase were significantly lower 
when the ankle was allowed to plantar flex. It is a potential 
advantage in FES walking that less knee extension stimulation is 
required when the knee is self-locked by the extending moment. 
Ankle plantar flexion occurs in early stance to achieve a con­
trolled foot flat and in late stance to facilitate push-off. Bajd [10] 
tested FES assisted ankle plantarflexing at the tenninal stance 
phase in paraplegic walking, and found that for the incomplete 60 

subjects FES ankle plantar flexion brought about significant 
improvement. 36 

12 
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The hip coupling mechanism worked well with the FECR 
-60 h-_~_~ __ ~_~_~ 

approaching the designed values. All subjects felt that the leg 
was easier to swing through with 2: 1 FECR. Compared with the 
1: 1 FECR, the 2: 1 FECR was consistently associated with lower 
PCI and longer stride lengths although this was not always 
statistically significant. The effects of hip configuration on the 
walking speed were variable between different days. Increases in 
walking speed did not always coincide with the increases in 
stride length, suggesting that the cadences were decreased. From 

o 20 40 60 80 100 
% Gait Cycle 

I-LA-PAI 
Figure 3. Average knee joint angles 
and moments showing differences 
among orthosis configurations. 

the limited crutch force data, it appeared that 2: 1 FECR was related to higher crutch impulse compared 
with the 1: 1 FECR. This may related to the fact that with an increased step length, the centre of mass 
(CM) of the torso would be lower at heel strike and more power was required to move the CM upwards 
and forwards from the upper limb muscles. 

Table 2. Results from patient tests 

Subject G Subject A Subject W 
Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 

Fixed knee and ankle NoFES 
FECR 1:1 2:1 1:1 2:1 1: 1 2:1 1:1 2:1 1: 1 2:1 1: 1 2:1 
PCI(beat/m) 2.7 *2.2 1.8 1.6 3.4 3.6 9.4 8.3 5.6 *3.2 3.6 3.2 
Speed (mls) 0.29 *0.32 0.42 0.40 0.24 0.23 0.14 0.11 0.10 *0.14 0.17 0.18 
Stride Length (m) 1.04 1.08 1.14 1.12 0.91 0.94 0.66 0.68 0.48 *0.52 0.65 0.71 
Actual FECR 1.05 2.10 n/a n/a 1.0 1.9 0.9 1.8 0.9 1.9 1.1 2.1 
Crutch impulse (Ns) n/a n/a 361 364 n/a n/a 559 634 n/a n/a n/a n/a 

FECR=2:1 Fixed knee and anlde I 
FES No HFS No HFS No HFS No HFS I 
PCI(beat/m) 4.2 *2.8 3.7 3.3 5.2 *2.8 5.3 *1.1 I HFS: Hip flexor stimulation. 
Speed (mls) 0.31 0.34 0.31 0.36 0.18 0.20 0.19 0.22 I 
Stride Length (m) 0.98 0.% 0.94 1.12 0.74 0.78 0.76 *0.82 I *: p < 0.05 
Crutch impulse (Ns) 420 *327 431 *367 617 *445 454 *434 I 
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The FES assisted hip flexion, compared with no FES, was associated with significantly reduced PCls and 
crutch force impulses and with increased walking speeds and stride lengths. To achieve a step in RGO 
walking, a paraplegic person transfers his weight onto the stance leg by pushing down the ipsilateral crutch 
and then extend the contralateral hip and pull the body towards the anteriorly positioned contralateral crutch 
thus flexing the ipsilateral hip via the coupling cable. With FES assisted hip flexion, the effort to extend the 
contralateral hip and to pull the body would be reduced. Solomonow [5] found that RGO+FES walking was 
related to the lowest energy cost compared with RGO, long leg brace, and pure FES gait. The ORLAU [6,11] 
reporte~ that compared with pure ParaWalker walking the stimulation of gluteal muscles resulted in 6-9% 
reduction of energy cost and 10-50% reduction in crutch force impulses. 
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- the input for the control algorithm is the infonnation of pressure sensors under the feet, strain gauges and 
hand switches on the crutches, switches and electrogoniometers on the knee. 
- the controller should increase the number of stimulation channels from 2 to 2x2 by multiplexing the 
output of the stimulator, so that i.e. the Hamstrings and Quadriceps can be activated alternately. 

Clearly a lot of input and output channels, digital as well as analogue, are required. This is why we have 
chosen the Motorola MC68HC 11: it has a large number of input and output channels, an 8-channel AID 
converter and a built-in programmable timer. 

Input: the input data to the controller is acquired from 5 different sources. 
- 6 pressure sensors (Interlink FSR 151) under the feet and 2 strain gauge bridges on the crutches provide 
infonnation on the gait phase as an input to an automatic step intention detection algorithm. The analogue 
signals are amplified and conditioned before they are converted to a digital value. 
- 2 hand switches may override the automatic intention detection in case of malfunctioning 
- 2 switches inside the knees detect if they lock at the end of the swing phase 
- 2 electrogoniometers (Hewlett Packard HEDS 5500) follow the trajectories of the knees during the 
swing phase -

Processing: the programmable timer generates a 100 Hz timer interrupt. The interrupt routine polls the 
input channels. An automatic gait detection algorithm updates the step phase (finite state) and the 
controller activates the necessary output lines for the stimulation pattern. 
Figure 1 is an example of the control scheme during nonnal gait. When a timer interrupt is generated, the 
program checks if the stimulation is going on yet, which means that the person is in the process of taking a 
step forward . If that is the case, the counter is incremented and the program looks up in a table which 
action the new counter value corresponds with. If the person is not taking a step, the program checks 
consecutively if a hand switch is pressed or if the automatic step intention algorithm has detected a step 
intention. If so, the counter is reset and the appropriate stimulation pattern is started. If flexion of the knee 
during swing phase is allowed, the control scheme is adapted taking into account the additional 
infonnation of the switch in the knee and the electrogoniometer. 
The main program is stored in external EPROM. To change the parameter settings, the rnicrocontroller 
has to be serially linked to a PC. The settings are then stored in EEPROM. To increase the memory 
capacity of the MC68HC 11, 8K external RAM and 8K external EPROM are added to the built-in memory 
(256 byte RAM and 512 byte EEPROM) 

I Timer Interrupt I 
1 Yes 

I Stimulation Pattern Busy? I 

1 No 
Yes 

Hand Switch Hand Switch Pressed? I 

Pressure Sensors 

1 No 
Yes 

Strain GaulZes 
Step Intention Detected? 

1 "I Initialize Counter I 
1 No 

1 Increment Counter 

I I RTI r I and Action (Counter) 

FIG. I OPEN LOOP CONTROL SCHEME 
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SUMMARY 

A portable control system has been developed to be used with a commercially available 2-channel 
stimulator and an Advanced Reciprocating Gait Orthosis (ARGO) with a flexible knee mechanism. 
Because of the great number of input and output signals the Motorola MC68HCll has been selected. 
The input to the system consists of signals from pressure sensors, switches, electrogoniometers and strain 
gauges. Based on this information, the control unit can activate the stimulator and unlock the knee at the 
appropriate moment. 
The controller works with a commercially available 2 channel EMPI stimulator. The output of the 
stimulator is multiplexed to get a 2x2 channel system. 
The micro controller is programmed in Assembler. To change the settings of the parameters, the controller 
has to be linked with a Pc. The necessary changes can then be made using a software platform written in 
C++. 
First test results of the different parts of the control system are positive. 

STATE OF THE ART 

For the restoration of walking of paraplegics, several techniques are applied: Functional Electrical 
Stimulation (FES), a gait orthosis or a combination of both [1]-[4]. The later option benefits from the 
advantages of both other techniques: the orthosis provides safety and low energy consumption during 
standing and FES assists the propulsion. The current paper describes the control unit of such a combined 
ARGO-FES system. The knee mechanism of the ARGO, used for this hybrid system, is adapted so that 
flexion of the knee is allowed during the swing phase [5]. 
The control unit is built around a Motorola MC68HCll. This microcomputer is becoming a standard 
building block for the control and analysis of gait [6]-[7]. 
Most of the controllers described in literature are designed to work with a self-developed stimulator. The 
control unit in this paper is intended to increase the functionality of a commercially available stimulator. 

MATERIAL AND METHODS 

The idea of this study was not to build a complete stimulation system, but to take a commercially available 
stimulator, in this case the EMPI Respond Select Neuromuscular Stimulator, and to overcome its 
programming and control limitations by developing a control unit. 
The EMPI Respond Select Neuromuscular Stimulator is a 2-channel stimulator that can be controlled by 
hand switches. The stimulation channels function as long as their respective hand switches are pressed. The 
frequency and the stimulation ampl.itude can be set manually. 
The general design considerations for the control unit were the following: 
- the controller must generate the appropriate stimulation pattern by switching the two available 
stimulation channels on and off and it also has to control the knee mechanism. 
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Output: the controller has to switch the stimulation channels on and off and select which of the 2 muscles 
that are attached to that channel, is going to be stimulated. This is achieved by the circuit on figure 2 with 
mechanical relay switches (only the control of 1 channel is shown schematically). The signal generated by 
the microprocessor is amplified by a transistor in order not to drain too much current. Two Clark PRMA 
IB05C relays switch the channels on and off Two Zettler AZ830 2C relays select the muscle groups. The 
Zettler is a double relay so that the 2 internal switches are controlled by the same signal. This is important 
in order to ensure the synchronicity of the switching. Otherwise, if the toggling of one switch is delayed, an 
electrode on the Hamstrings could become connected with an electrode on the Quadriceps during that 
delay. 
The controller also gives the triggering signal to the knee unlocking circuitry. 

ON/OFF 
CONTROl . 

MUSCLE 
SELECTION 

CONTROLLER 

FIG.2 CONTROL AND MULTIPLEXING 

RESULTS 

Channell 
ON/OFF 

Channell 
OUT 

STIMULATOR 

The different control elements (pressure sensors, switches, strain gauges and electrogoniometers) have 
been tested with a positive result.. The automatic gait detection system based on pressure sensors alone 
works well during normal walking, but it has some difficulties to detect turns. The effect of combining the 
information of the pressure sensors with that of strain gauges in the crutches is still under investigation. 
The entire system is not yet tested in the ARGO-FES combination. It is not yet clear if the 100 Hz 
sampling rate can be retained if all the different parts of the control program are combined. 
However, the control of the stimulator and the multiplexing of the output channels have been tested in a 
FES-bicycling environment. 
Considering the information of an electrogoniometer mounted on the crank. of an ergometer, the 
Hamstrings and Quadriceps were stimulated. The control system worked properly. 

DISCUSSION 

A portable control system developed for an ARGO-FES hybrid gait orthosis is presented. By multiplexing 
the output of a commercially available stimulator, a 2-channel system can be turned into a 2x2-channel 
system. The major advantage of this is of course that it is a cheap way of enhancing the possibilities of 
your system. It is clear however that you do not get a real4-channel system so that it is only interesting 
when you have muscle groups that are never activated at the same moment (e.g. the Hamstrings and the 
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Quadriceps of the same leg). Another drawback is the fact that the parameter settings of the 2 muscles 
stimulated by the same charmel carmot be set independently. 
Future research will be concentrated on the further development and testing of the entire control system. 
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SUMMARY 
The re-designed Cochlear FES-22 implantable stimulator has received considerable development in both 
hardware and software over the past three years; specifically for muscle conditioning, muscle testing and 
stimulation artifact recordings, muscle force output measurement, and state controller for open loop stimu­
lation during standing with built in capability for closed loop . The implanted subject, a T -10 paraplegic 
male (CS), is able to exercise his knee and hip extensors for 20 minutes before onset of muscle fatigue. 
Subject CS is also able to stand using the Cochlear FES-22 stimulator and the Andrews FRO braces for 5 
minutes before general tiredness. 

INTRODUCTION 

For the thoracic level Spinal Cord Injured (SCI) person, there has not yet been developed a safe and inde­
pendent, energy efficient standing system using an implantable FES device with below the knee bracing for 
home and work use. Advances in the control of the neuromuscular system with Functional Electrical 
Stimulation (FES) alone or in combination with orthotic support have been made by several researchers [I). 
Our aim is to continue to develop and demonstrate the use of the Cochlear FES-22 channel implantable 
stimulator [2-4], together with the Andrews' hybrid system [5], composed of a Floor Reaction Orthosis 
(FRO) and a sensor feedback controller. The system will be used daily both in the home and work place for 
the restoration of prolonged standing (30 minutes) and reaching (shelf, counter) in paraplegic persons. 

DEVELOPMENT 

The Cochlear FES-22 stimulator is a modified Cochlear Mini-22 (Cochlear Pty . Ltd., Australia) cochlear 
implant which was re-designed to provide limb movement in paraplegic individuals. A 23 year-old T-I0 
paraplegic male (CS) was implanted in November 1991 [3). Extensive modification of the external hard­
ware and software has been done to convert the Cochlear FES-22 system to FES use with the possibility of 
multiple electrode stimulation for lower limb movement. 

Basic FES-22 System 
The receiver/implant delivers a balanced biphasic, constant current pulse to any of the 22 channels with in­
dependently adjustable amplitude up to 4.3 mA and pulse width 400 Ils. Each channel is connected through 
a lead wire to a 2.5 mm platinum epineural disk electrode, which is sutured over the branches of the femo­
ral, gluteal or sciatic nerves [3). The implant requires a command word for each channel to be stimulated 
(anode, cathode, amplitude, pulse width). An external device (MSP) provides this control and power to the 
implant through a 2.5Mz radio-frequency link (Fig I). It generates the code to stimulate a group of elec-

r-__ f1....:::g_ure_l;;,..:..;.,Portable CochJear FES-22 system 

Laptop PC 
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trodes once (burst) . The MSP stores up to 7 groups of 10 electrodes maximum. Global control of stimula­
tion patterns is done on a 486 desktop (Gateway 2000) through the parallel port and a custom design I/O 
interface build around the MSP. Sensor signals for test or closed loop control are acquired through a ac­
quisition board (Data Translation): 12 bit, 16 channel NO with a sampling rate of 100 Hz and 8 digital 110. 
Programming is done in C for DOS (Visual C++). A ruled base state controller is driving the stimulation 
and sampling with a base cycle of 10ms (lOOHz). Since at least one controller cycle is reserved for the im­
plant power charge, this allows a stimulation burst to be triggered by the controller every 20, 30, 40 or 50 
ms, which yields a stimulation frequency of 50, 33, 25 or 20 Hz. To start a stimulation burst, the controller 
select the correct group in the MSP memory, load any variable parameters and trigger the stimulation. The 
stimulation code for each group and any static stimulation parameters are loaded before the controller is 
started. A user interface allows the management of the stimulation parameters. 

Home Muscle Conditioning 
A streamlined system (PC-386, MSP) was devised for muscle restrengthening at home. The program al­
lows the continuous stimulation of up to 5 groups of 10 electrodes for a duration of 1 to 59 sec per group. 
Once the last group is terminated, the 1 st group is started again. Each channel is individually programmable 
and each group has its own stimulation frequency . The stimulation parameters cannot be modified by the 
subject (password protection) . 

Manual Muscle Test & Stimulation Artifact Recording 
The state of each implant channel, implanted electrode and stimulated muscle/nerve has to be periodically 
controlled. A Manual Muscle Test program controls the stimulation of each channel individually, the ampli­
tude or pulse width can be continuously changed using a hand held control box. The expected muscle con­
traction can be graded from 0 for no contraction to 10 for a normal contraction. The stimulation artifacts 
are recorded by surface electrodes (Ag/ AgCl Dynatrace, Medtronic) connected to a P-15 differential AC 
amplifier (Grass Inst.), visualized on a digital oscilloscope (HP model 54601 A). The artifact can be down­
loaded to a PC for storage and off-line analysis (HP ScopleLink with RS-232 interface). 

Muscle Force Output Measurement 
To quantify the muscle contraction during isometric exercise for different stimulation parameters, the sub­
ject can be tested on a Cybex 350 dynamometer (Cybex). The Test program controls the stimulation of 
each channel individually for a fixed set of parameters, while storing the Cybex output signal. The Cybex is 
fully calibrated before each test. The test data is stored in a binary, and can be reconstructed off-line using 
the calibration matrix to determine the muscle torque output. A variation of the test is to stimulate a group 
of up to 3 electrodes for an extended period of time (30 to 60 minutes) with variable on/off cycles. This 
will quantify the fatiguability of muscles involved in a specific limb movement (i. e., knee extension). 

Open Loop Standing 
A simple standing open loop program provides the three following patterns: sit to stand , stand to sit and 
standing. In sit-to-stand pattern, the stimulation is applied 1] bilaterally to the hip extensors at the preset 
maximum level of stimulation; 2] bilaterally to the knee extensors, first for 1 second at the preset minimum 
level of stimulation, then for 1 second at a level half between minimum and maximum preset level of stimu­
lation, then for 2 to 10 seconds at the preset maximum level of stimulation. The controller then switches to 
the standing pattern. In standing pattern, the stimulation is applied 1] bilaterally to the hip extensors at the 
preset maximum level of stimulation; 2] bilaterally to the knee extensors, at a submaximum level of stimula­
tion . This level can be changed in real time while the patient is standing. The knee extensors can be 
manually turned on/off and the FRO is able to maintain the knees in extension, if correct posture is main­
tained [5]. The knee extensors stimulation can also be toggles between the preset maximum and the sub­
maximum level . In stand-to-sit pattern, the stimulation ramps down from the preset maximum to the preset 
minimum level of stimulation bilaterally on the knee and hip extensors, in 2 to 10 seconds. 
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Safety Standing Frame 
A standing frame is used to support the subject if the stimulation fails to prevent any injury. It is a proto­
type design and manufactured by the Maine Anti-Gravity System (MAGS), Inc., Portland, Maine. The sys­
tem is composed of the MAGS suspension vest and a ten foot overhead track with a winch motor and safety 
hanging line. The vest wraps around the subject from the iliac crest up to the chest. The vest is self tight­
ening around the abdomen as soon as the patient pulls down the suspension system. The winch motor is 
powerful to assist the patient to regain an upright position in case of knee collapse. This system does not in 
any way impeach the subject movement and posture, but will prevent any falling. 

RESULTS 

During the 40 months of implantation, there has been no medical complication, especially infection. The 
original receiver/stimulator implant was thought to have been partially damage by electrostatic discharges 
(ESD). With changes in the software and hardware, the receiver was energized to a level of partial func­
tion. Artifact measurements reveal that 14 of the 20 channels have appropriate output waveforms and elicit 
muscle contraction, including the knee extensors and half of the hip extensors and ankle electrodes. The 
two spare channels are still producing a stimulation artifact (Table 1). 

Table 1 
unpJant e ectr es or su )Jeet edl od fI b' CS 

artifact 16 7 Good to Nonnal 14 functional 
7 Poor 
2 Zero grade 

no artifact 4 4 Zero grade 6 non functional 
spare 2 2 spare 
total 22 22 total 

Conditioning of the knee and hip extensors and the ankles is done at home by subject CS lying supine with 
hips in 30° of flexion. Each knee extends alternately with a duty cycle of 4 sec on, 4 sec off. Stimulation is 
set at 20 Hz, 200~s pulse width, with an amplitude set at supramaximal contraction at the start of the exer­
cise. CS conditioned muscles are graded to good contraction (8 to 10/1 0). They are able to contract for 20 
minutes before onset of muscle fatigue. 

Subject CS is now training in the use of the hybrid FES-22 stimulator for continuous standing (open loop). 
CS is able to stand safely in the "C' posture for up to 5 minutes before general tiredness. During the stance, 
the stimulation is set to a submaximal level to avoid hip flexion by the contraction of the rectus femoris, 
while maintaining the knees locked in extension. After four months of training, subject CS is able to stand 
with minimal use of his arms. CS is aware of the position his body in space and mirrors provide visual feed­
back for him to make posture adjustments. Also, the hip joints have improved their ability to stretch in ex­
tension. This is due in part to the stance in the "C' posture which ask for the stretch of the hips in extension.. 
Furthermore, CS does hip stretch exercises as part of his conditioning. CS is now adopting a position just 
before standing up where his hips are just above his ankles. This allows him to lift himself while the stimu­
lation propels his body up. Several adjustments to the standing frame have been made. The suspension sys­
tem is capable of supporting our subject when the knees buckle and the winch motor is capable to lift our 
subject back to a standing posture. 

Because of his muscle conditioning and standing achievements, our subject is now requesting a replacement 
of the partially damage implanted stimulator. This is now being planned. 
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DISCUSSION 

We have demonstrated the possibility of long term implantation of a Cochlear FES-22 stimulator (40 
months) and the control of complex stimulation patterns for limb movement includin.g knee and hip exten­
sion and ankle dorsi/plantar flexion. Future plans are to increase the standing time by closing the loop with 
knee sensors. It is also planned to replace the receiver/implant in the near future . 
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Abstract: An obstacle to wide acceptance of FES-systems for walking after spinal cord injury is the lack of safe 
and reliable control of the stimulation. Most clinically used systems tbat assist the locomotion in complete 
paraplegia are manually controlled by tbe subject or tberapist. Sucb a control may elicit slow and unnatural gait 
and impose a cognitive load on tbe subject. Tbe use of sensory feedback offers automatic control. However, 
generation of tbe control rules requires customization for eacb subject tbat is time consuming with limited 
improvement in performance. An inductive learning (n..) algoritbm was evaluated for automatic generation of 
control rules and tbe systematic selection of sensors, which is an implementation of supervised learning in 
mapping tbe relationsbip between sensory input signals and output control signals. Tbe skill of the subject in 
manually switching the stimulation is cloned from tbis relationsbip and stored in a decision tree. Tbe sensory 
requirements for detection of tbe gait transitions and states were investigated in a paraplegic subject walking 
with long-leg braces and assisted in tbe swing pbase by the surface functional electrical stimulation (FES) at tbe 
common peroneal nerves. Gait pbases were identified using six force sensing resistors, mounted under the braces, 
and four tilt sensors mounted on the lateral sides of the braces. Tbe n.. is used to select the most significant four 
of ten sensors, and to produce an optimized rule-base using tbe reduced sensory set. Tbe performance of this 
rule-base was better than performance of the initial rule-base, wbicb suggests tbat the technique may be useful 
for designing of tbe optimal rule-based control systems for FES-assisted locomotion. 

STATE OF THE ART 

The external control oflimb trajectories achieved through the use of impaired natural mechanisms is a complex 
problem, particularly if multichannel functional electrical stimulation (FES) is used. Sensory feedback, which 
provides necessary information to the intact natural control system, also plays a major role in the external 
control. The difference between the two is that in the natural system the evolutionary development optimized 
the choice and the use of the feedback information so that there is not only always enough information to 
make a particular decision, but in most situations there is a high redundancy. In contrast, in control system 
design for FES-aided locomotion, the design engineer has to decide which sensors to use for feedback 
information and how to use them. The decision could be based on the amount and quality of information that 
particular sensors provide for particular functions targetted for control. The choices are: a) to use preserved 
afferent, efferent or brain neural signals or electromyograms, originating above or below the lesion; b) to use 
artificial transducers for measurement of physical variables related to the gait functions; or c) to combine both 
of the above. Advantages and disadvantages are described for both natural 11 , 2, 3/ and artificial sensors /4, 
5/ for use in control of FES-aided movements. Following the decision on which sensors to use, the next 
problem to resolve is the control itself. Analysis of the dynamics of human limb motion was used in numerous 
research studies. However, this approach is not efficient for the rehabilitation of paralyzed humans. In relation 
to biomechanical studies of complex mechanisms, we emphasize that basic research results in neurophysiol­
ogy suggest the hierarchical structure of natural control in vertebrates /6/. The external control of FES-aided 
locomotion usually consists oftwo parts: the coordination level controller, taking care of the movements, and 
the actuator level controller, taking care of the actions required to perform a particular movement /7/. 

Most natural control processes are nonlinear and probably non-numerical. Non-numerical control of move­
ments in the form of a finite state controller was proposed by Tomovic and McGhee /8/. This type of control 
later evolved to the artificial reflex control (ARC) method /9/, and adaptive reflex control comprising gait 
mode selection and intention recognition 11 0/. Since the ARC method is of the ON-OFF type, which is similar 
to control of synchronous activity of multi-cells system, such as muscle, it is appropriate for use as an upper 
level controller. Based on the similar approach of transferring the knowledge from a skilled person to the 
machine learning program, the coordination level controller for FES-assisted walking of subjects with spinal 
cord injury (SCI) was proposed by Kirkwood and Andrews Ill/and Kostov et al. 112, 13/. Kostov 114/ 
demonstrated a real-time control of the FES-assisted walking by machine learning technique and traditional 
sensors. Control rules are automatically generated by transferring the stimulation switching skill of the subject 
with incomplete SCI to the controller. Kostov et al. 115/ and Heller et al. 116/ suggested that even actuator 
level control actions requiring control signals in the form of a continuous function, can be learned and predicted 
using biological signals as the source of feedback information. Performance of most machine learning systems 
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used in control applications depends on the sensors selected and on the preprocessing techniques applied to 
the sensory signals. Sensors and preprocessing techniques are usually intuitively selected by the researcher 
making the final results dependent on the researcher's expertise. In this study we also use our knowledge and 
intuition in designing the initial sensory set for a control system. However, to reduce the sensory set without 
significant loss in the perfonnance we exploit some of the features of the IL technique. Firstly we reduce the 
sensory set from the initial ten to just four sensors, and then we use the same technique to optimize the learning 
and generalization results. 

MATERIAL AND METHODS 

A) Inductive learning algorithm: Inductive learning uses a supervised learning method resulting in decision 
trees based on examples presented during the training. The algorithm is based on the hierarchical mutual 
infonnation classifier of Sethi and Sarvarayudu 1171. The program Empiric developed for the IBM PC by 
Heller 1181 was used to implement this algorithm. This program operates on up to 16 sensory inputs and one 
control output. While generating the decision tree, the IL algorithm perfonns hierarchical partitioning of the 
domain multidimensional space. Each new node of the decision tree contains a rule using a threshold on one 
of the inputs classifying the example set. The training fmishes when the nwnber of incorrectly classified 
training samples becomes smaller than that corresponding to the preset training error for a given size of the 
decision tree. The nwnber of classes in the output signal equals the nwnber of events to recognize. The features 
that make this learning algorithm attractive are: relatively small decision trees; fast learning; the rules have 
comprehensible IF (..) THEN (..) ELSE (..) fonn; decision trees infonn on the importance of sensors used 
during training. 

B) Patient & FES System: This study was focused on a T2, ASIA A, female subject, aged II years, who 
sustained spinal cord injury 7 years ago and is using FES and long-leg braces (fixed knee) for walking on 
level ground. FES to the common peroneal nerves is used to elicit a flexion reflex (flexion at the hip) assisting 
in the swing phase. Switching the stimulation for both legs is controlled manually by the subject pressing on 
the corresponding switches installed on the wheeled four-point walker. This operation requires the use of both 
hands and constant attention. Quadstim stimulator by Biomech Design Inc. is used to apply the stimulation 
through reusable self-adhesive surface electrodes by Chattanooga Co. 

C) Recording setup: Signals were recorded during four walking sessions from six circular force sensors 
(FSRs) by Interlink Electronics Co. installed in the subject's shoes to measure the pressure under her braces 
and four UV -1 B inclinometers by Midori America Co. installed on her braces to measure inclination of her 
hips in two orthogonal planes, i.e .. hip flexion-extension (FE) and adduction-abduction (AA). Each of the 
walking sessions consists of20 to 24 steps. AID conversion was done using l2-bit data acquisition system by 
Axon Instruments Inc. The digital signals obtained were low-pass filtered (0.5 Hz) by a phase canceled, fourth 
order Butterworth digital filter. 

D) Data processing: The critical characteristic of an inductive learning technique is the size of the decision 
tree. As the tree grows, most of the IL advantages disappear due to the overtraining which also increases the 
training time. The training for IL is usually very fast (within 10 seconds on an IBM PC 486DXl50MHz 
machine for 1000 samples) and it was optimized with regard to the preset training error 171. In the first step 
of automatic generation of the control rules, IL was used to reduce the number of sensors and, consequently, 
the complexity of control system. After the set of sensors was reduced by excluding those of least importance, 
derivatives and past data samples were used together with original signals to heuristically improve rule 
induction. The quality of the rule induction was quantified by its ability to generalize and this was estimated 
by counting wrongly predicted samples in data sets not used for training. The number of such samples 
represents the test error and it is expressed as a percentage of the total number of samples in a given data set. 

RESULTS 

A) Reduction of the number of sensors: Each training on one of four basic data sets resulted in the IL 
decision tree. Depending on the position of the first occurrence of a particular signal in the decision tree, the 
corresponding sensor's significance was estimated on the scale from one (the least significant sensor) to the 
total nwnber of sensors M (the most significant sensor). This resulted in an array of coefficients representing 
relative importance of sensors used in that particular decision tree. The coefficients are then averaged over 
all four data sets for prediction of right and left hand switches separately (see Fig. 1). Using these coefficients 
the nwnber of sensors was reduced from ten to four in three steps. In each step the two least significant sensors 
were excluded from further analysis introducing significant increase in the average decision tree size. 
Generalization error remained in the same range (see Fig. 2). 
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Fig. 1. Estimate of the relative importance of all ten sensors used in prediction of left and right hand switches operations 
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Fig. 2. Effects of the reduction in number of sensors on the size of decision trees and generalization error. 

Decision tree size Generalization error 

'iii' 
QI 

"C 
o 
c: .... 
QI 
N 
'iii 
QI 

! -c: 
o 
:!1i 
Ll 
QI 

"C 

160~----------------~======~ 

140 

120 

100 

80 

60 

40 

20 

o 
o 2 3 

number of previous samples 

.-
~ e:. .. 
f:! .. 
QI 
c: 
.2 
'i 
.!:! 
ii .. 
QI 
c: 
QI 
Dl 

10 
9 
8 
7 
6 
5 
4 
3 
2 

0 

o 2 3 

number of previous samples 

Fig. 3. The use of previous samples adds a temporal dimension to the learning algorithm. Effects of up to three 
previous samples on the decision tree size and generalization error are shown. 

B) Optimization ofthe training using a reduced set ofsensors; Generalization ofthe learning on the reduced 
set of sensors can be improved using signals derived from originals and samples from the past 112/. The IL 
performs only spatial mapping of the input/output relationship in multidimensional space. To add temporal 
dimension to the algorithm, samples from the past can be used in predicting the outputs for the current sample. 
The use of up to three samples from the past together with the original four signals recorded from the reduced 
set of sensors decreased the average decision tree size and the test error below the corresponding size obtained 
using ten sensors (see Fig. 3) . Further improvement of the rule induction was achieved using derivatives 
together with original signals and, in the most successful of all training trials, with one sample from the past. 
The use of more than one sample from the past would be even more productive, but it was restricted by the 
program which could not deal with more than 16 input signals. Both, the size of the decision tree and the 
generalization error achieved were below those resulting from the experiments with all ten sensors. 
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DISCUSSION AND CONCLUSION 

Estimating the sensory input significance by IL was used in this experiment to reduce the number of sensory 
inputs from the initial ten to only four. Reduction of number of sensors increased slightly the size of the 
decision trees but it did not change IL test error, demonstrating a high redundancy in the system. The size of 
decision trees was brought down to the initial level by optimizing the learning setup with reduced set of 
sensors. Previous samples and derivatives were used together with the original signals to obtain smaller 
decision trees and even smaller test errors than with all ten sensors. Precision of timing in control signals 
obtained during the test shows that IL is qualified to be used as an advising tool in FES-control systems. We 
have found the above procedure to be a new way forward for the design of finite state controllers based on 
reliable and unobtrusive sensors. 
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ELECTRICAL STIMULATION IN THE MANAGEMENT OF MUSCLE DISUSE 
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SUMMARY 

The use of electrical stimulation [ES] in rehabilitation of both innervated and 
denervated muscle has been discarded by some therapists because of patient 
discomfort and non- compliance. The purpose of this paper is to review commonly 
overlooked principles of therapeutic stimulation for denervated as well as 
innervated muscle and to present the results of a study in which minimal, 
comfortable ES improved quadriceps muscle performance (work performed [W] 
and fatigue resistance [FR]) significantly more than the use of EMG feedback 
(p<.0001) in 39 healthy individuals. The characteristics of the first recruited 
quadriceps motor units were related to volitional performance and the 
improvement in Wand FR when ES was added to knee extension exercise. 
Individuals who recruited larger motor units early demonstrated the greatest 
improvements in Wand FR during ES. 

STATE OF THE ART 

Although patients with muscle weakness secondary to disuse and patients with 
temporary but complete loss of motor innervation have different short-term goals, 
they have a mutual interest in remaining comfortable during therapeutic ES. 
Selection of an appropriate stimulus is critical to the success of any clinical or 
home ES program. This is often overlooked by engineers, manufacturers and 
clinicians. 

The changes in muscle after loss of peripheral nerve supply are profound and 
axonal regrowth may continue for months to years before it can reinnervate all of 
the key muscles for function [1]. In the absence of volitional control, ES is the 
only tool available to keep the intramuscular connective tissue mobile so that the 
muscle will be able to become useful once nerve supply has been restored [2] . 
Simple joint range of motion will not generate the three dimensional movement 
within denervated muscles. For decades, clinicians have prescribed ES to help 
maintain denervated muscles. Galvanic current has been the most popular, and 
the most painful current [3]. Galvanic is unidirectional, painful , and likely to burn 
the skin. The majority of patients with muscle denervation have skin sensation 
overlying the paralyzed muscle and they cannot tolerate enough ES to activate 
the denervated muscle. A classic example is the patient with facial nerve damage 
whose trigeminal nerve still innervates the skin over the face. It is possible to 
move the denervated muscles with a much shorter, more tolerable waveform. A 
standard electrodiagnostic test, the Strength-Duration Curve, permits visualization 
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of a pulse duration that will effectively activate the denervated muscle with 
minimal or no discomfort [4]. Selection of a pulse duration just above Chronaxie 
(ie 2-20mS) assures a muscle response with minimal discomfort. 

Selection of the most comfortable stimulus characteristics and ES protocol are 
equally critical to the management of muscle weakness secondary to 
immobilization, trauma, residual weakness after peripheral nerve reinnervation, 
traumatic brain injury or stroke. Comfortable stimuli (ie balanced 300 uS pulses) 
[5] have been used to provide sensory cues, elicit functional reflexes and manage 
spasticity in patients with central nervous system pathology. The majority of ES 
applications for the patient with disuse weakness, however, have focused on 
maximal tolerable ES and the measurement of muscle force production as the 
criterion for success. Most patients will not tolerate enough ES to generate 
forceful movement against gravity and prefer not to use high stimulus levels 
during eXE~.rcise . Assessment of the work performed and the fatigue resistance 
during an exercise protocol have been largely ignored despite the clinical 
relevance of these measures. Maximal tolerable ES superimposed upon volitional 
effort did not prove to be more effective in changing muscle performance than 
minimal, comfortable ES [6). In a study of healthy subjects, we proposed to detect 
differences in knee extension [KE] muscle performance (peak moment [PM], work 
performed [W] and fatigue resistance [FR]) between maximal volitional exercise 
[VOL] (60 deg/S), and the same exercise with superimposed ES [VOL +ES] or 
visual electromyographic feedback [VOL +EMGFB). Characteristics of the first 
recruited motor units [MU] were compared with exercise performance. 

MATERIALS AND METHODS 

Subjects: 39 normal subjects (28.0 ±4.8 years) participated. Instrumentation: 
Cutaneous electrodes (3x4 inch, PALSFLEX, Axelgaard Mfg, Fallbrook, CA) were 
used for open loop ES exercise (asymmetrical biphasic, 300 uS, 33 pps). ES was 
provided by a modular stimulator, plug-in board in an IBM PC/AT. KE exercise 
was controlled by a LidoActive dynamometer (Loredan Biomedical, Davis, CA). 
Analog signals from the LidoActive system were sampled by the IBM for angular 
position, velocity and moment. A second IBM system sampled the integrated EMG 
signal (skin electrodes) and displayed a dynamic vertical bar with a target level 
based upon the subject's maximum IEMG. Calibration, gravity compensation and 
all data acquisition were performed by the IBM system. An auditory beep 
(headphones) cued the subject to perform the next KE in voluntary trials, and the 
onset of ES cued the subject in VOL +ES KE. Disposable monopolar needle 
electrodes were used for MU assessment (Cadwell 5200A, Cadwell Laboratories, 
Kennewick, WA). Procedure: During each exercise session, a 40 repetition, 
maximal KE protocol was performed. A recruitment curve was performed 
immediately prior to the VOL +ES trial. The current intensity at which the subject 
first noted stimulation was recorded as their threshold, and the minimal level of 
ES used was the intensity (mA) required to produce 1-2 Nm of KE moment 
[PKEM] (ie 1-2 Nm compared to a range of 100-300 Nm VOL KE). PKEM and W 
were documented for each KE repetition. Maximum effort was accepted as MVC 
based upon previous documentation of the repeatability of isokinetic fatigue 
curves [7). A high intensity burst of ES was not employed because of the 
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discomfort involved and the potential influence on subject compliance and 
performance [8]. The amplitude, firing rate and recruitment strategy of the first 
motor units in the quadriceps were recorded. 

RESULTS 

VOL +ES resulted in larger PKEM in some subjects, but only VOL +EMGFB 
resulted in statistically greater PKEM (Table). ES improved KE Wand FR over 
the 40 repetition test (p< .0001, p<.01). None of the subjects were uncomfortable 
during VOL +ES exercise. Wand FR were not altered by the addition of EMG 
feedback. A statistical trend indicated that subjects with larger early MU 
demonstrated the greatest improvements in FR and in W during VOL +ES when 
they were compared to subjects with smaller initial motor units. 

Table. _KE muscle performance during 40 repetition exercise test (60 deg/S). The 
addition of 1-2 Nm of ES muscle contraction improved Wand FR over voluntary 
and EMG feedback trials. (Repeated measures ANOVA, Bonferonni.) 

VOL VOL+E VOL+EMG SUMMARY 
S FB . p<.01 ,··p<.0001 

Peak KE Moment 181 .6 180.1 191.1 . VOL +EMGFB > VOL & 
(Nm) +54.5 +50.1 +52.7 VOL+ES 

% Decrease in KE 43.8 39.3 • 46.3 VOL +ES < VOL & 
Moment (40 reps) +11.2 +11.4 +9.6 VOL+EMGFB 

Work (Nm-deg) 3907 4921 .. 4058 VOL +ES > VOL & 
40 reps +1222 +1327 +1162 VOL+EMGFB 

Work (Nm-deg) 133.8 159.1 .. 138.9 VOL +ES > VOL & 
on Peak KE rep +44.1 +45.7 +39.2 VOL+EMGFB 

% Decrease in 41.8 38.1 . 43.5 VOL+ES < VOL & 
Work (40 reps) +12.9 +12.2 +12.3 VOL+EMGFB 

DISCUSSION 

The addition of a minimal ES muscle contraction (1-2% of MVC) to KE exercise 
significantly improved Wand FR. The addition of EMG feedback improved 
PKEM, but FR and W were not significantly altered. The relationship between 
early recruited motor units and the shift in performance during VOL +ES may point 
to an underlying neurological mechanism. Contrary to previous suggestions [9], 
subjects with larger initial MU improved the most in Wand FR with minimal ES, 
while their PKEM remained the same or decreased slightly. If ES of superficial, 
large motor axons differentially inhibited volitional MU firing, it could result in a 
greater reliance upon smaller, more fatigue resistant MU in the quadriceps [10]. 
Muscle performance and function can be significantly improved by ES in both 
disuse and denervation, but it is not necessary to torture patients with excessive 
amounts of ES. Comfort is the "bottom-line" to patient compliance and successful 
outcomes. 
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MODIF'ICA TED TRANSCUTANEOUS ELECTRICAL STIMULATION FOR THE MAINTAINING 
DENERVATED SCELETAL MUSCLES AFTER REPLANTATION OF LARGE SEGMENTS OF 

UPPER LIMB 

L.Lasn 

Tallinn Long Term Hospital 

Rehabilitation nerve muscle apparatus after replantation large segments of upper limb 

Transcutaneous electrical stimulation. (TES) nerve-muscle apparatus has been in practice during the last 
two centures for the treatment of paralysed patients. Many scientists have used TES for maintaining and 
for the restoration of sceletal muscles function after their denervation (Apfet - L.M., et ·al., 1987, Heinhant 
K., Duchateau I., 1992, Hooker-S.P., et al., 1992). Many experimental works have shown that TES alter 
many of biochemical properties of muscle. The long term stimulation with low frequency «10Hz) 
increases the fatique resistance of animal muscles and without excestion on muscle strength what may 
actually induce muscle atrophy. Recently TES has been used as a modality of strengthening in healthy 
subjects for highly trained athletes, for training voluntary exercises with injured muscles or group of 
muscles. After hard traumatic injury nerve-muscle apparatus owns oscillating frequency, labile and 
irritation level will be changing in a big range (Grigorovits K. A., 1981). Many exarninators have noted that 
the TES has positive alteration on the energetic potential of muscles as production of energetic substances 
of oxide processes in muscles and the compositation of protein becomes smaller (Rosca D., et al., 1992, 
Lange A., 1992), and it also has positive alteration on the opposite side on the same symmetrical muscles 
of healthy limb, which has stimulated on the injured limb (Bredikis J.J., et al., 19883, Korletjanu M.A., et 
al., 19883). 

TES parametres which have been used for the denervated muscles stimulation were not suitable for the 
maintaining and restoration of nerve-muscle apparatus function replanted brachium, antebrachium and 
manus, so we have used a new modificated transcutaneous electrical stimulation method (MTES). Last 
time many researches had mentioned (Kolesnikov G.F., Antropova M.I., 1984) that more effective was to 
use irritating impulses by right angle. The balancing range of the parametres which have usually been used 
for the TES procedures, is very high, electrical impulses power runs to 100 rnA, duration from 0,5 to 300 
ms, frequency to 10 kH by Jasnogorodskii VG., and 1987, Antropova M.L, 1982,1984. 

In this research we have studied more closely the action of two different stimulation methods of the nerve­
muscle apparatus. In total we have examined 77 patients who had the replantation of upper limb large 
segments. Patients age was from 18 to 47 years and five of them were women. 24 of them were stimulated 
by TES ( first group), 23 by MTES where five patients had on replantated hand external fixation device, 
four patients had nerve-muscle flap transposition, two patients had replantatio both antebrachiums (second 
group) and 30 of them belonged to control group (third group). 

In the first group we used IAmplipulss-3" for the stimulation and in the second group stimulator "Koz". 
This apparatus gives for us a change to modify for every patient (with replantation of large segments of 
upper limb) and individually suitable stimulating program, because the patient's sensor threshold has been 
changed very much after replantation (being many times bigger than normally). According to this apparatus 
we have a chance to change stimulating parametres (every time if necessary) as power, frquency and 
irritating impulse duration. Duration the one procedures was 15 minutes, for the patients from the first 
and also for the patients from second group. One procedure was divided into five equal periods of three 
minutes, where the irritationg period and pause between irritating periods were also three minutes. For 
the procedures ofTES we have used electrodes of(5x6 cm) one pole position. We used plate electrodes in 
one pole position and two pole position. Active electrode position was on muscle abdomin or on the 
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proximal end of muscle and passive elestrode position was on opposite side or on the distal end of muscle. 
We used one pole position and two pole position of electrodes for the patients who have external fixation 
device, transplantation muscle-nerve flap or transposition muscle or part of the muscle. The patients were 
stimulated by TES one time per day and by MfES from one to four times per day during the whole 
hospital period. The stimulating parametres of the two different methods are described in the table 1. 

The parametres of MfES and TES 

Stimulating method Power 
(rnA) 

1. TES 10-15 

2.MfES sensor 
_ threshold 

Irritating impulse 
duration (ms) 

50-150 

T(i)= 1 OO( 1 0-J)/3J 

Table 1 

Irritating impulse 
frequency (Hz) 

30-150 

J=1/T 

The MfES parametres were the following: the power of irritating impulses was equal to sensor threshold 
on healthy hand, duration of the irritating impulses 15 ms, and frequence was inversely proportional to the 
oscillating period of the stimulating muscles oscillating period.We got suitable parametres for the MTES 
by the use of original method electromyotonometre (EMT), 11-T 7725 worked out by Vain A. and Humal 
L., 1979 in Tartu University. By the EMT we registrated oscillating period (T) and common logarithm 
(G).These parametres can be registrated in different muscles regimes as relaxation, volitional effort, 
peripheral and central paralyse, and also different neuro-muscle diseases. The readings of the EMT directly 
characterize sceletal muscles biomechanical status and therefore give picture about physiological condition 
of muscles (Table 2). 

Functional results by 100 grading system 

Replantation level and 
examination results 

Stimulation method 
MfES TES 

Examination Examination 
First Last First Last 

1. Brachium 
a)grades 34 
b)oscillating period (ms) 82 
c )common logarithm 1,71 

2. Antebrachium 
a)grades 
b )Oscillating period( ms) 
c )common logarithm 

3. Manus 
a)grades 
b )oscillating period( ms) 
c)common logarithm 

34 
86 

1,90 

46 
97 
1,87 

59 
79 

1,83 

65 
92 

1,70 

70 
87 
1,62 

40 
92 
1,68 

35 
93 
1,74 

55 
88 
1,68 

51 
88 
1,78 

Table 2 

Control 
group 

Examination 
First Last 

40 
83 

1,83 

40 
93 
1,71 

36 
88 
1,81 

41 
93 

1,60 

41 
93 
1,72 

37 
80 
1,84 

-----------------------------------------------------------------------------------------------------~----------------------
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F or estimating the sceletal muscles and injured hand function we have the following examination program 
electromyotonometry, electrothermometry, dynamomety, electrical resistance of the skin, measuring 
movement range, orthopaedical-traumatological status, neurological and vasological status . We examined 
patients before and after stimulation (table 2.), and also at the end of the stimulation course and also before 
they left the hospital . After the certain treatment period we carefully examined the patients according to a 
100 grading system scale (where 100 the best and more closely to 0 bad functional results) and found out 
that the patients who had been treated by TES had 52 grades, by MTES - 61 grades and control group -
39 grades. In our research according to the statistical analyse the patients who were treated by MTES 
method had the best functional results and better muscle tone and whos replantation level was 
antebrachium and manus. It's also of importance how many times per day, and after what kind of period of 
time to do the stimulation procedures. Patients who were treated by MTES four and twice per day have 
the best functional results, and pateients who were treated by MTES three time per day had the worst 
functional results whatever in order to. 

-
According to our experience we concluded, that MTES was effective and individually very suitable for the 
patients maintaining the nerve-muscle apparatus until the reinnervation becomes. 
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Long Term Clinical Experiences With Electrotherapy of Denervated Musde 
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Hedon-Kllnlk 
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Hedonlillee 1, 0·49803 Lingen (Ems) 

Abstract 

This cllnicol study proves the efficllcy of electrotherllpy in permllnent denervlltion lItrophy. Being 

successful in lInimol experiments, 0 recently developed technique (LlB-stimullition, e.g. long impulse 

bldlrectionol stimuilition) is herewith successfully Introduced In humlln therllpy. 16 plltients were 

investigllted (troumotic or Infilimmlitory destruction of the clludll equinll, n=3; lesions of the brllchilll 

plexus or cervicol root lIvulsions, n=13) . PlIrlilysis wos complete lind without reinnervlltion. Trelltment 

storted 1 - 21 months lifter the troumo or the onset of the disellse. Therllpy wos successful in lIli of the 

potients. During 0 subsequent observlltion period of up to 38 months, the electricolly inducible 

controction force increllsed in lIli muscles (16-400%) up to one third thot of normol controls. Mognetic 

resonllnce imllging (MRI) investiglltions of severol muscles showed lin Increllse of muscle volume by 9· 

29% (colO, ond 33·84% (thigh). 

State of the IIrt 

Permonent, e.g. chronic ond complete forms of denervlltlon mostly occur following mojor trllumll of either 

the brochiol or the lumbosocrlll plexus, or ovulsion of nerve roots (3, 7). The cliniclil feoture is II floccid 

porolysls. Loss of force lind loss of muscle bulk might be deillyed by vllrious forms of electriclll 

stimulotion (4, for rev. see 17), until reinnervlltion becomes mllnifest either spontaneously or following II 

surgiclil mllnoeuvre (19). In the permllnent lIbsence of relnnervlltion, however, electrotheropy hlls 

olwoys foiled to prove Its long-term effectiveness In stopping or reversing the lItrophic process. 

In previous denervotion experiments, we were oble to mllintaln the fibre dlometer of completely lind 

permonently denervoted robblt fost tibililis onterlor muscle ot II useful level of 75·95% of normlll (10). 

Twitch ond tetonic tension wos mointoined lit levels between 40 lind 100 percent of the normol vlllues, 

depending on the Individuol stimuilition pllrometers (11). Following this success, the most Interesting 

question WliS whether these positive results could be repellted In humon therllpy. Thus, the lIim of the 

present study wos to determine the clinicol volue of this new method. 
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Mat~rlal and Methods 

16 plltients suffering from permllnent denervlltion without lIny signs of reinnervlltion were investlgllted. 

3 plltients hlld 1I flllccid pllrllpleglll of both legs due to irreversible lesions of the clludll equinll, 13 

plltients hlld 1I flllccid pllrlllysis of one lIrm due to plexus ruptures lind/or multiple root lIvulsions. The 

plltients showed no voluntllry movement In lIny of the denervllted muscles, lind tendon reflexes were 

missing. All the muscles were flllccid lind showed no signs of reinnervlltion or spllsticity during the 

subsequent observlltion period of 4~38 months. There WllS 1I complete sensory loss during the period of 

therllpy lind extended electrophysioiogiclli investiglltions 1Iiso proved 1I complete peripherlll denervlltion. 

LIB (long impulse, bidirectionlll) impulses of rectllngulllr shllpe lind blllllnced in poillrity, were delivered 

repelltedly for 1.0 sec to ellch muscle group vill surfllce electrodes up to lin effective stimuilltion time of 

2-6 minutes per dllY. Impulse durlltion vllriied from 50 to 70 msec, Intensity WllS lIbout 50-60 mA (10). 

Mellsurements of mllximum tetllnic tension lind endurllnce were performed with 1I pomble dynllmometer 

(Myometer, Penny & Giles, Christchurch, GB). MRI WllS repelltedly performed on 1I 1.5 T SIEMENS 

MlIgnetom before lind severlll times during therllpy. 

R~sults 

A few generlll beneficilll effects were obvious in 1I1i plltients: previous foot edemll showed 1I distinct 

reduction, the repellted occurrence of pllnllrltill stopped lind 1I generlll improvement of trophism WllS 

observed . All plltients showed lin increllse of contrllction force lind lin improvement of endurllnce, liS 

well liS lin increllse of muscle volume. The grelltest increllse WllS seen within the first three months, 

especillily during the first week when lin intensive trllinlng WllS performed. A further continuous increllse 

took pillce over the whole observlltion time. In ellch cllse, increllse of force WllS stlltisticllily significllnt 

with p $ 0.05 in 1I pllired t-test. 

In 3 plltients with lesions of the clludll equinll, electrotherllpy stllrted 2-15 months lifter trllumll, 

observlltion time vllriied from 3 to 38 months. Contrllction force of 1I1i muscles increllsed (foot flexors: 

5.6->10.4 kp, 2.8->7.8 kp, 5.7->9.8 kp. FlItigue resistllnce: 39%->65%, 54%->63%, 44%->73%. Increllse 

of muscle volume WllS 23-29% (clllf), lind 33-84% (thigh) . 

The plltients with lesions of brllchilll plexus or cerviclli nerve roots showed lin increllse of the 

contrllction force of hllnd flexors by 16-400%, flltlgue resistllnce improved in 1I1i cllses. Cesslltion of 

therllpy 1I1wllYs led to lin immedillte loss of contrllction force which WllS reversible with re-onset of 

therllpy. 
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Discussion 

Usually, the aim of electrical stimulation in denervation atrophy is defined as: 1) retarding the rate of 

atrophy and shortening the time Interval between Injury and recovery, and 2) reducing the period to 

restore muscles after reinnervation (17). For this purpose, since 1841 a great number of animal studies 

have been done, with different designs and a great variety of results (15, 17). Several cl inical reports 

also describe contrary findings. In most cases, the current state of denervation was not described very 

clearly, and in none of these reports, reinnervation was excluded (2,6,8,9, 12, 13, 14, 16). 

A powerful electrotherapy has now become possible in cases of permanent (complete and irreversible) 

peripheral denervation. ThiS, however, might be only the beginning of a new development. In those 

cases, where no reinnervation can be expected spontaneously or by a surgical manoeuvre, one should 

try to restore the mass of the denervated muscle and above all to maintain Its contraction force 

(therapeutic electrical stimulation, TES). I feel that the present result of an electrically inducible tetanic 

contraction force of one third of normal can stili be improved, and I hope that this will be possible to 

such an extent, that strong and vigorous movements might become inducible for all muscle groups. In 

addition to all the advantages of an Improved trophism, It would be helpful for a patient If his own 

muscles supported the performance of simple movements with the paralyzed arm, or allowed them to 

walk on crutches (functional electrical stimulation, FES) . They could gain a little more independency of 

wheel-chairs, of personal assistance, and of technical aids In their environment (1 , 5, 18). 

References 

Boum(ln HD, Sh(lffer KJ: Physlologlc(ll basis of electrtc(ll stlmul(ltlon of hum(ln muscle (lnd Its cllnlc(ll (lppllc(ltlon. 

Phys Ther Rev 1958; 37: 207 -223 

2 Doupe J, &lmes R, Kerr AS: Studies In denerv(ltlon. H. - The effect of electrtc(ll stlmul(ltlon on the clrcul(ltlon 

(lnd recovery of denerv(lted muscle. J Neurol Neurosurg Psychl(ltry 1943; 6: 136-140. 

3 Fr(lmpton V: Problems In m(ln(lglng reconstructive surgery for br(lchl(ll plexus lesions contr(lsted with pertpher(ll 

nerve lesions. J H(lnd Surg 1986; 11: 3-9 

4 Gutrmmn E, Guttmann L: The effect of g(llv(lnlc exercise of denerv(lted (lnd relnnerv(lted muscles In the 

r(lbblt. J Neurol Neurosurg Psychl(ltry 1944; 7: 7-17 

5 H(lmbrecht FT, Reswlck JB (1977): Functlon(ll ElectriCtlI Stlmul(ltlon. Marcel Dekker, New York 

6 J(lckson S: The role of g(llv(lnlsm In the tre(ltment of denerv(lted volunttlry muscle In ITllIn. Br(lln 1945; 68: 

330. 

300-

7 Leydendecker K. Wlrbeltr(lkturen, In Schirmer M (ed): Querschnlttsliihmungen. Bertin, Sprtnger, 1986, pp 169-

235 

- 73 -



8 Uu CT, Lewey FH: The effect of surging currents of low frequency In man on 

J Nerv Ment Dis 1947; 105: 571-581. 

atrophy of denervated muscles. 

9 Merlettl R, Pinelli P: A critical appralStlI of neuromuscular stimulation and electrotherapy In neurorehablllttltlon. 

Eur Neurol 1980; 19: 30-32 

10 Mokrusch T, Engelhardt A, Eichhorn KF, Prlschenk G, Prlschenk H, Sack G, Neundorfer B: Effects of long Impulse 

electrical stimulation on atrophy and fibre type composition of chronically denervated fast rabbit muscle. J 

NeuroI1990; 237 : 29-34. 

11 Mokrusch T, Engelhardt A, Neundorfer B.: Electrical stimulation of denervated muscle· The Influence of 

Impulse potterns on contractile properties, In Freliinger G, Deutlnger M (eds): Third Vienna Muscle Symposium. 

Wlen, Blackwell, 1992, pp 280-287 

12 Mucha C, Behr AM, Zysno EA: Kllnlsche Untersuchungen zur Efflzlenz der Komblnatlonstheraple mit 

Elektrotheraple·Verfahren bel der Obungsbehandlung der PeroniiuSptlrese. Z Phys Med Btlln Med Kllm 1983; 12: 

307-322. 

13 Osborne SL: The rettlrdatlon of atrophy In ITltIn by electrical stimulation of muscles. Arch Phys Med 1951; 32: 

523-528. 

14 Pinelli P: Workshop on the electrotherapy of denervated muscle. Riv Patol Nerv Ment 1978; 99: 87-96. 

15 Reid J: On the relation between muscular contractility and the nervous system. Lond Edlnb Month J Med Sci 

1841; 1: 320-329. 

16 Rosselle N, De Melrsman J, De Keyser C, Bovens H, Geerdens L, Gillard G, Reynaert B, Geerlnckx P: 

Electromyographlc evaluation of therapeutic methods In complete peripheral paralysis. Electromyog Clln 

Neurophyslol 1977; 17: 179-186. 

17 Sunderland 5.: Electrical stimulation, In Sunderland S (ed): Nerves and Nerve InJuries. Edinburgh, Churchill 

LMngston, 1978, pp 305-311. 

18 Vodovnlk L: Therapeutic effects of functional electrical stimulation of extremities. 

19: 470-478. 

Med Bioi Eng Comput 1981; 

19 Wynn Parry CB: Rehabilitation of patients following traction lesions of the brachial plexus. Clln Plast Surg 1984; 

11: 173-179 

Authors IIddress 

Prlv.·Ooz. Dr. med. Thomes Mokrusch, Medicel Director, Hedon·Klinik 

Clinic for Physicei Medicine end Rehebilltetion, Neurology end Orthopedie 

Hedonellee 1, 0-49803 Lingen (Ems) 

- 74 -



HYPERTROPHY AND TRANSFORMATION OF MUSCLE FIBERS 
IN PARAPLEGIC PATIENTS 

Ch. Neumayer*, W. Happak**, H. Kern***, H. Gruber* 

*111. Department of Anatomy, University of Vienna 
**Department of Plastic and Reconstructive Surgery, University of Vienna 
***Department of Physical Medicine, Wilhelminenspital, Vienna, Austria 

SUMMARY 

Transcutaneous electrical stimulation of the quadriceps femoris muscle was applied 
in 14 paraplegic patients (10 spastic patients with spinal cord lesions and 4 patients 
with conus-cauda lesions with denervation atrophy). In both the spastic and the 
denervated group, the vastus lateralis muscle was biopsied and CT -images of the 
entire upper leg were taken both at the onset and termination of the 8 month 
training period. The stimulation was carried out twice a day for 20 minutes. The 
increase in muscle tissue was significant in the CT-images. The biopsies showed 
that the fiber diameter of both fiber types increased during the training period in the 
spastic group from 47 to 67 IJm and in the denervated group from 22 up to 38 IJm. In 
both groups the differences were significant between the first and second biopsy. 
Both groups showed a marked type II fiber predominance. The histological and CT 
findings correlated with the clinical improvement of muscle function. 

STATE OF THE ART 

Stimulation devices with implantable or transcutaneous electrodes have been used 
world-wide for functional electrical stimulation of skeletal muscles. Up till now there 
are few authors 11,2,31 who have described the effects of transcutaneous electrical 
stimulation of human limb muscles in paraplegic patients. No data have been 
published on the stimulation of denervated muscles. 

MATERIAL AND METHODS 

For the rehabilitation of 14 complete paraplegic patients the quadriceps femoris 
muscle of both legs was stimulated transcutaneously with surface electrodes. 10 
patients showed central spastic paresis after spinal cord lesion (Th 4 - Th 11). The 
other 4 patients suffered from conus-cauda lesions with peripheral denervation and 
advanced muscular atrophy. The experiment commenced after an average interim 
of 3,4 years after the spinal cord injury. 

Stimulation parameters: Two conductive rubber electrodes were used, 250 cm2 in 
size, and fixed to both upper legs. Stimulation in the spastic group could be 
immediately started by biphasic pulses using a frequency of 27 Hz, a pulse width of 
1.3 msec, a 36 msec pause and a peak to peak voltage up to 70 V. In the 
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denervated group the muscles initially had to be trained with a primary longer pulse 
width up to 200 msec, with a frequency of 1 .25 Hz, a 600 msec pause and a peak to 
peak voltage up to 60 - 100 V until contractions could be observed. The parameters 
of the denervated group improved during further training and almost reached those 
of the spastic group. Finally biphasic single pulses were used with 25 - 30 msec 
duration, 20 - 30 msec pause at a frequency of 15 - 20 Hz. 

Training period: The spastic patients were trained for 2 months until complete 
extension in the knee joint was achieved. Afterwards the legs were laden with 
weights of 3 to 5 kg for a further 6 months training period. 
The denervated patients were trained with the above described initial parameters 
for two months to achieve marked contraction of the quadriceps femoris muscle. 
Afterwards the legs were stimulated until complete extension in the knee joint was 
achieved. The entire training period lasted for 6 months. The transcutaneous 
stimulation was applied in both groups twice a day initially with a period of 15 min 
which was prolonged during the experiment up to 30 minutes. 

CT-recordings: CT-recordings were taken by a Siemens Somatom DR 3 at the 
onset and termin~tion of the experiment. The cross-sectional area of the upper leg 
muscles (quadriceps, adductor and flexor muscles) was measured at three different 
levels of the CT -images. 

Muscle biopsies: The muscle biopsies were taken with a Bergstrom needle from the 
vastus lateralis muscle. The samples were frozen in 2-methylbutane (Uvasol) 
cooled by dry ice and 10 IJm thick sections were cut on a cryostat. The sections 
were stained for HE,-actomyosin ATPase after preincubation at pH 10.4 and 4.3/3/, 
NADH-TR and for PAS. Fibre size and fibre type composition was evaluated by 
computer assisted image analysis at a final magnification of 100x from ATPase 
stained sections. At each tissue section about 600-1100 muscle fibres were 
evaluated, the type I and type II muscle fibers were differentiated and the cross­
sectional area of the fibres was determined. 

Statistics: Statistical parameters (mean, median, standard deviation, standard error 
of mean). histograms and the ratio between the counts of type I and type II fibres 
were evaluated. Statistical differences were examined by the Student's T-test 
between the morphological results of the first and second biopsy and the CT­
recordings. 

RESULTS 

All patients were able to stretch their legs in the knee joint and the girth of the upper 
leg increased. The patients of the spastic group were able to lift more than 5 kg with 
the aid of stimulation at the end of the 6 months training period. The patients with 
the conus-cauda lesions were able to lift their lower legs against gravity at the end 
of the 6 months training period. This means that transcutaneous stimulation enabled 
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muscle contraction of the denervated muscles thereby accomplishing complete 
stretching in both knee jOints. 

CT-recordings: The cross sectional area of the quadriceps femoris muscle in the 
spastic group increased by 27.5%. The cross sectional area of the adductor and 
flexor muscles increased by 22%. The cross sectional area of the quadriceps 
femoris muscle in the denervated group increased by 10%. The cross sectional 
area of the adductor and flexor muscles by 7%. 

Histological Results: The diameter of the muscle fibres increased during 8 months 
of stimulation, twice daily, in both groups. 
Spastic patients: The median diameter of the Type I fibers increased from 34 to 56 
~m. The median diameter of the type II fibers increased from 52 to 70 ~m. The fiber 
diameter was significantly different (p<0.05) for both fiber types. The fiber type ratio 
for type I fibres was 1 : 5.2 in the initial biopsies which means 16.2 % type I fibers. 
No significant changes of the fiber type ratio could be found in the final biopsies. 
Denervated patients: The median diameter of the type I fibers increased from 24 to 
37 ~m. The median diameter of the type II fibers increased from 24 to 42 ~m. The 
fibre type ratio was 1 : 2.6 in the initial biopsies whic~1 means 27% type I fibers. The 
fibre type ratio was 1 : 4.4 in the final biopsies which means 19% type I fibers at the 
end of the training period. Therefore the ratio changed into a more pronounced type 
II predominance. 
The fiber size of all type I fibers (denervated and spastic patients) increased from 
28.8 ~m to 46,6 ~m (p<0.02), and the fiber size of all type II fibers increased from 
35.8 ~m to 56,3 ~m (p<0.001). On average, the fiber diameter for all types in both 
groups increased from 32.3 to 51.5 which means hypertrophy of approximately 59% 
(p<0.02). 

DISCUSSION 

Both the denervated and spastic groups /4/ showed significantly smaller diameters 
in the initial biopsies for both fiber types compared with the data of healthy humans 
/5/. The fiber type ratio /6/ also showed a significant difference due to the type II 
predominance in the paraplegic patients. This fact can be explained by the lack of 
muscular activity in these patients. Transcutaneous electrical stimulation enables 
the hypertrophy of innervated muscle fibres as well as the hypertrophy and 
reactivation of muscular function of denervated muscle fibres in contrast to the data 
published by Greve /3/. 
The total amount of hypertrophy of the muscle fibers was similar for both fiber types 
and about 20% in the spastic group and about 15% in the denervated group. The 
difference of the fiber size between the type I and type II fibers was not significant at 
the beginning nor at the end of the training period. This means, that the 
transcutaneous stimulation affected both fiber types in both groups to the same 
extent and no preference for one fiber type was observed. Therefore we can 
conclude that the improvement of muscular activity by transcutaneous stimulation is 
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not dependent on the type of paraplegic lesions but on the co-operation of the 
patients and the correct stimulation pattem. The histological data were reinforced by 
the CT-recordings which showed an improvement in size of all the stimulated 
muscles of the upper leg as described by Pacy /8/. 
The data proved that transcutaneous electrical stimulation can improve paralysed 
muscle function, especially in the group of conus-cauda lesions where the 
denervated muscles regained muscle contractions and movements. This allows for 
a better rehabilitation with an increased blood flow, prevention of decubital ulcer and 
osteoporosis. Finally, this stimulation technique will enable active walking even in 
patients with denervated muscles with the improvement of technology. 
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FES-ASSISTED LOCOMOTION IN A PATIENT WITH 
INCOMPLETE TETRAPLEGIA 
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SUMMARY 

We · tried PES to a 53-year-old male etrapare ic 
due 0 r a d i a ion m y e lop a h y t 0 imp r 0 v e w a I k n g 
abi ity. Percutaneous w re electrodes were 
imp anted for electrica stimu a on. Before PES 
applicat on, herapeutic e ectr ca st mulation 
(TES)was app ed to his upper and ower extremi-

e s for 14m 0 nth s. But h e c 0 u I d h a r d I y w a I k n 
he para leI bar by his own effort. PES was appl-
ed to h spare ic ower limbs in order Lo boost 
he incomplete locomotive activities. Stimulated 

muscles or n'erves were slected according to his 
own m usc I e power and spa s tic i t y, and the sewer e 
the per 0 n e a I n e r v e, qua d ric e p s m usc Ie, g I ute u s 
med us muscle and glu eus maximus muscle. The on 
and off 0 the stimulat on was con rolled by hee 
swi ches . He could be able to walk eas Iy in he 
paralle bar by using his PES sys em. 

S TAT E 0 P T I-I EAR T 

3 0 yea r s h a v epa sse d sin eeL b e r son n t rod u c e d 
the concep on 0 PES as "Punc ion a Elec rothera-
py"for the irst time[I]. Af er t hat PES has bee n 
m a k n g s tea d y pro g res sin the w 0 r ld. But it has 
been pa d little aLtention Lo the F E S - ass i s ted 
walk for he paretic lower limb except for hemi-
pleg a . Recen ly we tried PES to 
I imbs of 
Her e we 

a t e raparetic 
pre sen t a cas e 

and g 0 

report. 

paretic ower 
a goo d r e suI t . 

MATERIAL AND METHODS 

PES was applied to a 53-year-old male teLrapare -
i c due tor a d i a t ion myel 0 pat h y. He has bee n 

suffer ng from rna ignant tumor of pharynx for 
abou 2 years. At first he visited our clinic or 
the purpose of therapeu ic electrical stimu ation 
(TES), and percutaneous wi re electrodes were 
implanted in his upper and ower I imbs on Oct. 22 
1993[2] Af er that,TES had been conLinued for 
abo u 14m 0 nth s, but h e c 0 u d h a r d y w a I kin the 
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parallel bar by his 
own effort . FES has 
been app ied to his 
lower limbs 0 im -
pro v e his w a I kin g 

ab I ty rom Jan. 
1995. The manual 
musc e esting of 
his ower limbs ran-
ged rom 0 to 3 on 
the right s de and 
from 0 to 2 on the 
left side at the 
beg nn ng of FES 
app cation. The 
m usc e s 0 r n e r v e s 
lo be stimulated P g. PES system 
were he peronea 
n e r v e, qua d r c e p s 
mu s cle, gluteus med us mu s c e and 
gluteu s maximus musc e . Thes e 
w ere s t m u I ate d s i m uta n e 0 u s y 
or respective y in accordance 
wi h his own stance pha s e and 
s wing phase. 

FESMATE 1230 was used as a PES 
system[3] . Main stwitch was 
bound about h s wr st and he 
controlled on and off of he 
power sou r s e b y his 0 p p 0 s t e 
hand. The on and off of he 
slimu ation was con r 0 I led b y 

lwo swi lches o h e 
lefl and righ 

atta c hed 
h eel s o the s hoe s 

(Pig1,2) 
The s tal e 0 f g a was a n a I y sed 

lwo dimen ona I Iy by us ng Qui ck 
Molion Ana yser G - ser e s (Quick 
MAG). The marked points were lhe 
acromion, rochanter ma or, 
fibular head, heel (Iatea aspect ) 
and 5lh oe(lateal aspect). Pig . 2 

By using this ana YZer, st ck 
PES wa Ik ng 

pic t u r e was des c rib e dan d h e c han g e s o f h e 
angle 0 the hip jo nt, knee joinl and a n k e 0 i n l 

wa I k. were analyzed between Non-PES and PES 

RESULTS 

The state of walking b e cam e b e 
calion of PES. 

Sub ectively, the 
Ion g era n d f a s t e r 
walk compared with 

pat e n 
and e t 

s aid 
e s s 

wa I k. 

t e r 

h a 
fat 

b y the 

h e c 0 u I d 
gued in 

appl i 

s l e p 

PES 

Actually he could 
i m e s i n h e par a I 

non-PES 
goa n d 
e I bar 

r e l urn s eve n 
by using PES 

or eigh 
system i n 
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compar son with on yonce in the non-FES walk. 
Fig.3 shows the st ck picture described by Quick 

MAG. The measuring ime was 12 seconds. Fig. 3- (a) 
and (b) shows the stick picture of the mark atta-
c h edt 0 the r g h t sid e 0 f the bod y d uri n g non - F E S 
( a) ·a n d F E S (b) w a I k. Fig. 3 - (c) and (d) s how s t hat 
of the lef side of the body during non-FES(c) 
and FES(d) walk. Without FES, the stride length 
was. short and he couldn' walk through in the 
parallel bar within 12 seconds, and because the 
muscle power was weaker on the lef lower imb 
than on the right, the stepping was more d ficult 
on the left lower limb(Fig. 3-(a)and(c)). 
With the application of FES, the stride ength 

became longer bilaterally and the walk ng speed 
b e cam e f- a s t e r (F i g - 3 (b) and (d) ) . 

A s tot h e c han g e s 0 f the a n g leo f the 
decrease 0 flexion angle of he 
during swing phase in the FES wa 
The change 0 the ang e 0 the h 
jo nt between non-FES and FES wa 

( a ) 

( b ) 

k nee 
Ik was 
pan d 

I k was 

( c ) 

( d ) 

j o i n t , the 
oi n t 
o b s e r v e d. 
a n k I e 
I i t I e. 

- 1 

F g.3 Stick picture of the right non-FES(a), FES(b) 
the leftnon-FES(c) and FES(d) walking. 
Marked points were the acromion (i), trochan­
ter major (2), fibular head (3), heel (4) and 5th 
toe (5). 
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DISCUSSION 

I tis d iff i cui tor e con s t r u c t the w a I kin g 
ab lity in complete paraplegia by FES a one. 
al hough many reserchers have been try ng to do 
so in the wor d. On the other hand. there are many 
pa ients of tetraparesis or paraparesis who can 
hardly walk. These.pa ents usually have moderate 
o r s eve res pas t cit y hat d stu r b v 0 Ion a I 
movemen s. It is well known that electr ca 
stimulation sometimes decrease this spas city. 
Here we thought that f FES is appl ed to these 
paretic patients. it is easier to control the 
movemen s compared to complete paralysis because 
o some a1 ived motor and sensory funct ion. Actua-
lly in he case we presented here. the restora-
t ion 0 f w a I kin gab i I t yin a e t rap are i c b y F E S 
was ach eyed to some degree without dif iculty. 
And this type 0 FES is a good motivation for 
the pat ent. he percu aneous wire electrodes 
had a Ire a d y bee n imp I ant e d for the pur p 0 s e 0 f TE S. 

We are going to deve op this type of FES not 
o n I y for par a par e tic san d e t rap are tic s but a Iso 
for hemiplegics and other kinds 0 pare ics. 
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STANDING-UP AND SITTING-DOWN IN COMPLETE PARAPLEGIA 

USING MULTI-CHANNEL FES 
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T. Matsunaga*, M. Sato*, T. Yukawa**, G. Obinata** 
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SUMMARY 
Standing-up from and sitting-down on a wheelchair in T6 complete paraplegia were restored 

by functional electrical stimulation using electromyogram and knee joint torque data taken on 12 
normal subjects. In the normal subjects, the sitting-down motion was similar to the reverse pattern 
of the standing-up motion; hands-assists reduced many muscle activities and the vertical floor 
reaction force. The maximum mean knee joint torque during standing-up and sitting-down were 
1.6 Nm/kg and 1.8 Nmlkg for both knees, respectively. The standing-up motion in paraplegia was 
characterized by knee flexion preceding extension; the sitting-down motion was performed by 
sustaining the body weight with the arms, followed by leaning backward. 

STATE OF THE ART 

Functional electrical stimulation (FES) has been used to restore the motor function of para­
lyzed limbs /1-6/. Handa and associates /1/ have restored smooth motor functions using a multi­
channel stimulation pattern based on a trapezoidal approximation of averaged electromyogram 
(EMG) data obtained from normal subjects. However, the strength of stimulation cannot be deter­
mined from EMG data. On the other hand, Bajd and associates /2/ have restored standing-up 
motion utilizing the maximum knee joint torque in a normal subject, but they do not mention a 
stimulation pattern. Here we describe the restoration of standing-up and sitting-down in complete 
paraplegia; we used multi-channel FES utilizing EMG and knee jOint torque data from normal 
subjects. 

EMG ANALYSIS DURING STANDING-UP AND SITTING-DOWN 

Materials and methods 
Twelve normal men participated in the study. The average age was 26 years (range, 21-33), 

average height 1.71 m (range, 1.62-1.77), and average body weight 66.0 kg (range, 56.6-78.1). 
Informed consent was obtained from all subjects. 

Subjects sat on a chair with the height of 0.45 m. Since complete paraplegics need hands­
assists during the standing-up and the sitting-down motion, we initially asked the subjects to 
stand up and sit down under the following conditions: 1) standing-up with arms crossed in front of 
the chest (standing-up without hands-assists), 2) hands-assisted standing-up using parallel bars, 
3) sitting-down with arms crossed in front of the chest (sitting-down without hands-assists), and 4) 
hands-assisted sitting-down using parallel bars. However, we found that hands-assisted sitting­
down was very difficult, because some would depend more on leg muscle power as in sitting­
down without hands-assists and others would use mostly their arms so that the sole would leave 
the floor. We therefore asked them to perform only conditions 1,2, and 3. In addition, we asked 
them to adopt the "C" posture (leaning slightly forward, with the hips and knees fully extended) at 
the end of the hands-assisted standing-up motion, since this posture was mechanically stable in 
paraplegia /3/. The speed of movement was not controlled. We investigated the synchronized 
EMG, the joint angle, and the floor reaction force. The EMG data from 10 muscles were recorded 
using silver-silver chloride bipolar surface electrodes; the iliopsoas muscles of 4 subjects were 
recorded using fine wire intramuscular electrodes. The EMG data were AID converted, sampled 
at 1,000 Hz, full-wave rectified, band-pass filtered at from 20 Hz to 500 Hz, smoothed by a 101 
point moving averaging filter, normalized as to the percentage of amplitude at the time of maxi­
mum voluntary contraction of the muscle, and averaged. Hip, knee, and ankle angles were calcu-
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Fig. 1. Synchronized EMG and kinematic data. EMG activity was normalized 
as a percentage of amplitude at the time of maximum voluntary contraction. 
(V: vertical, AP: anterior and posterior, ML: medial and lateral) 

lated at 60 Hz by a motion analysis device (Quick-MAG, OKK, Japan), and floor reaction force 
was measured at 200 Hz by a force plate (9281 B, Kistler, Switzerland). Buttocks-off or buttocks­
on time were determined only when the seat weight was observed. 
Results 

The motion times for conditions 1, 2, and 3 were 2.0±0.6 sec (Mean±SD), 2.6±0.S sec, and 
2.6±0.S sec, respectively; the time during standing-up without hands-assists was significantly 
short (Student's t-test, p<O.OS). The main muscles used for the 3 motions were the quadriceps 
femoris, tibialis anterior, and paraspinal muscles. The peak muscle activity for the quadriceps 
femoris occurred at the buttocks-off or buttocks-on time. Hands-assists reduced many muscle 
activities. The peak vertical floor reaction force during the 3 motions was 1.18±0.OS, 0.61±0.13, 
and 1.13±0.04 times the body weight, respectively; the force during hands-assisted standing-up 
was significantly small (Student's t-test, p<0.001). The sitting-down motion was similar to the 
reverse pattern of the standing-up motion (Fig. 1). 

MAXIMUM KNEE TORQUE DURING STANDING-UP AND SITTING-DOWN 

Materials and methods. 
Data from all 12 subjects were used. Body segment parameters were measured on each 

subject. A three-segment link model, as described by Yukawa nl, was used for the analysis. We 
calculated the knee joint torque during standing-up and sitting-down when hands did not assist, 
then normalized it by dividing by the body weight. Details of the equations are described else­
where 17/. 
Results 

The maximum knee torque during standing-up and sitting-down was 1.6±0.2 Nmlkg 
(Mean±SD) and 1.8±0.3 Nmlkg for both knees, respectively (not significant difference); the knee 
joint angle when buttocks-off and buttocks-on occurred was 93±9° and 1 04±8°, respectively 
(Student's t-test, p<O.OS). 
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RESTORATION OF STANDING-UP AND SITTING-DOWN IN PARAPLEGIA 

Materials and methods 
A 19-year-old man with T6 complete paraplegia participated in the study. His height was 

1.69 m and body weight 42.0 kg. We obtained informed consent from him. 
We assumed that one knee joint torque was half the value of both knees. Bajd and associ­

ates 12/ have described how the knee joint torque decreases by half when hands-assists are 
used. The maximum knee jOint torque for this patient can therefore be shown as follows: 
standing-up with hands-assists 

1.6 Nmlkg -1/2-1/2- 42.0 kg =16.8 Nm 
sitting-down with hands-assists . 

1.8 Nmlkg - 112- 1/2- 42.0 kg =18.9 Nm 
Fifteen percutaneous electrodes (SES115, Nippon Seisen, Japan) for each leg were in­

serted through the skin, and placed at the nerves and motor points of muscles. The muscle 
strengthening program was performed for 6 months before the treatment for the restoration of the 
motion. We measured the knee joint torque in isometric measurements using the Cybex 6000 
(Lumex, USA) during the time that the knee extensors were stimulated. The amplitude was modu­
lated from 0 to -15 V. The pulse trains used consisted of a pulse width of 0.2 ms and a pulse 
interval of 50 ms. For standing-up, the output voltage necessary to get 16.8 Nm at 93° knee 
flexion was -2.0 V on the right side and -5.5 V on the left side. For sitting-down, voltage require­
ments to get 18.9 Nm at 104° knee flexion was -2.1 Von the right side and -6.0 V on the left side. 

We made a graph of stimulation data based on maximum output voltage for the knee exten­
sors using a trapezoidal approximation of EMG data during hands-assisted standing-up and dur­
ing sitting-down without hands-assists. We gave stimulation during standing to prevent knee 
buckling (Fig. 2). In addition, stimulation patterns for other than knee extensors were obtained by 
a trapezoidal approximation of EMG data (Fig. 3). 

The obtained data were entered into a computer (FES MATE CE1100, NEC San-ei, Japan), 
and the patient stood up from and sat down on a wheelchair using parallel bars. Records were 
taken on three trials. The floor reaction force, and the hip, knee, and ankle angles were measured. 
Results 

The patient could stand up from and sit down on a wheelchair smoothly with the help of 
parallel bars. The standing-up and sitting-down times were 3.0±0.3 sec (Mean±SD) and 3.3±0.1 
sec, respectively (not significant). The characteristics of the standing-up motion was knee flexion 
preceding extension. The maximum knee flexion angle from the initial knee angle was 12±2°. On 
the other hand, during the sitting-down motion, the vertical floor reaction force decreased, fol­
lowed by changes in the joint angles; the beginning of knee flexion was delayed, and the ankle 
plantarflexed (Fig. 4). 

Q) (V)r--------r--.---------, 
0.0 
~ 

.=: -5 
o 
;> 

standing sitting 

standing-up sitting-down 

Fig. 2. Stimulation data for the 
knee extensors. Note that stimu­
lation was also given during 
standing. 
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Fig. 3. Stimulation patterns for other 
than knee extensors. Data were ob­
tained by a trapezoidal approximation 
of EMG. 
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DISCUSSION 

Fig. 4. Representative kinematic data 
in paraplegia. Note that knee flexion 
during standing-up (A); the delay of 
the changes in the joint angles, espe­
cially in the knee (B) and the 
plantarflexion of the ankle during sit­
ting-down. (V: vertical, AP: anterior 
and posterior, ML: medial and lateral) 

We could not obtain a stimulation pattern for the sitting-down motion from the hands-as­
sisted EMG data. However, we suppose that this is similar to the reverse pattern of the hands­
assisted standing-up motion. 

Different patterns were observed between normal subjects and a paraplegic patient in the 
restoration of motion. Regarding the knee flexion preceding extension during the standing-up 
motion, the timing between the patient's actions and the electrical stimulation may be a problem, 
because the amount of knee flexion decreased following exercise /6/. During the sitting-down 
motion, the decrease of the vertical floor reaction force, the delay of the knee flexion, and the 
plantarflexion of the ankle indicate an increase of body weight sustained by the arms, followed by 
a leaning backward motion. We believe that this pattern is derived from the timing and/or the 
stimulation of the knee extensors administered at the beginning of the motion. 

We have effectively restored the standing-up and sitting-down motion of a paraplegic patient 
utilizing EMG data and knee joint torque data from normal subjects. We have not, however, deter­
mined the strength of electrical stimulation necessary for any muscles except the knee extensors. 
We recognize that the patient must learn the timing of the motion, and we realize that further 
research is necessary for a more complete restoration of the motion. 
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ST ABILITY AND ENERGY CRITERIA IN HEALTHY 
AND PARAPLEGIC SUBJECTS GAIT 

T.Karcnik, A.Kralj, T.Bajd 

Faculty of Electrical and Computer Engineering 
University of Ljubliana, Ljubljana 

Slovenia 

SUMMARY 

FES assisted gait of paraplegic patients is inferior compared to a healthy subject. The difference can be 
observed in terms of speed, up-right balance, biomechanical energy consumption and generation of propulsion forces 
in the direction of walking. The biomechanical structure is the same as in normal, however the mode of walking differs 
significantly because of reduced number of activated muscles and primitive control. The healthy subject is utilizing 
two-point dynamically stable gait. The paraplegic patient is employing 4-channels of FES and utilizing a four-point 
statically stable gait. We believe that FES gait can be improved if converted into a semi-dynamically or dynamically 
stable gait. 

The gait is considered statically stable if the center of gravity (COG) projection on the ground (pCOG) is inside 
the supporting area In quadruped this is only possible if it is utilizing creeping crawl gait. In this paper the relationship 
between PCOG and the supporting area are discussed as a criterion for dynamic stability assessment. Results are shown 
for three different modes of two-point and four-point gaits. 

STATE OF THE ART 

In selected spinal cord injured patients the restoration of biped gait can be realized by means of functional 
electrical stimulation FES /II. The patients are using 4-channel surface FES. Swing phase is realized through afferent 
FES provoking flexion reflex resulting in simultaneous flexion of hip and knee and ankle dorsiflexion and thus 
providing clearance of the foot from the ground. Stance phase is achieved by stimulating bilaterally knee extensors 
enabling sufficient support to the patient utilizing crutches for balance and partial support. Such FES assisted gait of 
paraplegic patients is in terms of biomechanics significantly inferior to a healthy subject gait. The main drawbacks are: 

Velocity is considerably lower. Average speed achieved by a paraplegic is about 0.15 mls while a healthy 
person walks at about 1.5 mls Ilf. 
Energy inefficiency is resulting in high energy consumption, which is about 14 J/kg m for paraplegic walking 
at 0.15 m/s. A healthy subject gait at 1.5 mls requires only 3.3 J/kg m /II. 
Insufficient horizontal propulsion impulse in the direction of walking is clearly demonstrated from the 
amplitude ratios of propulsion forces in paraplegic (40 N) and healthy subject (200N) 12/. 
Up-right balance is adjusted mainly by hands provided forces. 

In addition, there are also other factors. It is evidently that all of the factors are interrelated in a complex manner. 
Owing to it the gait cannot be improved on a subjective way or by simply copying a normal biped gait. In both 

gaits we are dealing with the same biomechanical structure consisting of segments and rotational joints but with FES 
performing a different gait mode. The FES gait is a quadrupedal gait because the subject is utilizing the crutches for 
balance, partial propulsion and support. As it is unlikely for the balance problem to be solved in the near future, the 
FES enabled gait will remain quadrupedal and therefore we are dealing with the problem of how to improve the existing 
four-point FES gait 13/. 

The basic theoretical approach ofmultiJegged gait analysis is derived from robotics, where several walking 
and running machines have already been constructed. The whole analysis is performed for walking on the flat, hard, 
level surface. Here, several new terms are introduced into the analysis. 

MATERIALS AND METHODS 

The supporting area in a certain phase of gait is defined as the minimum convex point set in the ground plane 
such that all the leg contact points are contained. All quantities are using a fixed global coordinate system shown in 
Figure I. The center of gravity location (COG) is defined as the first normalized moment along the given axis, with 
eq. (I) presenting the exact formula for COG x component XcOG: 

(1) 
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Figure 2: Parametrs for the definition of SSI 

M is the total body mass, m is mass of segment i and X, is 
• the x component of the segment i. In human walking the 

COG is, because of its difficult assessment, often replaced 
with the center of body (COB), which is defined as a 
fixed anatomical quantity. Though such replacement 
could introduce significant errors - mainly in non gait 

Figure 1: Definition of biomechanical parameters acti~itie~, it is oft~n used because o! its si~ple 
application. Another Important parameter IS the vertical 

projection of COG on the ground level (PCOG). Similary vertical projection of COB on the ground plane is marked 
as PCOB. The parameters are graphically explained in Figure 1. The sum of the ground reaction forces (GRF) is 
calculated as a vector sum of forces under each supporting leg/crutch. GRF is a vector quantity and has three orthogonal 
components as described in eq.(2): 

(2) 

GRF is always pointing from the point on the ground level, called center of pressure (COP), to the COG. Therefore 
COP can be defined as the point projected on the ground along the direction of the resultant reaction force acting to 
the COG. Ground reaction forces are related by Newton's 2nd law to the acceleration of COG as shown in eq. (3): 

Fx=xCOG'M 

Fy=YcodM 

F.=zCOG·M+Fg 

(3) 

M is the total body mass, X, y, i are accelerations of COG in the respected directions, F s is gravitational force and 
F., FY' Fz are forces acting on COG. An important conclusion is that the COP is always inside the supporting area, while 
this IS not true for PCOG. 

A statically stable gait is a gait pattern /4/, when the PCOG is during the whole gait cycle inside the supporting 
area. There are 5040 nonsingular gait patterns out of which only three can be statically stable. Out of these three 
creeping patterns the crawl gait offers superior static stability properties. This type of gait is adopted by four-legged 
animals for a slow walking and intuitively also by FES assisted paraplegic subjects. The main characteristic of statical Iy 
stable gait is that a system, in our case the paraplegic subject, can maintain its posture in any gait phase for an arbitrary 
amount of time. Such a gait must and can be as slow as desired, but is consequently at the higher velocities not feasable. 

Quite opposite a healthy person is utilizing semidynamically stable gait. This is a gait mode with both statically 
stable and statically unstable phases. The statically unstable states in the gait cycle occur, when PCOG is outside the 
supporting area. When the gait cycle consists of only statically unstable states the gait is truly dynamically stable, e.g 
running. The movement assures the stability of the system in statically unstable phases. If the system stops, it falls. In 
statically unstable gait phases the dynamics of the mechanism together with the propulsion forces determines the gait 
velocity. As the statically unstable phases are mandatory gravity and inertia driven, the gait cannot be arbitrary slow. 
Thus developing a FES assisted (semi)dynamically stable gait would doubtlessly lead into faster and more efficient gait. 

So far no quantity or index has been proposed to enable a quantitative analysis or describtion to be universally 
valid for both static and dynamic gait stability. Therefore numerous approximations have been introduced. When 
measuring system (in)stability, the first approximation is to use the simple relationship between PCOG and the 
supporting area as a stability measure. This approach neglects all inertial and propulsive forces. Therefore, it is suitable 
only for a very slow statically stable gait. It is a reliable indicator whether the gait is statically unstable or not. In 
statically unstable phases of the gait, a system is definitely gravity/inertia driven what reduces the energy consumption. 

For assessment of system (in)stability in faster but still statically stable gait the COP compared to the supporting 
area can be used instead of PCOG vs. supporting area relationship /5/. COP position depends not only on system 
posture but also on system inertial or ground reaction forces. In faster statically stable gait the static stability margin 
is smaller as compared to a slower gait modes. This means that the control system needs to react faster, specially when 
static stability margin is small. The COP can come close to the supporting area edge not only because the mechanism 
is actually close to the static stability edge or transition to an unstable phase, but also because of the high 
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propulsion/breaking forces. The COP to supporting area relationship cannot be used in (semi)dynamically stable gait, 
because there is no information, whether a system is statically stable or not. 

For (semi)dynamically stable gait is the only useful parameter PCOG compared to the supporting area, while 
the COP is always inside the supporting area and is therefore useless. PCOG determines whether the mechanism is in 
certain moment statically stable or not. 

To understand these basic stability criteria we have measured the static stability index in heathy subject biped 
gait, healthy subject four-point gait and in a below knee amputee. Dimensionless relative static stability index (SSI) 
is defined in eq.( 4): 

SSI=l- distance(PCOG,CS) 
distance(LSE,TSE) 

2 
(4) 

Leading stability edge point (LSE) is the intersection point of the supporting area leading edge and the line from PCOG 
in the direction of COG velocity. Trailing stability edge point (TSE) is the equivalent point in the trailing supporting 
area edge. Center of stability area (CS) is the midpoint between LSE and TSE. Figure 2 graphically explains the 
parameters used in the definition of SSI. 

When SSI is positive, a mechanism is statically stable. With increasing negativity of SSI, increases the static 
unstability of the mechanism. Theoretically there is no lower bound on SSI as the denominator in eq. (3) can be 
arbitrary small. To assess SSI index only the knowledge of COG position and motion and supporting area geometry 
is required. 

RESULTS 

For measuring purposes, we used the OPTOTRAK contactless motion analysis system. Due to easy assessment, 
we measured the motion of COB instead of COG. Foot contact model has been characterized by three different types: 
heel contact only, toe contact only and foot flat. The first two contacts were modeled as irregular triangles, while the 
latter one included a rectangular support area in between the triangles. The actual dimesions were assessed individually. 
The crutch-floor contact was modeled as point contact. MATLAB@ was used for data processing and visualization. 
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Figure 3: SSI assessed in a healthy person biped gait. RHS: right heel strike, LHS: left heel strike, LTO: left toe 
off, RTO: right toe off 

Figure 3 shows the SSI for a healthy subject biped free gait. As expected there are two staticaIly unstable gait 
phases: initial and final Dart of the single suooort ohase. The variance of SSI in the final part of the single support phase 
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before the heel strike is due to small foot-floor contact area. So even a small variation from step to step causes 
significant changes in SSI. The distance between PCOG and CS rarely exceeds 10 cm, which is only about 12% if 
compared to the vertical distance from COG to the floor. So even a small swing of COG around its vertical position 
enables semi-dynamically stable gait. 
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Figure 4 shows the SSI for a healthy subject four-point gait in slow pace. As expected the minimum value of 
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Figure 5: SSI in a below knee amputee four point gait. RHS: right heel strike, LHS: left heel strike, LTO: left toe off, 
RTO: right toe off, LCO: left crutch off, RCO left crutch off, LCS: left crutch strike, RCS: left crutch strike: 

SSI is higher than in biped gait. However, the gait is still semidynamically stable. The variance of SSI is higher. 
Figure 5 shows the SSI for a right leg below knee amputee four-point gait in normal pace. As expected the 

negative peak of SSI ocurs due to the rigid prosthetic foot. During this interval the SSI is less than -50, so was the 
Figure 5 clipped at -10 for better visibility. The gait is still semi-dynamically stable. 

DISCUSSION 

We hypothesize that the introduction of the unstable states into the paraplegic gait can improve its efficiency 
and increase the average speed. Because it is impossible for an FES walker to utilize a normal-like gait, we are forced 
to copy other four-point gaits, which already incorporate unstable states. Abovelbelow knee amputees walking by 
crutches are good four-point walkers as shown in our results. They serve as a model for paraplegic FES gait. Still an 
important difference exist. Amputees heavily utilize hip flexors and extensors, which are difficult to stimulate by 
surface electrodes and are not used in here described FES gait. In our future work we will try to find out, if 
semidynamically or dynamically stable FES gait is possible at all and if it is possible, we will try to synthesize it. 

To quantitatively assess the dynamic stability a new criterion needs to be established which will include the 
mechanism kinetic energy as well. SSI doesn't suffice for assessing the dynamic stability. Namely, even if the 
mechanism is statically unstable, e.g. biped walking at the beginning of the single support phase, it can recover into 
a statically stable posture, e.g. mid single support phase, without any propulsion forces. The reverse is also true: a 
mechanism can slip out of statically stable state just because of its kinetic energy, e.g. transfer from mid to end of single 
support phase. This kind of phenomena occur in faster multiJegged gaits as well. Therefore, the understanding of 
dynamic stability control is essential particular for the synthesis of semidynamically stable FES and crutch assisted gait. 

[ I] 

[2] 

[3] 

[4] 

[5] 
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MEASUREMENT OF HEART RATE DURING EXERCISE INDUCED BY CYCLIC FUNCTIONAL 
ELECTRICAL STIMULATION IN SPINAL CORD INJURED INDIVIDUALS. 

METHODOLOGICAL PROBLEMS. 

Thomas Mohr, Per Tornr.:'le, Fin Biering-Sf2Jrensen, Niels H. Secher, and Michael Kjcer. 

Copenhagen Muscle Research Center, DepUnt.Med., Dept.Anethesia, Center for Spinal Cord 
Injured, The National University Hospital of Copenhagen and Dept. Med . Physiology, 

University of Copenhagen. 

SUMMARY 

Studies investigating cardiovascular responses to functional electrically induced (FES) exercise 
in spinal cord injured (SCI) individuals include measurements of heart rate using mainly 
electrically recordings of signals derived from precordial electrodes /1-7/. To test the reliability of 
different methods to determine heart rate . a computerized electrically derived signal recording 
was tested against measurement of peripheral pulse by light absorption. Nine SCI subjects 
performed FES cycling for 30 min and six able-bodied men performed voluntary cycling as 
controls. During exercise, heart rate rose in the spinal cord injured from 64 +/- 4 (mean +/- SE) 
to 129 +/- 10 when determined with equipment based on light absorption . In contrast, when 
using electrically heart rate determination, in all SCI subjects heart rate only rose to 80-100, 
being precisely matched to the cycling cadence indicating a match to the stimulation pattern 
rather than to true heart beat frequency. In control subjects heart rate rose from 59 +/- 3 to 130 
+/- 9, and measurements with both methods were identical. 
In conclusion, during exercise induced by electrostimulation measurements of heart rate using 
computerized recordings of electrical signals. may reflect the stimulation pattern rather than the 
actual change in heart rate. Caution has to be taken when recording heart rate during FES and 
the interpretation of some previously presented published data might be reconsidered in the 
view of the present findings. 

STATE OF THE 

Most research groups investigating use of FES in different exercise models in spinal cord 
injured persons use heart rate as a measurement of intensity of the exercise . The most used 
technique is measurement of the precord ial ECG, done with different instrumentation, ranging 
from sports testers with the receiver in a wrist watch to highly advanced hospital equipment with 
a possibility of manipulating and filtering the signals . 

MATERIALS AND METHODS 

Nine SCI subjects gave their informed consent to participate in the study, which was approved 
by the MuniCipal Ethical Committee of Copenhagen. The group consisted of five tetraplegics 
(injury level C5 to C7, postinjury time 5-13 years) and four paraplegics (injury level Th 4 to Th 7, 
postinjury time 13-24 years) . All were neurologically stable with clinically complete lesions 
(Frankel class A) . The SCI individuals had full passive hip and knee range of motion and partici­
pated in an ongoing training program including functional electrical stimulation of their legs for 
bicycling for 30 min three times a week /8,9/. 
In addition to SCI subjects, 6 healthy males were used as controls performing voluntary cycling 
on the same equipment as the SCI subjects. 
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FES exercise 
The SCI subjects were placed in the sitting position on a computer-controlled FES exercise 
ergometer (REGYS I Clinical Rehabilitation System, Terapeutic Technology Inc., Tampa , USA). 
This system was comprised of three primary subsystems: a lower extremity ergometer (Monark 
ergometer), a stimulus control unit and a reclinable patient chair. The stimulus control unit was a 
computer which controls and monitors the electrical stimulation according to prescribed 
parameters (see below) entered into a microprocessor by a remote control keyboard . Before 
exercise, surface electrodes were placed over motor neuron end plates (motor points) of the 
quadriceps, hamstrings and gluteal muscle groups of both legs. Three electrodes (two active 
and one reference) were applied over each muscle group. Each electrode was coated with a 
buffered electrode gel that provides a conductive interface between the electrode and the skin. 
Six separate channels for sequential surface muscle stimulation were used during ergometry 
with a computer-controlled closed loop system. Each channel supplies monophasic rectangular 
pulses lasting 350 microseconds and delivered at 30 Hz to each of the two active electrodes 
over a given muscle. Stimulation intensities ranged from preset threshold levels determined for 
each individual muscle group to elicit a palpable contraction (18-40 mA (range)) up to a 
maximum of 130 Ma. An ergometer power output, based upon prior studies, was chosen to 
enable subjects to work 30 min. A pedal position sensor, allowing continuous calculation of 
velocity, was used by the computer to control the instantaneous stimulus amplitude required for 
each of the six muscle groups to result in a smooth motion and a constant cranking frequency of 
50 revolutions per min (cadence = 100). Fatigue was said to occur when revolutions per minute 
decreased below 35 in the face of maximal stimUlation intensity (130 Ma). Stimulation was 
automatically stopped at fatigue. 
Control exercise 
The control subjects with intact nervous system carried out voluntary bicycle exercise with a 
cadence of app. 100 per minute (50 rpm) and body position were the same as in SCI individu­
als. The work load was set to result in a rise in heart rate during the first 5 min up to approxi­
mately 80 bpm, during the next 5 min up to app. 100 bpm, and during the last 5 min up to app. 
140 bpm. 

RESULTS 

During FES exercise in SCI patients, the POLAR Sports tester was used to determine HR on 
the basis of the R-R interval in the precordial ECG and the PROPAQ equipment was used 
to determine HR on the basis of light absorbtion in the pulp of the finger tips . 

HR in FES exercise 

o 10 20 30 

Time (min) 

40 

In the figure the HR and the cadence of the bik­
ing in FES induced exercise are plottet. At time 0 
stimulation is initiated, and the POLAR values 
imidiately corresponds to the cadence, rather 
than to the PROPAQ values, which here is the 
true heart rate. 
At time 30 min the stimulation stops, and imi­
diately the POLAR values correspond to the 
heart rate again. 

--0--- POL.Alt -6- PROPAQ --+- CADENCE 
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In contrast to the FES induced exercise, the POLAR 
and the PROPAQ values are identical throughout the 
biking session in voluntary controls, as shown in this 
figure. 
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The correlations between HR measured with POLAR and PROPAQ in voluntary exercise was 
found to be very near to one whereas there was no correlation between the two values in the 
FES induced e~ercise . The correlations are shown in the two following figures . 

Voluntary Exercise 
FES - Exercise 

140 
140 

120 t 120 
CI 0 

« 100 CI ~ 
"" -< 100 0 

0 "" ~ p:: 
re "" g 80 80 

0 

60 60 0 

60 80 100 120 140 60 80 100 120 140 
POLAR POLAR 

DISCUSSION 

The present study shows, that heart rate recordi'ng using either electrical signals derived from 
precordial electrodes or pulse registration on the basis of light absorption as expected corre­
spond with one another during voluntary exercise. However, the important finding is the notion 
that computerized electrical determination of heart rate was markedly altered if exercise was 
induced by cyclic electrical stimulation via surface electrodes. This was true for both paraplegic 
and tetraplegic subjects when they carried out functionally electrical induced cycling with their 
paralyzed leg muscles at the highest possible work load for 30 min . In fact the heart rate 
determined during exercise was markedly lower than the true heart rate, and was exactly 
matched to the frequency of electrical induced muscle contraction (cadence) pattern. This was 
the case both during exercise where the aimed 50 rpm was kept up as well as during exercise in 
which only 40-45 rpm could be maintained, and it indicates an interference of muscle stimulation 
signals on the heart rate recordings . 

In the present study a electrical heart rate recording was used that was set to register QRS 
complexes, but also other equipments based on R-R interval registration have been shown to 
present inconsistent heart rate results during electrical induced exercise (unpublished results) . 

- 93 -



From the present study it is not possible to rule out that similar methods used by other research 
groups give more correct values, but in the present state one has to be cautious regarding the 
correctness of heart rate determinations based on electrically derived signals during cyclic FES 
exercise . 

In contrast to electrically derived signals , when heart rate was determined on the basis of light 
absorption in peripheral vessels, true heart rate values were obtained in spinal man during FES 
exercise. 
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SCREENING & ASSESSMENT FOR A LUMBOSACRAL ANTERIOR ROOT 
STIMULATOR IMPLANT PROGRAM 

lRoyal National Orthopaedic Hospital Trust, 2Salisbury District Hospital, 3Royal London Hospital. 
Royal London Trust & London Hospital Medical College. 

SUMMARY 

The Multichannel Lumbosacral Anterior Root Stimulator Implant (LARS!) was developed to restore 
lower limb funcJions in individuals with paraplegia following spinal cord injury. 

Criteria related to classification of injury, medical status, spasticity, joint mobility, 
psychological status & presence of spinal instrumentation were implemented to ensure appropriate 
subject selection for a sequential assessment & surface stimulation training programme. The effects 
of the programme on the impairment, disability & handicap of the subjects were evaluated. 

51 paraplegics were identified from a total population of 224 for further investigation. Of 
the 11 consenting subjects fulfilling all criteria, 9 completed the programme. No change in 
neurological status, joint range & locus of control & a decrease in anxiety & depression was 
observed in all subjects. An increase in muscle power & bulk & spasticity was seen in 9 subjects. 
6 subjects achieved closed-loop standing and 1 subject has so far progressed to implantation. 

STATE OF THE ART 

Surface stimulation systems to restore lower limb functions in spinal cord injured subjects present 
. practical problems and safety issues. Percutaneous wire electrodes, whilst enabling specific 
placement and reduced set-up time for the patient user, lack cosmetic acceptability and have a high 
rate of electrode failure and incidence of infection. Progression to a fully implanted system provides 
a solution to practical problems of application but the extensive sites for surgical implantation of the 
peripheral nerve cuff or epimyseal electrodes do not overcome the cosmetic difficulties for the 
patient. The aim of the Lumbar Anterior Root Stimulator Implant (L.A.R.S.I) is to maintain the 
benefits of an implanted stimulator whilst minimising the site of surgery to the lumbar spine. 

The World Health Organisation International Classification of Impairment, Disability & 
Handicap (1980) [1] provides a construct within which health care professionals may examine the 
concept and consequence of disease and evaluate the rehabilitation programmes devised to minimise 
the impact of the disease process. Studies investigating the effects of programmes of electrical 
stimulation to restore lower limb function in patients with complete paraplegia have primarily 
considered the evaluation of impairment - muscular changes, peripheral blood flow, and bone 
metabolism and at the level of disability - achievement of standing and walking [2]. Anecdotal 
evidence has also been put forward that participation in a programme of FES may bring about 

social and psychological change [2], but formal evaluation at the level of handicap was not 
addressed in these studies. The need for holistic evaluation of stimulation programmes, by a 
multidisciplinary research team was recognised and a collaborative project incorporating the Spinal 

Units at the Royal National Orthopaedic Hospital Trust and Salisbury District Hospital, each with 
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experience with surface stimulation to restore standing in paraplegics [3,4], and the Medical 
Implanted Devices Group, University College London was devised to evaluate the Multichannel 
Lumbosacral Anterior Root Stimulator Implant. 

MATERIALS & METHODS 

A sequential selection and assessment process was developed from the criteria & assessment 
protocols already established at the two centres in previous programmes of surface stimulation 
[3,4] .. Initial selection criteria related to age, level and classification of injury, medical status, 
level of spasticity, joint mobility, skin condition and psychological condition. Additional criteria 
were introduced to ensure suitability for implantation, relating to presence of spinal fixation 
instrumentation and history of autonomic dysreflexia. 

Measurement techniques for each of the assessment areas shown in Table 1 were 
standardised for _use at both centres and high inter-therapist reliability was demonstrated in patient 
positioning and measurement of joint range of movement using goniometry, rating of spasticity and 
the measurement of muscle bulk. 

Table 1: Sequential Selection & Assessment Programme 

Stage Assessment Level of 
measurement 

I Subject selection Paper screening of medical notes Impairment, 
using selection criteria Disability & 

Handicap 

IT Introduction to project Joint range of movement Impairment 
Response to stimulation Impairment 
Standing posture Disability 
Psychological tests Handicap 

m Training Bone density & muscle biopsy Impairment 
Motor & sensory neurology Impairment 
Spasticity Impairment 
Muscle strength & bulk Impairment 
Psychological tests Handicap 

IV Standing - in Standing - open & closed-loop Disability 
laboratory Psychological tests Handicap 

V Standing - at Home Standing - closed loop Disability 

VI Implantation Spinal canal diameter Impairment 
Autonomic dysfunction Impairment 
Root mapping & muscle strength Impairment 
Psychological tests Handicap 

vn Standing Root mapping & muscle strength Impairment 
Standing Disability 
Psychological testing Handicap 
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Stage III comprised a twelve week exercise programme, using surface stimulation to the quadriceps 
femoris, anterior tibial muscles and glutei directly and the hamstrings and hip flexors via the flexor 
withdrawal response. Stimulation frequency was 20Hz, pulse width 300 microseconds, contraction 
time 8 seconds and a relaxation time of 10 seconds. Stimulation produced alternating knee 
extension in one leg with knee flexion in the contralateral leg. The exercise period increased from 
30 minutes to a maximum of two and a half hours. On completion of Stages III, IV & V, 
fulfilment of further criteria relating to muscle strength and stance times were a prerequisite for the 
subjects to progress to the next stage. 

RESULTS 

Medical records of 224 complete paraplegics from the two Spinal Units were examined. 128 
patients were excluded by the selection criteria and 45 patients were untraceable. The 51 remaining 
potential candidates were sent infonnation regarding the study of which 19 attended the centres for 
further discussion of the project. 11 patients (4.9% of the initial population) started the exercise 
programme. Two of these subjects did not complete the training regime; one due to personal 
commitments preventing adequate time for stimulation and the second attributed a decrease in his 
sexual function to the stimulation. Results from the remaining nine subjects are presented. 
Motor & Sensory Neurology 
No change in voluntary muscle power, joint proprioception or sensation to light touch and deep 
pressure was observed in any of the subjects. 
Joint Range of Movement 
No change in joint range of movement in the hips, knees or ankle joints was observed in any of the 
subjects. 
Spasticity 
Therapist rating of resistance to passive movement of the lower limbs showed an increase in 
spasticity in 7 subjects. Four of these 7 subjects also showed an objective increase in spasticity using 
the Wartenburg Pendulum test. 
Muscle Strength 
Eight subjects demonstrated an increase in peak torque during isometric contractions of the 
quadriceps mechanism with the knee held at 90 degrees flexion in the left leg and six in the right 
leg. Endurance, examined by repeated stimulation at a predetennined level with the knees at 15 
degrees of flexion, increased bilaterally in 5 subjects and unilaterally in 2 of the other subjects. 
Muscle bulk 
Thigh and calf circumference and gluteal bulk measured with a tape measure at 10 fixed points 
increased in six subjects. Linear ray ultrasound scan demonstrated increased quadriceps bulk in 5 of 
these subjects. 
Psychologica1 Assessments 
The Hospital Anxiety & Depression scores were within nonnal limits for all nine subjects. Six 
subjects showed a reduction in their anxiety score and 4 a decrease in their depression score. 
The Multi-dimensional Health Locus of Control Scales showed that there was no significant change 
in Internal, Powerful Others or Chance Loci of control for any of the subjects. 
Ability to Stand 
Of the nine subjects who completed the exercise programme, 1 failed to increase muscle strength 
sufficiently to progress to standing (despite an extended period of stimulation - 23 weeks). A further 
subject experienced a substantial increase in spasticity which interfered with his functional ability 
and forced him to withdraw from the programme. A third subject stood using open loop stimulation 
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with poor posture and fatigued after 2 minutes due to the excessive upper limb work required to 
keep himself erect. Despite further training and additional means of suppon, posture correction was 
not achieved and tolerance to standing did not increase and the subject discontinued the programme. 
The remaining six subjects progressed to standing with a closed loop stimulation system and one 
subject has undergone implantation. 

DISCUSSION 

The proportion of spinal cord injured patients who would be considered suitable for FES standing 
using clinical criteria has been estimated as between 5 - 12 % [5]. From the total patient population 
of the two participating units in this study, 19% were found to be suitable, but 14% showed 
disinterest. 11 subjects (5 %) agreed to panicipate and 6 subjects (2.7%) achieved closed loop 
standing in the community. The impracticalities of using a surface system on a long term basis are 
recognised but the importance of surface stimulation as a non-invasive means of assessment and 
training support its continued use prior to progression to an implanted system. 

The predicted number of subjects to complete Stage 5 of the programme from those accepted 
for the programme was 50 %. At the final stage of the LARSI programme, 45 % of the subjects 
selected have failed to reach Stage V, indicating that the selection process had fulfilled its objective. 
A review of the subjects failing to complete Stages III - V may indicate predictive indicators of 
failure and enable further refinement of the selection and assessment protocol in order to improve 
the subject outcomes. 
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SUMMARY 

We investigated whether a spinal gait pattem can be induced in patients following 
spinal cord injury through stepping movements on a treadmill. During 5-13 weeks, 
patients performed stepping movements on a motor-driven treadmill with a weekly 
frequency of 2-3 training sessions of 30-45 minutes each. Patients were supported 
by a hamess suspended from the ceiling by a set of pulleys allowing a defined body 
weight support (BWS), as well as by therapists providing manual help whenever 
necessary. In the course of the therapy, 6 patients showed at least a doubling of 
walking distance and time. The average speed in these patients could be increased 
by approximately 0.4 m/s. 2 patients mainly experienced functional improvements, 
such as taking a few steps at the parallel bars and a walker, respectively. 

The question of the most promising point of time to start locomotion therapy after 
spinal cord injury as well as the optimal course of therapy will have to be clarified in 
subsequent investigations. 

STATE OF THE ART 

On the basis of the results of numerous experimental studies in spinal cord 
transected animals /1,2,3,4,5/, in which spinal gait automatisms could be reactivated 
by means of coordinated stepping movements on the treadmill, subsequent studies 
revealed that both quantity and quality of the spinal gait can be improved through 
prolonged training on a Laufband (treadmill) /3,5/. Furthermore a spinal gait pattem 
could be induced in paraplegic patients with more or less missing voluntary 
movements through activation of locomotor centres after walking on the treadmill /6/. 

Patients with incomplete spinal cord lesions tumed out to show significantly better 
functional results as regards the triggering off of stepping movements while in 
patients with complete lesions the full stepping pattem, i.e. flexion and extension, 
could not be entrained /6/. In accordance with these findings other authors detected 
only a marginal increase in EMG-activity in the m.gastrocnemius in complete 
paraplegics during stepping on the treadmill. Stepping movements could only be 
elicited with significant body weight support; decreasing support resulted in inability 
to step at all /8/. Similarly, data collected in experimental studies in primates with 
complete transection of spinal cord showed that no spinal gait could be induced on 
the treadmill /2,8/. By contrast, in some incomplete paralysed patients it was possible 
to reduce body weight support entirely during therapy - some were even able to step 
on a static surface, while their voluntary muscle activity in rest was still absent to 
varying degrees. Also in many chronic paretic patients at least the flexion pattem 
could be reactivated by using the Laufband, which seems to justify to start with 
locomotion training even years after an incomplete spinal cord lesion /6/. A recently 
published study showed a significant advantage of the treadmill therapy in 89 
patients as compared to 64 patients treated with conventional therapy /9/. 
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The aim of the present investigation is to find out whether the above-mentioned 
findings about the locomotion training can be applied to 7 of our paraplegic patients. 

MATERIALS AND METHODS 

Up to now we have recruited 5 male and 2 female patients with a spinal cord lesion 
showing an age between 18-55 years. The cause of the s.c. injury in all patients was 
trauma, which in 5 patients occurred 28-37 months ago, in 1 patient (R.B.) 9 years 
and in 1 patient (E.M.) 29 years ago. 5 of these patients had an incomplete spastic 
paraparesis (Th9, Th11, Th6,' Th1, L 1), 1 had a complete spastic paraparesis (Th11), 
and 1 had a spastic tetraparesis (C5/6). Muscle activity, sensibility, and 
proprioception were present in varying degrees. Concomitant with the treadmill 
training all patients took part in our standard rehabilitation program, including 
stretching and passive joint movements. 4 patients were also subjected to an 
electrotherapy. After several weeks of treadmill training, the attempt was made to 
perform stance and gait exercises at the parallel bars, with a walker and a cane, 
respectively. Training should be executed at least 2-3 times weekly with a duration of 
30-45 minutes each. Patients were supported by a hamess suspended from the 
ceiling by a set of pulleys allowing a defined body weight support (BWS). Whenever 
necessary, 2 therapists supported the gait pattem, especially the dorsal extension in 
the ankle at the beginning of the swing phase as well as the manual knee extension 
and stabilisation during the stance phase. In the first therapy sessions an initial 
speed of the treadmill of 0.6-1.4 mls was chosen. At the beginning of therapy and in 
fixed intervals during therapy a manual muscle function test and a functional testing 
in defined positions were carried out. Furthermore we documented various treadmill 
parameters, the degree of body weight support, the frequency and intensity of 
spasticity as well as the elicitability of flexor and extensor reflexes. 

RESULTS 

The patients performed Laufband training over 5-13 weeks with an average of 2.1 
training sessions per week with a duration of 30-45 minutes each. In the course of 
the therapy, 6 patients showed at least a doubling of walking distance and time, 
although, in some cases, the duration of therapy was relatively short. The average 
speed in these patients could be increased by approximately 0.4 m/s. On the one 
hand, patient no.6 showed no significant alterations of these parameters, on the 
other hand, after only 4 weeks, he was able to take a few steps with a cane without 
major support, while, prior to therapy, he was not even able to get up. Regarding the 
reduction of body weight support, after 5 and 13 weeks of treadmill training, 
respectively, 2 patients needed the same weight as before. In the case of 4 other 
patients, BWS could be reduced by 15-35% of the initial value. In particular in patient 
no.4 an improvement of his pronounced spasticity could be noticed in the course of 
therapy. In patients nO.3 and 4 considerable flexor and extensor reflexes were 
registered already during the first therapy units. As of the 7th therapy unit, patient 
no.2 (tetraplegic) was able to walk more than 200 meters with more or less support 
from the therapists, while he continued to show no voluntary muscle activity during 
rest. In patient no.5, who has been performing a functional electrostimulation for 
more than 5 years, an electrical stimulation of the peroneal nerve was needed to 
elicit the dorsal extension on the left side even after 20 therapy sessions. 
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DISCUSSION 

Our preliminary results regarding locomotion therapy in spinal cord lesions confirm 
the findings of other investigators that spinal gait automatisms can be evoked by 
regular walking on the treadmill combined with BWS in the form of coordinated 
flexion and extension movements. Even with less frequent weekly training sessions 
we could make considerable functional progress. In agreement with other recently 
published studies /8/, we were able to show that also chronic paraplegic patients can 
benefit from this kind of therapy. The decrease in the frequency and intensity of 
spasticity in patient no.4 in particular, contrasts with the increase in spasticity in other 
patients during therapy. At present, this prevents us from predicting the influence of 
the treadmill therapy on the frequency of spasticity. 

Our preliminary results not only demonstrate the therapeutic potential of spinal 
locomotion - in incomplete spinal cord lesions as an adjunct to conventional 
rehabilitation programs, but also highlights the necessity of further investigations. 
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SUMMARY 

Hermetic sealing of miniature, cylinder-shaped electronic devices into glass capillaries has 
proven to be adequate for long term in-vivo implantation, as demonstrated by implantable 
transponders and Microstimulators. The success in encapsulation techniques and the 
complexity of the control required in Functional Electrical Stimulation (FES) has prompted the 
development of Microtelemeters: externally powered, controlled, and monitored implantable 
sensors/tra_nsducers that would allow closing of the stimulation control loop. Examples of 
transducers and sensors include implantable joint angle goniometers, accelerometers and 
temperature sensors. The oblong cylindrical shape of the glass capsule with electrodes on 
each end is also well suited for detection of biological signals, originating from afferent or 
efferent neural signals or from natural or stimulated muscular activity. The extremely small 
size and shape of the Micromodules (Micro stimulators and Microtelemeters) make them 
suitable for implantation with minimal traumatic intervention, i.e. by insertion into the site 
through the lumen of a hypodennic needle. A single external coil can be used for both 
powering of Micro stimulators and Microtelemeters and for receiving oftelemetered data. 

STATE OF THE ART 

Implantable electrical stimulators have become an integral part of several Functional Electrical 
Stimulation (FES) clinical applications. Initially used in the late seventies 11,21 and improved 
in the late eighties 131 as single channel stimulators to correct foot-drop, they have developed 
into multichannel stimulators to facilitate hand control in tetraplegic, and enable simple 
locomotion of paraplegic patients 14,5/. 

Multichannel implants in most applications appear as "centralized" implants in the form of a 
hermetically sealed electronic circuit with lead wires and electrodes reaching to the stimulation 
sites. "Distributed" multichannel implants were first introduced in 1975 16/. They consist of 
multiple addressable single channel stimulators powered and controlled from the same external 
controller and antenna. Their properties, advantages and disadvantages are discussed 
elsewhere /7 /. 

Among the transducers used in FES for ambulation, goniometers placed over joints and 
ground reaction force transducers are most commonly used. However, they have only been 
used in laboratory settings and are highly impractical for everyday use because of their bulk, 
dangling wires and time consuming application. As is the case with stimulators, the best way 
to minimize the detrimental impact of external sensors is to miniaturize and hide them under 
the skin. In 1984 Troyk et al 181 described an implantable goniometer which could sense the 
differential field produced by two implanted magnets. Recently, a new technique has been 
developed that allows recording of electroneurographic activity generated by skin receptors 
19/. The combination of implanted goniometers and the measurement of afferent nerve signals 
may open new possibilities for closing the control loop in FES applications. 
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MATERIALS AND METHODS 

The Microstimulator and its power and control systems have been developed over the last six 
years under a contract with the National Institutes of Health. During the first three-year 
contract period, a first generation Microstimulator was successfully built that met or exceeded 
most of the required specifications. It is characterized by small size (14rnrn x 2rnrn dia), 256 
addresses, ability to deliver current pulses with amplitudes from 0.1 rnA to 30 rnA and 
pulsewidths from 3 J-lS to 256 J-lS. Over the last two years, these devices have been tested 
chronically in five cats, demonstrating their safety and effectiveness. 

Microtelemeters, with the same shape and dimensions as Microstimulators, are being 
developed to complement the micro stimulators and to make possible closing of the FES 
control loop. Again, as with Microstimulators, a custom chip is required to identify individual 
telemeters, define their function (sensor, transducer), operation mode (idling, sensing, signal 
processing, or transmitting), and other features . One self resonant coil is required for 
powering, controlling and reception of processed data with a small off-chip capacitor to 
maintain operating power. Biocompatibility is achieved by hermetic glass encapsulation. 

Microstimulators and Microtelemeters may reside and operate in very close proximity. The 
Microstimulators deal with relatively large signals and are not sensitive to minor EM field 
variations caused by nearby devices. The Microsensors, on the other hand, manage signals 
with amplitudes as low as a few microvolts. Therefore both stimulation pulses from 
Microstimulators and the EM field from the external powering antenna can critically 
compromise the effectiveness of the Microsensors. It is obvious that for the cooperative 
operation of Micro modules, a protocol different from the one used in Microstimulators alone 
has to be utilized. First, we must turn off the transmitter carrier while the transducerltelemetry 
modules collect and process transducer or biological signals and also when they telemeter the 
processed data out to the external controller. Second we must disable all unwanted 
Microstimulator outputs at least during the signal acquisition. 

The required conditions are provided by a half-duplex protocol. In this scheme, the external 
transmitter is turned on for a period of time sufficient to charge an energy storage power 
supply capacitor contained within the Micromodule. During this time the Micromodule only 
decodes incoming information. Following this charge-up period, the transmitter is turned off, 
the Microtelemeter senses the loss of carrier and, according to the information received either 
collects and processes-data or begins to telemeter these data. Further advantages of this 
system are that the extracorporeal controller does not have to filter out the large transmitter 
carrier when trying to detect the extremely small telemetry signal and that the same frequency 
can be used for power transfer to the Microtelemeter and for telemetry from the 
Microtelemeter back to the external controller. The disadvantage of this scheme is that a 
large, off chip, energy storage capacitor has to be used. The Micromodules must contain 
sufficient energy storage so as to permit transmitter interruptions of up to 3 msec. 
Calculations which use typical values of power consumption indicate that at least a 10,000 pF 
capacitor is required to maintain the power supply of the Microtelemeters. 

A novel modulation method has additionally been developed, called "Suspended Carrier 
Transmission Scheme" using a Class E oscillator in which the oscillation can be 
instantaneously stopped and restarted with almost no power loss. The period of time during 
which the oscillation is suspended can be varied to encode incoming data. The Suspended 
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Carrier scheme allows a very high data transmission rate and sophisticated data encoding 
strategies. 

] oint angle measurement 

Several different schemes for measurement of joint angles using bidirectional Micromodules 
have been proposed and evaluated. One uses RF triangulation. A reverse telemetry signal 
from an "emitter" Micromodule on one side of a joint is sensed by a transducer/telemeter 

. Micromodule on the other side of the same joint. The strength of the signal is proportional to 
the angle between two long coils used as receiver/transmitter antennas. Preliminary 
experiments show that a signal strength change measured on a receive Micromodule from such 
an emitter module is 5 m V for every 5 degrees of angle change. The measurement was made 
at a distance of approximately 1 inch, with the transmitter module excited with 5 volts at 470 
kHz. These data readily demonstrate that the RF triangulation approach is viable and that 
magnetic field measurements can be avoided. The method, of course, requires on chip 
amplifiers with sufficient bandwidth and gain to measure the microcoil voltage. This 
measurement must be made during the external controller transmitter off times. 

Bioelectric signal measurement and processing 

The ability to store operating power during suspended-carrier conditions also enables the 
storage of infrequently changed parameters in static RAM on the CMOS IC chip. Key 
features include: 

Logarithmic series for variable amplifier gains (powers of2) and stimulus currents (steps of 
3.5%) to facilitate use over very wide dynamic ranges (lX - 64000X gain, lOJl.A-
40rnA, respectively) 

Bin-integration for extraction of area-under-the-curve measurements of wide bandwidth 
bioelectric signals such as EMG, with digitally defined sampling bins 

Dynamic reprogramming of sensor gain and integration time to fine-tune a relatively 
low-resolution digitizer (8 bits) for optimal performance with wide dynamic range 
signals 

Pipelined sampling, in which a device is commanded to telemeter out a previous digitized and 
stored value while receiving the trigger conditions and parameters for the next 
sampling period 

Low-power signal filtering using dedicated IC circuits 

DISCUSSION 

The Micromodules approach to control and monitor FES movements represents a 
considerable improvement when compared to conventionally used FES based rehabilitation 
technology. The possibility of closing the control loop with implantable sensors along with the 
implantable stimulators will usher in an entirely new level ofFES system integration, bringing 
many clinical applications from research curiosity to accepted practice, particularly for 
disabilities where FES has proven its functionality but has been rejected because of poor 
patient acceptance. 
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SUMMARY 

The transfer of power to a sensor circuit is described for use with a multichannel 
stimulation system based upon a cochlear implant. One of the unique features of 
this system is its capability to measure voltages on any of its 16 leads and to 
telemeter this information to the extracorporeal controller of the system. Sensors 
could be employed to provide closed loop control of electrical stimulation using this 
system. 1he issues of power generation for use by such a sensor and the 
implementation of these features are the subjects of this discussion. 

INTRODUCTION 

The Clarion™ cochlear stimulator was developed as an orthotic device for the deaf. 
Its function is to stimulate the auditory nerve via an array of sixteen miniature 
electrodes distributed along the end of a single multiconductor electrode lead. The 
Pulsar™ implantable FES stimulator consists of the modified electronic circuitry of 
the Clarion ™ cochlear implant, hermetically sealed into a ceramic case brazed to a 
metal band with a header that contains four quadruple feedthroughs. Seventeen 
four-inch long wires exit the cast epoxy header protecting the feedthroughs. Sixteen 
leadwires connected to the feedthroughs provide sixteen stimulation and/or sensing 
channels. The seventeenth lead is connected to the metal header and is used for 
an indifferent electrode. In-line connectors are used to extend the lead wires from 
the stimulator to the stimulating electrodes. 

The implant package receives data and energy required for its operation from an 
external antenna via inductive coupling. A 49 MHz amplitude-modulated carrier is 
used to transfer data into the implant with an information transfer rate of 1.1 
MbiUsec. The same 49 MHz signal also supplies the power for the implant circuitry 
as well as for the stimulation current. 

Backtelemetry 

The implant communicates with the external device using a separate telemetry 
channel. It operates at 10.7 MHz and employs frequency modulation. It operates in 
two modes. In the first mode, the carrier is turned on as soon the implant receives 
both enough power for operation and a unique data string from the external control 
unit. The presence of this carrier signals the external device that the implant is 
operating correctly. If the implant detects an error in the forward transmission it turns 
off the backtelemetry carrier, forcing the external device to restart the initialization 
procedure. 
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• 
The second mode is the data transmission mode. The implant circuitry contains an 
analog to digital converter circuit (AID) that is connected, via a multiplexer, to a 
number of internal nodes of the circuitry. This mode is activated by specific 
ninth-word commands. Signals which may be monitored under control of these 
commands include the stimulus output voltages and currents as well as power 
supply levels. This feature also allows monitoring of electrodelleadwire impedance 
thus providing a means of system fault identification. Sensors attached to the 
Pulsar™ could also provide voltages related to the state of the sensor. Other 
ninth-word commands are used to turn the AID converter on and off to conserve 
power, and to set the gain of the AID preamplifier stages. Five different gains from 
x1 to x1 00 can be programmed. The AID subsystem has 6 bits of resolution and at 
maximum gain, the resolution is 2 mV. Transmission of backtelemetry data is 
synchronized with the incoming frame pulses, with one bit of information sent per 
word time. 

-
Output stages 

There are eight identical output stages. Each one is a current source, or sink, that 
can provide currents between 2.4 I-lA and 6 mAo Under control of the ninth-word 
commands, each output stage can be configured as an isolated bipolar source/sink 
or as a dual monopolar source/sink against the indifferent electrode. Furthermore, 
any two electrodes of the 16 may be configured as an electrode pair. In addition, an 
internal discharge resistor can be connected across the outputs on each of the 
channels and each channel can be individually disconnected from the external 
electrodes. The coupling between the output stages and the electrodes is made via 
1 I-lF coupling capacitors. These capacitors are absolute necessary to prevent any 
DC leakage currents from damaging either electrodes or tissue. 

Sensor and Implant Integration 

In order for a sensor to utilized by the implanted Pulsar™ FES system it must be 
electrically connected to one of the stimulus output leads and have a reference 
connection to the indifferent lead. If the sensor has its own power source then this 
is the only connection necessary. If however the sensor requires external power, 
this may be supplied by a stimulus output lead. 

If the outputs of the Pulsar™ did not have series capacitors then 6 mA DC could be 
supplied to external sensor circuitry for short periods of time, limited only by the 

. implant power supply capacitors. This would be inherently a dangerous condition as 
any leakage in the system could allow DC currents to be passed to exposed metallic 
components potentially causing corrosion and tissue damage. The only other option 
is to use the AC coupled stimulus pulses to generate power for the sensor. This has 
been achieved experimentally by using the symmetrical biphasic pulse generation 
capability of the Pulsar™ to drive a full-wave rectifier bridge and storage capacitor. 

The maximum pulse output from a single lead of the stimulator is 6 mA with a 
maximum voltage of about 10 volts using a 14 volt refresh voltage. In an FES 
application where pulses are being generated at a maximum frequency of 100 Hz 
with a combined phase duration of 1 mS, this means that this power supply could be 
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refreshed with a 10% duty cycle. This means that significantly less than 0.6 mA 
continuous current is available to power a sensor and its conditioning circuitry. 

RESULTS 

In an actual test of the system, a single bipolar channel was used to generate a 
biphasic rectangular pulse to a full wave rectifier. This was filtered with a 47 uF 
16VDC tantalum capacitor and was fed to a MAX883 5 Volt voltage regulator. The 
typical quiescent current co.nsumption of this device is only on the order of 15 to 20 
uA. The output of the voltage regulator was filtered with another 47 uF 16V 
capacitor. The output of the regulator was fed to a variable resistive load and the 
output of the regulator was observed on an oscilloscope. As the load was 
decreased to 9 Kohm the output voltage was stable with no discernable ripple. This 
demonstrates that at least 500 uA of steady state current is available to power an 
external d~vice from the capacitively coupled outputs of the Pulsar system. 

W~V&lorm In 
from Pul~~r 

W~velorm In 
from Pul~~r 

R&~i~tin 

S&n~or 

47"' I 

Low Powlr OPAMP 

Volt~g& R.gul~lor 

To Pul~~r 
Input Ch~nnel 

Tlcl Circuit u~&d to IV~IU~I& Pulc~r lor powering ~nd m&~~uring Impl~nl.d S&n~or~ 

In a separate experiment voltages from an external stimulus load were read and fed 
back to the external controller using the on-board aId system of the Pulsar™ and the 
back-telemetry channel. This was used to determine the impedance of the load to 
verify electrode integrity. 
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The output of the opamp in the figure above would have to be gated under control of 
the power generating channel since the input to the Pulsar™ channel which would 
measure the sensor voltage is capacitively coupled as well. 

From the above description it is clear that a closed loop FES system is achievable 
with the Pulsar™ system with the addition of a sensor device and its support 
circuitry. Separate hermetically sealed packages containing their own power source 
or receiving power and then sending back information pulses to the Pulsar™ could 
be realized 
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VOLUNTARY WIRELESS CONTROL OF FES SYSTEMS 

Z. Matjaci6, M. Munih, T. Bajd, A. Kralj 

Faculty of Electrical and Computer Engineering 
University of Ljubljana 

SLOVENIA 

SUMMARY 

The SMT based wireless system making use of radio-frequency medium at 40 MHz was 
developed. Signals from crutch pushbuttons are coded and transferred from transmitters on both 
crutches to the receiver. The receiver is firmly attached to the patient's waist and is connected to the 
stimulator. The- wireless control system was designed to suit the requirements of various FES 
rehabilitative systems from simple one channel peroneal brace to complex multichannel stimulators. An 
evaluation of the wireless system reliability was carried out. 

INTRODUCTION 

Considerable efforts have been directed towards investigations in FES assisted gait of complete 
and incomplete spinal cord injured (SCI) subjects /1/. The Ljubljana FES assisted gait patterns are based 
on control events triggered voluntarily by the paralysed person. In simple four-channel pattern the gait 
cycle is divided into a stance and swing phase by pushbuttons built into the handles of the crutches. 
These pushbuttons are in present systems hard wired to the stimulator. Interconnecting wires between 
the switches and the stimulator are inconvenient in daily activities and represent frequent source of 
malfunction. Further, they represent an obstacle during walking and they hinder the patient when 
standing up or sitting down. Finally, these wires are anaesthetic what can be considered as an important 
factor for patient's acceptance. 

In the future we expect the development of more complex gait patterns which will include also 
other muscle groups apart from ones that are used in minimal reciprocal gait pattern. Additional control 
events will be introduced during the gait cycle. It seems that contact force of the crutch may be valuable 
information and should be therefore included into FES control synthesis. However, transferring the 
force signals from the crutch to the stimulator would require additional wires. Such solution is not 
acceptable because of the above mentioned reasons. Therefore, a reliable telemetry system for 
transferring the control signals from the crutches to the stimulator is of great importance for a SCI 
subject. 

There were only few attempts in the past which were directed towards telemetry system 
development for the purpose of FES control. Jennings /2/ has developed a system, that uses infrared 
transmission of pushbutton signals on the crutch handles and provides on/off switching of 
electro stimulation. The system was specially designed for controlling an FES system which was used in 
conjunction with mechanical orthosis. The receiver was attached to the side of the mechanical orthosis 
while the transmitter was clipped onto the shank of the crutch. A reliable communication link was 
achieved due to the described position of the transmitter and receiver. 

Graupe /3/ patented a stimulation system which employs ultrasound wireless link. The telemetry 
link provides transmission of the switch signals to the stimulator. Switches and the transmitter are 
mounted on the walker which is used to provide support to the patient during walking. The receiver is 
mounted in the stimulator which is attached to the patient waist. 

Visibility between the transmitter and receiver is required for errorfree communication in both 
telemetry systems due to the narrow emitting and receiving angle of infrared diodes or ultrasound 
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sensors. In case when the visibility is not assured the infrared or ultrasound communication is not 
possible. As a consequence the receiver cannot be hidden under the patient's clothing and the 
transmitter cannot be build into the crutch what is another inconvenience related to the infrared or 
ultrasound medium. Therefore, the radio frequency medium was selected for our telemetry system. 

METHODS 

At the beginning of telemetry system development, certain requirements and limitations were 
imposed: 

1. time delay between pressing the pushbutton and stimulator response should not exceed 100 ms 
2. transmitting system should not consume power while not active 
3. telemetry system should be designed in such a way that several patients would be able to use it in the 

same room at the same time 
4. transmitter should be installed into a crutch together with the rechargeable power supply, therefore its 

dimensions shoutd be as small as possible 
5. energy consumption of the telemetry system should be minimal 
6. the system should provide reliable communication in condition of radiofrequency disturbances 

It can be noticed that some of the requirements are contradictory. The use of the rehabilitative 
system by several patients in the same room at the same time requires frequency separation among the 
communication channels. In such case it is difficult to accomplish minimal dimensions of the system. 
One possibility to achieve the first requirement is by introducting the phase locked loop (PLL) principle. 
However, PLL requires a precise frequency oscillator for reference frequency, a voltage controlled 
oscillator (VeO), a presetable frequency prescaller (to enable generation of different frequency 
channels), a phase comparator and finally a low pass filter, all these only for generation of suitable 
carrier frequency . By the application of the mentioned principle and with electronic components that are 
available on the market, we can design, for example, frequency synthesiser from. l43.82MHz to 
l48 .92MHz with channel separation of 20kHz. This enables 256 different communication channels. But 
this solution would comply with only the third while disregard the fourth and the fifth requirement. The 
power consumption of system would be 40m.A at 5V, what is rather high. The system would consist of 
large number of components what increases the volume of the system. Therefore, this solution is not 
acceptable. 

Another possibility to achieve several communication channels is by use of crystal oscillator in 
frequency range where a wide pallete of crystals is accessible on the market. In this way we could 
separate channels by simply replacing crystal resonator in both transmitter and receiver. Manufacturers 
offer more than sixty frequency channels in 27, 40 and 49MHz band. 

An important issue in radiofrequency transmission is also the question of transmitting and 
receiving antennas. Since the patient uses a crutch, it is natural to employ crutch as a transmitting 
antenna. Generally, the antenna length is reciprocal to the used carrier frequency. Frequency of 150 
MHz is optimal for average crutch length. 

Another important issue is the type of modulation used. In today ' s commercially available 
telemetry systems there are employed only two mudulation techniques. Frequency modulation (FM) 
offers better quality of transmission than amplitude modulation (AM), while the latter requires 
substantial reduction of complexity of modulating and demodulating circuits. In case when only the 
state of signal is relevant (low or high state, i.e. digital signal) AM is adequate choice, since the quality 
of transmission is not of the main importance. 

According to the findings from the previous paragraphs, we developed telemetry system 
employing ASK (amplitude shift keying) modulating principle and operating in 27 MHz band. Our 
intention was to use different crystals in order to obtain different communication channels what would 
fulfil also the fourth requirement. The system was built around two integrated circuits dedicated for 
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control of plane models. The crutch was cut in half, thus providing dipole antenna for transmission. The 
receiver antenna was 15 cm long wire. The receiver used single superheterodyne principle. The 
transmitter was placed into the crutch together with the power supply and the receiver was placed into 
separate plastic case which was tied to the patient's waist. 

For the purpose of comparison we also tested a commercial telemetric system operating at 
433.92 MHz and also using ASK modulating principle. The output power of both telemetric systems 
was 10 mW. The bandwidth of our receiver could be set either to 10 kHz or 100 kHz, while the 
commercial system had 400 kHz bandwidth. 

RESULTS 

The evaluation which is described in details elsewhere 14/, revealed that system operating at 27 
MHz behaved reliably in all environments evaluated (room with no RF disturbances, presence of 
microwave device and presence of running car engine) while that was not the case with wider 
bandwidth configuration. The commercial system operated reliably only in case of no RF disturbances. 
The range of commercial system was at least 100 m due to optimal antenna size which was realisable 
within this wavelength. The evaluation also revealed that our developed system operated reliably only 
when patient held the crutch and wore receiver firmly attached to the waist what shows very limited 
range of system operation. 

oscillator 

-L.. 
c:=J -r 

modulalor 8mpl~iar anlenna o I> 

coding circuit 

Figure I Block scheme of transmitter 

This gave us an idea to use patient's body as part of transmitting antenna which is closely coupled to the 
receiving antenna. In this way we would obtain a reliable transmission of control signals from the crutch 
pushbuttons. On the other hand poor sensitivity of receiver by using very small antenna in comparison 
to the wavelength is highly desirable in our application. In this case we would not need channel 
separation since the operating range of the system is practically only across patient's body. 

Figure 2 Block scheme of receiver 

According to the findings of the evaluation we developed the final version of the telemetric 
system. We retained the principle of the previous system and we used SMT (surface mount technology) 
parts in order to reduce the size of the system. The "hot" part of the antenna is patient when pressing 
the pushbutton whose metal case is connected to the transmitter and the "cold" part is represented by 
the crutch. The receiver antenna is the clip which is also used for attaching the receiver to the patient's 
waist. In the Figure 1 and Figure 2 we see block schemes of transmitter and receiver. 
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Figure 3 The receiver and transmitter printed board circuits 

Figure 3 shows the printed circuit boards of the receiver and transmitter. The following table 
summarises technical properties of the telemetric system. 

TRANSMITTER RECEIVER 
OUTPUT POWER 5mW INTER. FREQ. 455 kHz 
MAX. MOD. FREQ. 2 KHz BAND WIDTH 10 kHz 
VOLTAGE SUPPLY 6V VOLTAGE SUPPLY 4.8 V 
CURRENT DRA W SmA CURRENT DRAW SmA 

DISCUSSION 

We developed small size, interference resistant telemetry system for wireless control of FES 
assisted walking. System in present state employs a coding and decoding circuit for pushbutton signals 
transmission. In future the system should transmit also the information of force on the tips of the 
crutches while the pushbutton signals will be incorporated into the digital force signal. 
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A USER-FRIENDLY FES SYSTEM FOR THE REHABILITATION OF HEMIPLEGIC PATIENTS 

P Michael, DJ Ewins 

Biomedical Engineering Group, Department of Mechanical Engineering 
University of Surrey 

INTRODUCTION 

Since the work of Liberson [I ] .... several surface FES systems have been implemented for the 
rehabilitation of hemiplegic gait [2, 3] . Generally they have all benefited from advances in electronic 
technology, making them cosmetically acceptable and more reliable. As part of the FES research 
project at the University of Surrey we are investigating two of the major remaining problems with 
hemiplegic gait re-education using electrical stimulation. These are the application of closed-loop 
techniques to account automatically for any internal or external perturbations, e.g. fatigue and spasms, 
and environmental obstacles [4], and the development of software and hardware tools to maximise the 
ease with which the electrical orthoses can be set up by the bioengineer and therapist. This paper 
reports on the development of a two channel FES system which enables user-friendly, on-line control 
and subsequent programming of the stimulating parameters with a personal computer (PC). The 
friendly human-machine interface and the stimulator's flexibility is expected to encourage the system's 
application in the exercise and gait re-education of hemiplegic patients. 

METHOD 

The proposed system can be divided into three distinct areas: stimulator, stimulator-PC communication 
protocol and PC control/programming software. Each of these will be discussed in the following 
sections. 

Development of the stimulator. A portable, dual-channel, dual microcontroller-based stimulator has 
been developed and evaluated on a population of hemiplegic patients. A block diagram of the 
stimulator system is shown in fig 1. 
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Fig 1. Block diagram of stimulator system 
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It incorporates; 32Kbytes of EEPROM, 8Kbytes of RAM, digitaVanalogue inputs, an 8 bit digital 
output port, a 5V reference output and an RS232 link for direct communication with a Pc. The 
maximum output from each channel is a pulse train of amplitude 120 Volts, frequency }OO Hz and 
pulsewidth 300 IlS (using a }k11l00nF simulated load). It is powered by a standard PP3, 8V4 battery. 
The stimulation parameters can be controlled by the microcontrollers, which in tum can be controlled 
by the PC via the RS232 link. The latter makes the stimulator a strong experimental tool since control 
algorithms currently being developed in a High Level Language (C++) on the PC, can, after minor 
modification, be compiled and the resulting code ported to the stimulator. 

Development of the stimulator-PC communication protocol. A simple three wire (transmit data, receive 
data and ground) RS232 serial interface is used for communication between the stimulator and the Pc. 
The communication parameters are: 

-19,200 baud 
-} start bit 
-I stop bit 
-8 data bits 
-Even parity 

The transfer of data is initiated by the PC upon reception of an Initialisation Byte sent by the 
stimulator. This byte is transmitted once every 50 ms. Once this has been received successfully by the 
PC, the transfer of information conforms to the protocol illustrated in fig 2, if the PC wishes to send 
data to the stimulator, or fig 3, if the PC wishes to receive data from the stimulator. In both cases the 
data block may be up to 7 bytes in width (only 2 shown in figs 2 and 3) . 

COMPUTER I Command ~ Start r-> 
STIMULA TOR ~ Command I <-1 Start 

Time > 

data block 
/ ~ 

Data 1 Data 2 I ChecksWD ~ 

~Command l 

Fig 2. Communication protocol for data transfer to the stimulator 

I Command r-> data block 

/ '" COMPUTER 

STIMULATOR <-1 Command I ~L_S_ta_rt_.'--_D_at_a _1--l...._D_at_a_2--l....1 --,-C_he_c_ks_WD---,1 

T",,-,i=m=e ___ ;> 

Fig 3 Communication protocol for data transfer to the PC 

Two forms of error checking are built into these protocols - parity and checksum. Parity only is used 
for the single Initialisation, Command, Start and Checksum bytes. Parity and checksum are used for the 
data block information, where the Checksum is the number of'}'s in the data making up the data block. 
Errors determined by the stimulator are transmitted to the PC in the form of a zero return byte, or a 
delay in transmission which can be timed by the Pc. Should errors occur, then with the present 
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Lab VIEW software unless a maximum number of retries have been made or the PC times out, the PC 
waits for the next Initilisation Byte and then starts the process again. In our experience to date, once 
problems in the software had been resolved, this protocol has worked well. 

Presently, the communication protocol supports two main modes of operation: STANDARD and 
SPECIAL. In the STANDARD mode, the stimulator acts as a terminal. It will update the pulsewidth, 
amplitude and frequency of both stimulating channels upon request by the PC, and will transfer 
collected digital and analogue infonnation from its input/output ports again when requested by the Pc. 
In the SPECIAL mode it will support the download or upload of parameters between the PC and the 
on-board open-loop dropped foot program in the stimulator. The details of these parameters will be 
discussed in the next section. 

Development of the PC control/programming software. The Lab VIEW virtual instrumentation 
software package developed by National Instruments was used for the development of the PC 
software. This ~as chosen because it allows the construction of user friendly and interactive virtual 
instrument panels, with a programme execution speed which approaches that of conventional compiled 
languages. A 486DX40 PC with 8MB RAM was used for software development. 

Before developing the Lab VIEW software the fonn of the stimulator based program was agreed. A 
dual channel open-loop program was decided on. The stimulation amplitude envelopes are shown in fig 
4 and are typical of that used in many dropped-foot stimulators currently available. In fig 4, a 
stimulation sequence is initiated by heel rise (HR) on the affected limb or by heel strike (HS) on the 
contralateral limb. 

HRlHS HSIHR HRlHS 

vr 
.. ... ....... ... . . .. .. .. ........ . ..... . ........ . .... . ...... . . .. . : 

Channel A (dorsiflexor) 

Channel B (plantarflexor) 

Time 

Fig 4. Stimulation amplitude envelopes for the dual channel dropped-foot stimulator 

As well as allowing on-line control of the envelope section times, it was felt that stimulation 
pulsewidth, amplitude and frequency, together with selection of heel strike or heel rise for sequence 
intialisation, should also be under the control of the operator. 

The Lab VIEW front panel is divided into 5 sections. The Communication Controls and Indicators 
section enables selection of the PC COM port to be used, the time out limit to be set and provides an 
indication of the state of transmission and reception on the serial port. The Heel Switch section allows 
the operator to select heel rise or heel strike action as the initiator for the start of the stimulation 
sequence. It also allows the sensitivity of the heel switch to be adjusted . The Channel A and Channel B 
Control sections allow the operator to alter the stimulation and timing parameters for these channels, 
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or to see the values currently being used in the stimulator. The final section, Mode Control, allows 
three modes of use: 

• READ DATA. Update front panel with values currently held in the stimulator. 
• WRITE DATA (temp). Update stimulator with front panel values but do not save. 
• WRITE DATA (perm). Update stimulator with front panel values and save. 

The difference between the last two modes is that only in the last one will data be saved when the 
stimulator is turned off. In all cases data transfer takes place when the START switch is pressed. It 
takes a maximum of200 ms (4,50 ms.cycles) to read or write all of~he data. 

CONCLUSIONS 

The Lab VIEW based interface is currently being evaluated with normals. The next stage is to begin its 
clinical evaluation -to determine what changes, if any, should be made to the layout and form of the 
operator panel and the core stimulator software. 
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AN IMPLANTABLE MULTIPURPOSE 8-CHANNEL TELEMETRY SYSTEM 

D. Rafolt, W. Mayr, H. LanmOller, G. Schnetz, E. Unger, E.Galiasch 

Department of Biomedical Engineering and Physics· 

SUMMARY 

The realization of an implantable lAP-controlled 8-channel telemetry system for the 
measurement of active biosignals like ECG or EMG and passive signals such as impedance, 
temperature or pressure is described. Additionally mechanical parameters such as force, 
acceleration and displacement by means of a magnetic field sensor or a differential transformer 
can be measured . In general all types of sensors which can be configured as a Wheatstone­
bridge are suitable for adaptation. The use of a micro-controller (MC68HC705C8), a fast RF­
data-telemetry and a slow bi-directional communication link for parameter setting via a 
magnetic coupling makes the device suitable for a wide field of applications. The scheme of 
channel selection and signal priority can be configured and re-configured after implantation as 
well as gain, offset and current source for the Wheatstone bridges for each channel. Maximum 
sampling-rate is 8kHz (10kHz EMG only) at 8 Bit. Data transmission is realized by digital FM­
modulation of a 433MHz carrier. The fully implantable device is battery powered by a lithium 
thionyl chloride-battery and has a consumption between 300 !-lA and 4.4 mA depending on the 
sampling rate. By reducing the lAP'S clock frequency for slow-signal-recordings below a sample 
rate of 100 Hz, the consumption can be droped down to 60 !-lAo In this case the telemeter 
prospectively will work for more then 4 years. Full-speed-EMG can be recorded for 27 days - 24 
hours per day. The implant is enclosed in a titanium package and has no galvanic path to the 
environment. As sensors and electrodes are exposed to aging or can break they can be 
exchanged individually. 

STATE OF THE ART 

A lot of new electronic components especially analog-digital-converters, micro controllers and 
amplifiers are characterized in their power saving operation and the feature of power down 
modus. Therefore an extended field of applications in biomedical engineering problems is 
offered. Especially battery powered implantable devices use the new technology in order to 
prolong the time of its operation. 
In most applications of implantable measurement devices the recording of parameters from the 
internal of the body is limited to slow signals in order to limit the power consumption. Typical 
low-frequency signals are blood-gas variables such as pH, Glucose and Sa02, intracranial 
pressure, inner body temperature for e.g. hyperthermy-studies and strain gages in bone 
remodeling. For rate adaptive cardiac-pacing information about the heart rate or sequences of 
the ECG acts as an input for closed loop systems as well as pressure, Sa02, transthoracic 
impedance and accelerometric signals. So there is an increasing interest in implantable 
transducers. Most of the presented devices are constructed for specific questions described 
above. Previous general-purpose implantable multichannel telemetry systems are not battery 
powered or are designed for low-frequency signals. Our aim was to develop a configurable 
battery-powered system which is also able to telemeter higher frequency signals like the EMG. 

MATERIAL AND METHODS 

The multichannel telemetry system was designed to meet the following specifications: free 
choice of any combination of channels and parameters up to eight signals, different sampling 
rates with a maximum of 8 kHz, galvanic isolation, lAP-read or control-only modus and last but 
not least a minimum of power consumption. The principle design of the implant is shown in 
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Fig .1. The whole system can be divided into the analog-multiplexer unit, programmable 
amplifier, switchable current source, microcontroller, ADC and control unit, magnetic link and 
RF-transmitter. All of this units are activated by the control unit in order to save power 
consumption . Without the ~P, consumption is proportional to the sampling rate . (105~kHz + 
400~kHz (RF-transmitter». The processor consumption depends on the complexity of the 
software resulting in different crystal frequencies. For example at a simple task converting 4 
channels with a sampling rate of 1kHz each, the ~P will draw a current of 80 ~. In sleep mode, 
consumption is reduced to 30~W. Energizing of the short-range magnetic-field-coupling will be 
realized from an external device and is necessary only during program and parameter setting . 
The current of the Wheatstone bridges is reduced with a factor of 0.04ms x sampling rate.[kHz). 
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The designe of the packaging provides the possibity to exchange the analog input unit by 
separeting the circuit in two parts in a pick-a-back way. In the future moduls for problems 
requiring special electronic design e.g . pulsoximetry or komplex impedancemetry will be built in 
instead of the 8-channel featur. 
Galvanic isolation: The problems and risks arising form DC-current flowing from the electrodes 
surface into tissue is well investigated. To realize a galvanic isolation by an AC-coupling in 
order to reject the amplifiers bias current is state of the art. But also the supply of an Weatstone 
bridge is referenced to this problem, because there is no flexible isolation material that will not 
open a DC-path after a certain time of implantation . Ion transport will cause tissue damage and 
corrosion of the leads and electrodes. So we prevent any path of DC-current by choosing a 
pulsed operation principles and attaching each sensor lead to a capacitor. 

RESULTS & DISCUSSION 

Function ' and reliability was tested with surface EMG and EKG, impedance and temperature 
from the authors body. Telemetry was tested with a dummy in order to simulate the damping 
coefficient of the body. The implementation of the electronic circuit, battery, glass-feed-throughs 
and connectors in a laser welded titan housing is realized and we are ready now for 
implantation in an animal. The advantages of this telemetric device is its flexibility and 
powersafing operation and therefore the system is suitable not only for implantation but also for 
all battery powered applications in scientific and clinical tasks, whereas weight and size are 
limited. 

ACKNOWLEDGEMENT 
This project have been supported by the Austrian National Bank. 

AUTHOR'S ADDRESS 
Dietmar Rafolt, Department of Biomedical Engineering and Physics 
General Hospital Vienna, AKH 4L, Waehringer Guerte118-20, 1090 Vienna, AUSTRIA 

- 120 -
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WITH AMYOTROPHIC LATERAL SCLEROSIS 
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SUMMARY 
This paper describes the effects of therapeutic electrical 

stimulation (TES) on the wasting muscles in patients with amyo­
trophic lateral sclerosis. Percutaneously indwelling intramus­
cular electrodes were implanted to the affected muscles of the 
upper and/or lower extremities. Cyclic stimulation with duration 
of 10 minutes was applied 6 times per day. Within a month of TES 
therapy. a rapid improvement of motion often appeared in the TES 
treated extremities. Long-term application of TES more than 3 
months showed the maintenance or an increase in muscle strength. 

CT findings of TES treated muscles showed an increase in the 
density and a reduction in the moth-eaten image. An increase in 
the thickness of the muscles was also observed. 

STATE OF THE ART 
Amyotrophic lateral sclerosis (ALS) is a rapidly progressive 

untreatable disease affecting both the upper (the lateral col­
umn) and the lower (the anterior horn cells) motor neurons. 
Recently. therapeutic trials for treating motor neuron diseases 
including ALS have been reported[I]. However. we have failed to 
find an article describing the therapeutic effect of electrical 
stimulation on ALS affected muscles of ALS. 

Electrical stimulation to the paretic muscles involved in 
upper and lower motor neuron disorders. such as cerebrovascular 
accident. spinal cord injury and brachial plexus injury. induces 
some therapeutic effects. i.e .. an improvement of atrophy and an 
increase in muscle strength. a reduction of spasticity and so on. 
It is likely that electrical stimulation has therapeutic effects 
on the wasting muscles in both upper and lower motor neuron 
disorders. 

This paper describes therapeutic electrical stimulation(TES) 
on the affected muscles of ALS patients. 

MATERIALS AND METHODS 
Ten ALS patients (8 males and two females) were selected as 

TES candidates. Most of the patients except one (patient #1) 
showed no bulbar palsy and respiratory dysfunction and their 
motor function of either the upper or lower extremities was still 
survived for activities of daily living (ADL). The patients and 
their families knew their illness and its prognosis. 

An FES system with percutaneously indwelling intramuscular 
electrodes (NEC Co . Ltd., Tokyo. Japan) [2] was used for TES 
application to the paretic muscles of the extremities by ALS. 
This FES system contains an automatic training mode where the 
duty ratio and duration of cyclic stimulation can be adjusted. 

Electrode implantation was achieved under general anesthe­
sia. Although the electrode was implanted to bilateral upper 
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and/or lower extremities in most patients, the patient #1 agreed 
to receive electrode implantation to unilateral (right) upper and 
lower extremities for comparison. 

Joint torque were caluculated from the the data which were 
obtained by electrical tension meter (MICROFET, Hoggan Health 
Ind. USA) Joint movements of the upper lower extremities were 
analyzed using a three dimensional motion analyzer(APAS Ariel, 
USA). Computed tomography(CT) was used to detect the changes in 
volume and quality of the muscle. 
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1, Motion analysis of elbow flexion 
stick picture and angular velocity of flexion 
right elbow before (a, b) and 3 months of TES 
(c, d), respectively. A - B; upper arm, B 
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RESULTS 
During the first month from the start of TES therapy. rapid 

improvements in the motion of the TES treated extremities were 
observed in some ALS patients (short term effects) . 

The patient #2 who showed difficulty of standing up from a 
chair of 38cm height could easily stand up from the chair without 
the aid of the upper extremities after 2 days TES application. 

Within 2 weeks of TES therapy. the patient #1 could tie 
strings with both hands which was very hard to perform before the 
TES application. The patient #3 also showed an improvement of 
chop stick operation. 

However. six out of ten patients did not show any apparent 
functional improvement by the short term TES. 

Long-term TES application more than 3 months provided further 
and gradual functional improvement of the extremities in the 
patient #1. 

Fig. 1 shows the motion analysis of voluntary elbow flexion. 
where the patient #1 was requested to flex the elbow with a con­
stant speed.- A stick picture of the elbow flexion showed 
apparent instability of the movement before TES treatment. with 
more stability after 3 months of TES therapy. The fluctuation 
of angular velocity was much smaller in the movement of the elbow 
after TES therapy than before. 

Fig. 2 shows CT findings for the bilateral quadriceps femo­
ris in the patient #1. Before TES treatment, both quadriceps 
femoris show typical findings of muscle degeneration ( Fig 2-a). 
TES therapy for 3 months caused an apparent change in the CT 
image as shown in Fig. 2-b. Although the density of the mus-

Fig. 2 CT image before and after 3 months of TES therapy 
Cross section of the bilateral thighs before (a) and after 
(b) TES therapy 
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cle increased in both quadriceps femoris muscles, it was rather 
dominant in the TES treated muscle. The moth-eaten image ob­
served in the stimulated muscles markedly decreased. The shape 
of the cross section of the right thigh became round from oval 
through long-term TES and its circumference decreased. The 
contralateral thigh showed no change in its oval shape and only 
a slight increase in the circumference. 

DISCUSSION 
TES application on ALS patients for more than 4 months 

brought therapeutic effects to function and morphology of the 
affected muscle. Neurologically, an ALS process can be charac­
terized by signs of upper motor neuron deficit and/or lower motor 
neuron loss. The former are the pyramidal tract signs, i.e., 
spasticity, pathological reflex and hyperreflexia. The latter 
are the denervation signs such as weakness, atrophy and fascicu­
lar contraction of the muscle. 

In the process of functional improvement by TES, two phases 
may exist. One is an relatively acute phase and the other is 
chronic. The former was observed within one or two weeks from 
the onset of TES therapy. The latter appeared afterwards and 
its process was very slow. 

Since spasticity in ALS is not usually dominant as compared 
with muscle waste, it seems that spasticity constitutes only a 
small portion of motor disturbance[3]. However, joint movements 
induced by a certain muscle group may be prevented by even a 
slight increase in spasticity of its antagonists. One of the 
possible explanations for rapidly appearing therapeutic effects 
is a reduction of spasticity which is caused by stimulation of 
afferent nerve fibers within muscle branches of the nerve to be 
stimulated by intramuscular electrodes. 

On the other hand, chronic effects such as increases in 
volume and force on the muscles stimulated may be obtained by 
stimulation of alpha-motoneurons. It is likely from the fact 
that the long-term comparison of the movement and muscle 
strength between TES treated and non-treated extremities of the 
ALS patient #1 showed a decrease in laterality in the upper 
extremity and a reversal of laterality in the lower extremities. 

In order to discuss the effects of TES on the wasted mus­
cles of ALS more precisely, further follow-up study with more pa­
tients is required. 
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EXTERNAL ELECTROSTIMULATIONAL THERAPY FOR CURING SPINAL COLUMN 
DISEASES 

Igor Axenovich 

Private practitioner 

SUMMARY 

We have worked out an original method and a complex structure for the prevention and cure of 
spinal diseases, spinal deformations and spinal injuries. The method was tested experimentally 
and clinically on 200 patients. My original therapy has been combined with electrostimulational 
therapy. The use of microelectronic technique allows us to reduce the weight and size of the ap­
plied electric stimulators and to increase their working period for 5-10 years, thus unlimited 
number of muscles can be stimulated and the impulse magnitude can be changed. Long term (5-
10 hours a day or longer) and multi canal (4-6 muscle groups) electric stimulation was carried out 
with external stimulation and an original costume for the procedure. This makes it possible to 
effect the deformed vertebral column during child's growth. Preliminary results of external 
stimulation suggest the stabilisation of the pathological process and further 40-60% correction 
of the deformation. 

STATE OF THE ART 

The basis of the method was laid down at the Department of Traumatology and Orthopaedics of 
the Novosibirsk Research Institute in 1979, when the permanent implanted electrostimulation 
method was worked out both experimentally and clinically. The biomechanical interpretation of 
the cure of the deformed spinal column was provided and the efficiency of the constant and last­
ing electro stimulation of the deformed spinal column was demonstrated.( 1) However, the defi­
ciencies and the potentials of the method made it possible to elaborate a new, original system in 
order to make a better technological use of the constant, lasting external electro stimulation, 
which will result in more efficient treatment and its range of application is much wider. 

MATERIAL AND METHODS 

In the paper the results of the treatment of more than 200 patients with the pathological deforma­
tion of the spinal column are shown from 1991. The group consisted mainly of patients with col­
umn deformation. Most of the patients i.e. 130 persons suffered from scoliosis and their age 
ranged from six to forty years. The size of deformation ranged from 10 to 60 degrees. This group 
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can be divided into two subgroups. Patients of six to sixteen years whose defonnation ranged 
from 10 to 30 degrees belong to the first subgroup. The number of patients amounts to 85 pa­
tients. The rest of the patients, i.e . 45 persons with scoliosis of 30 to 60 degrees belong to the age 
group of 16 to 30 years. 

Patients suffering from the kyphosis of the spinal column belonged to another group (the 
Scheuennann-Mauch disease: 33 persons, juvenile osteochondrosis: 12 persons, Lindenmann's 
round back: five persons and others). Patients of six to sixteen years belong to the first group of 
32 persons, whereas patients of 16-30 fall into the other group. The kyphosis defonnation ranged 
from 10 to 30 degrees. 

The age of the group of patients suffering from the spondylolisthesis of the L5 vertebra ranges 
from to 12 to 18 years, the number of patients is 13. The degree of the shift of the vertebra 
ranged from 15 ~o 30 %. 

The number of patients with the traumatic injury of the spinal column is six, in four cases the 
injury of the spinal column of the chest was not serious, the patient complained about functional 
deficiency and pain, the neck part of the spinal column of two patients was seriously injured, one 
of them had been in total tetraplegia for four years after the injury and two years after the opera­
tion of the frontal spondylodes of vertebras C3-C5 . 

The duration of stimulation, the amount of the muscles stimulated and the position of the elec­
trodes and the amount of manual therapy varied according to the age and the pathology of the 
patients. 

Thus, in case of the kyphoscoliosis (the chest and the waist part of the spinal column) the elec­
trodes were placed in an asymmetrical projection. 

In cases of pure kyphosis defonnation eight electrodes were placed in the projection and sym­
metrically with the spinal column. 

In case of spondylosthesis the electrodes were placed symmetrically in the projection. 
The pattern of treatment varied according to the age group. In the first age group the duration of 
stimulation was enhanced, whereas the amount of manual therapy was reduced to minimal. In the 
other age group we increased the amount of manual therapy on account of the smaller plasticity 
of the spinal column and the tissues that cover the spinal column whose mobilisation requires 
larger effort. 

In case of the serious injuries of the spinal column, the paralysed muscles and the place of the 
injury were exposed to electro stimulation for 8-16 hours a day. 

In the experiments the external and lasting multi canal electrostimulation of the muscles was 
applied by an original equipment, which did not hinder the patients in their movement and their 
nonnal activity . 

The electrostimulator consists of a four canal stimulator and the costumes required for the stimu­
lation. The electro stimulator is a small equipment consisting of four stimulation canals with the 
display of signals, like the rectangular bipolar symmetric impulses consisting of the alternation 
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of the consecutive high and low frequencies. The amplitude of the current is regulated from 0-50 
rnA. The transfer of electric signals to the tissues to be stimulated is carried out through a skin­
tight costume, to which electrodes of any size and shape can be attached. The inside surface of 
the costume is made of material conducting electric current, whereas on the outside the fasteners 
of the wires leading to the electro stimulator are fixed . 

RESULTS 

The results are shown in this table: 

- -- - ------ ~~~--.--~ -- ---
. _ - -_. __ . -

Disease patients' j patients' number number ' duration of ,degree of : spinal column 
and its number 1 age of elec- of man- treatment correction : pain, functional 
phase trodes ual ther- i deficiency 

apy : before and after 
the treatment 

scoliosis 85 6-16 8-10 20-60 1-4 600/0-85% : 42 
10-30 years years 
degrees . 
scoliosis 45 · 16-30 8-10 ·40-100 1-4 200/0-50% • 38 1 
30-60 : years years 
de rees 
kyphosis 32 : 6-16 8 20-40 1-4 300/0-70% ! 25 
10-40 ; years years 
degrees 

- - -- "._- - - .- -- -- ---- .- -- - . ,. -_ ._" .. . - - - - - ---~ . .. -_ . . - - _. - - .. - .-

kyphosis 25 : 16-40 8 40-100 1-4 200/0-50% 22 1 
10-40 : years years 
degrees 

spondylo- 13 · 12-16 8 20-60 1-4 10°/0-30% . 11 
listhesis · years years 

The degree of correction of scoliosis was measured by Koba's scoliosis protractor. Ninety per­
cent of the patients with scoliosis and their parents complained about the cosmetic faults of the 
posture ( scoliosis, the asymmetric position of the shoulders, the shoulder blade and the chest 
etc.) After the treatments these complaints came to an end. In case of five patients the stabilisa­
tion of the scoliosis was observed, in case of two patients the curvature increased to 10 degrees. 
In case of three patients the skin looked reddish under the electrodes, which disappeared after 
putting cream on the skin. In case of seven patients the stimulation triggered pain due to hyper­
sensitivity. 

The degree of correction in case of patients with spondylolisthesis was established by the re­
duction of the shift of the L5 vertebra and the decrease of the angle of inclination of the sacrum. 
A patient, whose C4 vertebra was seriously injured and had been in total tetraplegia for four 
years, is able to walk 30 metres a day on ms own one year after the treatment. 
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DISCUSSION 

This brief preliminary report has attempted to demonstrate that the spinal colwnn can be cor­
rected by the method, the functional deficiency of the spinal colwnn and the pains can be cured 
and the function of the injured muscles can be recovered. All these can be achieved by the 
many-sided, lasting biomechanical stimulation. However, further clinical analysis, and the 
technological improvement of the equipment and the method of stimulation and biomechanical 
analysis are required, because the external stimulation effects all muscle layers and every point 
of the spinal colwnn, its spatial structure and mechanical stability. 
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IMPROVEMENT OF MICROCIRCULATORY BLOOD FLOW UNDER EPIDURAL SPINAL 
CORD STIMULATION (ESCS) IN PATIENTS WITH NON-RECONSTRUCTIBLE 

PERIPHERAL ARTERIAL OCCLUSIVE DISEASE ( PAOD) • 

Luc G.Y. Claeys, S. Horsch 

Dept. of Vascular Surgery, General Hospital Cologne-Porz, 
Academic Teaching Hospital of the University of Cologne. 

SUMMARY 
Epidural spinal cord stimulation (ESCS) has been suggested to 
improve microcirculatory blood flow and to reduce amputation rate 
in vascular patients. We studied the effects of ESCS on 
microcirculatory blood flow in 237 patients with non­
reconstructible peripheral arterial occlusive disease. Clinical 
status was classified as Fontaine stage III (ischemic rest pain) 
in 169 patients and as Fontaine stage IV (ulcers/gangrene) in 68 
patients. ALter a mean follow-up period of 31,2 months, major pain 
relief (>75%) was noticed in patients who retained their limbs. 
Sixty-four patients underwent major amputation despite ESCS. 
Clinical improvement was confirmed by the increase in TcP02. 

STATE OF THE ART 
scs is a medically accepted therapeutic modality for the control 
of chronic pain. In patients with ischemic rest pain, not only 
pain relief could be achieved but also healing of ischemic ulcers 
(1-5). 

MATERIAL AND METHODS 
From January 1986 to August 1992, 237 patients with ischemic pain 
due to non-reconstructible PAOD were treated by ESCS. Diabetic 
vascular disease was present in 42 patients. The sample group 
consisting of 83 women and 154 men, ranged in age from 45 to 83 
years with a mean of 68.2 years. Clinical status was classified as 
stage III in 169 and as stage IV in 68 patients. The severity of 
the pain was rated by the patient as disabling. The duration of 
the vascular symptoms, ranged from 2.1 months to more than 10 
years. Only patients with a systolic ankle pressure of < 40 mmHg 
(or systolic toe pressure < 35 rnrnHg) were considered for 
stimulation. Arteriography was performed and if the crural/pedal 
vessels were found to be unsuitable for bypass procedure, the 
patient was considered non-reconstructible. Prior to implantation 
all patients had received conservative therapy, which was no 
longer effective. Two-hundred-and-eight patients presented with 
the typical history of failed peripheral bypass, with a mean of 
2.8 procedures on the involved leg. Twenty-three patients had 
undergone lumbar sympathectomy. Patients with significant cardiac, 
pulmonary or renal insufficiency, unstable angina or hypertension 
were excluded. 
Visual analogue scale was used to help quantify the pain. Several 
noninvasive vascular tests were performed, these included systolic 
ankle/brachial index (ABI), systolic toe pressure, transcutaneous 
oxygen measurements and capillaroscopy. The TcP02-electrodes were 
attached to the skin, the heating element was warmed to 45" C. The 
measurements were performed at rest in the supine position. One 
electrode was attached on the dorsum of the foot and one on the 
chest. The ratio between foot and chest TcP02 was referred to as 
the regional perfusion index (RPI) and can be interpreted 
similarly to the ABI. (6) 
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Capillary density and red blood cell velocity were studied with 
the patient in the sitting position. The nailfold capillaries were 
visualized with a drop of paraffin oil. The following parameters 
were determined: capillary density (number of capillaries/mm2) and 
capillary red blood cell velocity (RBCV). RBCV was measured with 
the flying spot technique, whereby spots move over the videoscreen 
and can be synchronized with the moving red blood cells. 
Velocities can be measured in different ranges, equivalent to 0.01 
to 1.05 mm/s. The flying spot values correlate well and do not 
deviate systematically from the reference in practical use. These 
tests were performed at 3 months interval during follow-up. 
We considered three types of outcome: ~o success: defined as 
significant pain relief (>75%) and limb survival, 2° partial 
success: limb survival with pain relief between 50 and 70% or limb 
loss after a period of temporary success (minimum 6 months) and 3· 
failure: no or little pain relief under stimulation with limb loss 
during the first 6 months of stimulation. 
The technique involves placing a quadripolar lead into the 
epidural space at the level of Th 11-12. Connecting a portable 
stimulator to the lead allows intraoperative test stimulation 
producing comfortable paresthesias in the painful foot or limb. 
During a trial period of one week the clinical effects are 
moni tored. When the patient has experienced adequate pain relief 
an externally implantable pulse generator is placed in a 
subcutaneous pocket of the abdomen. The usual initial settings are 
a pulse amplitude varying between 1.0 - 2.5 V, a frequency between 
70-120 Hz, and a pulse of 180-450 microseconds. 
The data are presented as mean values and standard deviations. For 
comparison of group means, analysis of variance was used, with a 
two-tailed t-test. P < 0.05 was chosen as the level for 
statistical significance. 

RESULTS 
All patients experienced pain relief during the first weeks after 
implantation, varying between significant pain relief (>75%) or 
lesser degrees of pain relief. In 158 patients (66.6%) the 
obtained ischemic pain relief documented by VAS was maintainted 
throughout follow-up. Initial positive results on ischemic pain 
dropped during the ensuing months (mean of 8.7 months) in the 
remaining 34 patients. Severe ischemic pain developed once again, 
leading to above-knee amputation in 3 stage III and 5 stage IV 
patients and to below-knee amputation in 6 stage III and 5 stage 
IV patients. ESCS was ineffective in controlling ischemic pain 
from the start in 45 patients. All these patients underwent major 
amputation within the first 6 months (mean of 3.6 months) after 
implantation. The cumulative limb survival rate showed a 64 % 4-
year-survival. Twenty-eight patients died during follow-up: 22 due 
to heart failure, 1 due to septic shock following a stump 
infection post-amputation and 1 from a cerebrovascular accident. 
The cause of death remained uncertain in 4 patients. There was no 
method-related perioperative mortality. 
Data of two-hundred-two patients were included into further 
analysis. No significant changes were noticed in the ABI or toe 
pressure values before implantation and during follow-up in 
patients with limb survival. TcP02 foot values in the stage III 
patients with limb survival increased from 21.7 +/-4.3 mmHg to 
44.5 +/- 6.1 mmHg (p<0.025) and the RPI from 0.47 to 0.85. In the 
stage IV patients with limb survival, TcP02 foot values showed an 
average improvement from a mean of 14.3 +/-5.8 mmHg to 33.2 +1-
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5.3 mmHg (p<0.031), RPI increased from 0.29 to 0.68. Videocapilla­
roscopy was performed in 66 patients. Problems like bad visua­
lisation, no blood filled capillaries or restless legs during the 
examination led to the exclusion of 19 patients. The study of 
capillary density in 47 patients revealed an increase in the 
number of perfused capillaries under stimulation from 12 +/- 8 to 
20 +/- 7 (p<O.Ol). Mean capillary RBCV increased from 0.11 mm/sec. 
before stimulation to 0.29 mm/sec. during the follow-up (p<0.021). 
Technical complications interfered with the procedure in 23.5 %. 
Breaking of the probe and dislodgement were recognized by a change 
or loss of the stimulation-produced paresthesias. Lead break 
occurred in 12, dislocation in 30 patients, usually wi thin the 
first 2 months following implantation. In 22 of these 30 patients 
replacement was necessary and posed no special difficulties. In 
the other 7 patients comfortable paresthesia could be restored 
after reprogramming the system. Seven patients developed an 
infection around the device that required its removal. In 3 other 
patients skin necrosis occurred over the generator; in two of 
these cases an immediate reimplantation was possible, the other 
patient developed an infection of the generator pocket. Liquor 
fistula also complicated the procedure for 2 patients, and 
resolved on its own. 

DISCUSSION 
The precise mechanisms to explain the effect of ESCS on pain and 
peripheral blood flow still remain uncertain. A neurophysiological 
explanation is based on the Gate Control Theory of Pain postulated 
by Mel zack and Wall in 1965. (7) This theory of segmental pain 
inhibition postulates that the stimulation of large afferent nerve 
fibers in the dorsal columns of the spinal cord prevents the 
transmission of pain information from smaller diameter pain 
fibers. Relief of ischemic foot pain might be assisted by 
improvement of the microcirculatory blood flow resulting from a 
release of sympathetically mediated vasoconstriction, the 
inhibition of normal sympathetic activity and the release of 
vasoacti ve peptides or prostaglandines. There is also the 
possibility that ESCS may act by releasing neurotransmitters 
involved in pain modulation. (8,9) Pain relief is definitely 
assisted by improvement of the microcirculation as shown in 
different experimental and clinical studies. (8,10,11) The results 
of experimental work done by Linderoth, indicates that spinal 
mechanisms are essential and that antidromic activation of primary 
afferents is unlikely to account for peripheral vasodilation. (12) 
We have studied the effects of ESCS in 237 patients with clinical 
and angiographic evidence of non-reconstructible PAOD. The 
majority of the patients (81%) noticed immediate pain relief; this 
relief appeared to be most effective in stage III. In 66.6% of the 
patients the improvements were maintained for as long as 
stimulation was continued. TcP02 and capillary RBCV were chosen as 
objective parameters of the microcirculation. These values showed 
a significant overall increase in the patients with limb survival 
following the stimulation. This increase in cutaneous blood 
circulation and explains the clinical improvement. It is unlikely 
that the increase in skin perfusion is caused by an improved 
arterial inflow since the ABI or systolic toe pressure did not 
show significant alteration. In the 64 patients who went on to 
major amputation, TcP02 did not rise under stimulation. An 
increase of the TcP02 with +/- 20 mmHg can be applied 
predicatively to divide the patients into responders and non-
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responders. However, it takes 3-4 months on average before the net 
changes are evident. The best clinical results were achieved in 
patients with a significant TcP02 increase and in patients with 
previous rest pain. 
In effect ESCS is an effective treatment modality in controlling 
ischemic pain in non-reconstructible patients and is therefore a 
technical advance in the field of ischemic pain management. 
Prospective randomized studies are necessary to evaluate the 
effect on ulcer healing and limb salvage. 
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CONTROL OF HYPOTENSION IN SCI USING 
ELECTRICAL STIMULATION 
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'BACKGROUND 
Orthostatic hypotension occurs following spinal cord injury: blood' pressure drops when the 
individual moves to an upright position. Symptoms include loss of vision, dizziness, ringing in 
the ears and fainting. These symptoms are common in the early phases and although a 
tolerance develops it can impede progress in rehabilitation and for some patients these 
symptoms persist and are problematic for upright activities of daily living. 

TIlis also imposes a severe limitation on attempts to stand (using stand-Up wheelchairs, 
standing frames, orthoses or FES) spinal cord people with high thoracic or low cervical levels. 
The motivation for the present studies arose out of attempts to stand high level paraplegics 
using the hybrid FES system described in /1/. TIlis hybrid system incorporates ankle foot 
orthoses of the floor reaction type and a knee control system that reduces quadriceps 
stimulation to a minimum (typically 5% of standing time). The first individual with a high 
lesion complained of the symptoms described above when using the hybrid system but not 
when using open loop FES control in which bilateral stimulation was applied continuously. In 
the hybrid standing time was limited to a few minutes by orthostatic hypotension and in the 
open loop case FES induced quadriceps fatigue limiting the standing time to less than seven 
minutes. We are now seeking a solution to prolonging standing for high level lesions who 
suffer from these symptoms and possibly the problem more generally in spinal injury. 

Here we present some preliminary results. 

METHODS 
Recently we have conducted preliminary tests involving two spinal cord injured volunteers 
with high spinal lesions. 

The test protocol: 
1. Resting period in the horizontal position for at least 8 minutes during which heart rate and 

blood pressures (systolic, diastolic and mean) were recorded at one minute intervals using a 
computer controlled system. 

2. Tilt table raised to 80 degrees. BP & HR recordings continued at one minute intervals for 
25 minutes. 

3. Bilateral electrical stimulation (35Hz, 300ps pulse width, 9OmA) applied to quadriceps 
using Pals+ surface electrodes. BP & HR continue to be recorded every minute for at least 
20 minutes. 

4. Stimulation switched off, tilt table returned to horizontal position, test terminated. 

The blood pressure and heart rate was measured with computer controlled system using an 
inflatable forearm cuff (supplied by Dynapulse Inc., Ca, USA). The recording took 
approximately 45 seconds. Occasionally a reading was incorrect due to motion artifact and was 
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eliminated from the record. Stimulation was applied using a custom designed programmable 
unit controllable from a mM PC. Pals+ surface electrodes were used. An mM compatible PC 
was used to control the stimulation and log the BP & HR measurements. 

The figure below shows a typical record from one subject (male, Age 30, 5yrs post injury, T2 
complete, height 1.8 m, weight 1901bs). 
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DISCUSSION 
Figure 1 demonstrates an immediate fall in BP and rise in HR when the table is tilted. This is 
consistent with previous repons, see for example /2/. 

Application of stimulation caused a reversal Le. an immediate fall in HR and rise in BP. The 
HR can be observed to progressively rise with time of stimulation. BP's were higher than 
nonnal with this level of stimulation. 

Previous studies by our group, involving quadriceps stimulation in a group of eleven patients 
with high spinal cord injuries (seven quadriplegics and four paraplegics, lesion levels C3/4 -
T4/5) demonstrated heart . rate and ,.blood ,pressure responses suggestive of autonomic 
dysreflexia /3/. 
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Other test indicate that the elevation of BP is dependent on the intensity of the electrical 
stimulation. The two subjects do not complain of symptoms during tests in which their blood 
pressures were elevated by FES. Our protocol dictates termination of the test if there is any 
evidence of significant autonomic dysreflexia. This has not yet occurred. 

The feasibility of a simple closed-loop regulator is being investigated based on the above 
apparatus in which desired reference blood pressure is compared with the observed BP and the 
error controlling the electrical stimulator . 

. CONCLUSION 
Low blood pressures as a result of orthostatic hypotension can be elevated to nonnal ranges by 
electrical stimulation applied to the quadriceps during tilt table standing tests. Symptoms of 
orthostatic hypotension were not present during the periods of FES elevated blood pressure. 

Further work is -required to demonstrate the feasibility of closed loop control of blood 
pressure. 
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THE CONSEQUENCES OF THE CONTROL STRUCTURE OF VOLUNTARY MOVEMENT 
ON THE PROCEDURE OF THERAPEUTICAL STIMULATION 

G. Vossius, R. Frech, R. Rupp 

Institute of Biomedical Engineering, 
University ofKarJsruhe, Germany 

SU1vfMARY 

In the course of applying Electrical Stimulation, ES, to more than 70 patients with different secondary 
motor deficiencies due to more or less extended paralysis specific therapeutic procedures are evolved. 
Combining the physio-pathological phenomenology with the control structure of the Human Motor­
System leads to a further inside into the functional aspects of the motoric disorders. From these specific 
therapeutic procedures may be derived of Therapeutical I Functional Stimulation for paralyses stemming 
from different causes and its secondary effects. 

INTRODUCTION 

Physiologically the structure of the Human Motor Control System may be represented by the following 
scheme 1 ( after /11 ): 
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Scheme 1: Physiological structure of the Human motor 
control system 
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This scheme represents the motoric 
nervous centers with the functions 
attributed to them and its connections in a 
gross way. It allows no insight in the 
control structure and strategies 
incorporated in these centers, which are 
used to fulfil these control tasks. From a 
control point of view the Human Motor 
System has to incorporate the following 
basic functions, scheme 2. 
In an upright position the body as a whole 
is in an instable state. In addition the 
human skeletton is to a large extend a 
flexible structure and achieves only in 
cooperation with the muscles the 
stabilisation of the body. Because of this 
its stabilisation in itself and in respect to 
the surrounding is of utmost importance. 
Therefore one can identify within the 
nervous motor center parts, which are 
especially concerned with the task of 
stabilisation and others, which execute 
movements, whereas in technical systems 
the aspect of stability is commonly 
incorporated into the control strategy. 
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Scheme 2: Control structure of the Human motor 

control system 

BASIC CONTROL ASPECTS 

In motor control of man the requirements of 
keeping stability has absolute priority, 
because otherwise he would be unable to 
execute any skillful movement. If his 
motoric actions are not coordinated well 
enough his movements are of a crampy 
nature, this way impeding his actions. In 
case of a more or less extended paralysis the 
muscles struck by it are missing for 
sustaining stability. Therefore the nervous 
centers responsible for modelling the body 
dynamics and for planing the movement 
executions have to exclude these paretic 
muscles; otherwise these would act as 
severe disturbances. They will no longer be 
represented in this domain. This exclusion 
may continue, even if the possibility to use 
these muscles is returning again in case of a 
temporary paralysis. In this case a skillful 
measure taken by the control system turns 
later into the opposite by preventing the use 
of all muscles available. In addition the 
muscles still in use for voluntary control 
might be overstrained. Consecutively they 
might be weakend and further on develope 
a crampy contraction mode, which depicts 
itself similar to spacticity. 

On the other side lesions of the Central Nervous System are often accompanied by spasticity. The 
spasticity omits more or less controlled movements in case of incomplete paralysis. The reduction of 
spasticity by means of electrical stimulation does not only improve the voluntary control of the parts of the 
body struck directly by it. In case oflesions of the motor centers of the brain its reduction seems to be able 
to reopen also larger parts of the domain of motor control, which have been apparently functionally 
blocked so far by the spastic action. ( The treatment of spasticity itself was extensively covered elsewhere, 
i.e. at the 3rd and 4th Vienna International Workshop on FES; /2/, /5/ ) 
Combining these very shortly reported phenomenology and its underlying physio-pathology with the 
equally important control aspects lead to scheme 3, which connects the functional deficiencies with the 
control structure. 

CONSEOUENCES ON THERAPEUTICAL STIMULATION 

From scheme 3 one is able to derive clinical procedures for applying ES adapted to the individual 
background and extent of the paralysis. The first mayor goal is the restoration of stability of the body. 
I.e. in a quadroplegic this might be the stabilisation of the trunc to allow him to sit selfsupported and make 
use of his arms and hands as far as possible - and not at least to enhance his breathing capability - Similarly, 
but in an inverse manner, the walking training of incomplete paraplegic in a treadmill is acting. In this case 
the patient has not enough force to support himself in an upright position. Therefore he is suspended by a 
parachute belt, which takes the weight from his legs - and by doing so, stabilises him - allowing this way to 
train the walking movement and the strength of his legs till he may support himself -
In order to achieve this goal of stability one has, as mentioned in /2/ to /5/, to act carefully and slowly in 
the beginning in order to train the weakend muscles, remove the spasticity or the crampiness and to reopen 
- if possible - forgotten pathways for the execution of voluntary movements. In the latter case one may 
differentiate again between the reinstal1ation of the voluntary control of specific muscles, seemingly being 
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paralysed, and of wrongly patterned functions, if some muscles might not be used voluntarily for the 
execution of a specific movement. I.e. in one case a patient was able to flex the right foot when lying 
down, but was unable to lift it during walking. After three month of ES the function had returned to 
normal in everydays use. 
In the proportion the voluntary function is returning, at first physio- and occupational therapy are included 
into the treatment, finally ending up with the normal mobility training. 
We conducted this therapeutic procedure successfully with patients suffering from a broad range diseases 
leading to paralysis. The range of success is of course limited by the remaining basic capability of the 
neuro-muscular system. 

Paralysis and dlsfunctlons dua to: 

1. Complete spinal cord lesion 

Change of state of the neuronal network of the spinal cord by ES 

spastic .... Indifferent .... functional stimulation .... progr.m:~:~,l9ed(rc 

.... T 
1/2 to 1 yesr _ up to 2 yea~ years .. 

Physiotherapy ageln I!ppllable 
Reducllon of antlspashc medication to "Zero" 

3. Temporary damage or the eNS 

spastic'" Indifferent ... training musCles..... 'uncUonel U5".... ~~~~rr:IOIun-

T 
PhysJotherapy; 8ntispasUc medication .,.... 0 

4 . "Forgotten"muscles as a result or temporarY paralvsls or nonewUse 

months 

2 . Chronlcal degenerative dlseas.s of the CNS 

Cha!!RJl..!!1 the s1l!~! the eNS by ES 

spastiC . Indtfferent. ~~:;::.n~~~ho~~~::np::~.Phere bk>cked 

T 
days 10 years 

T 
Phys.l~httrapy ; anHspasUc medication ,... 0 

~!~rcise 

training for bastc function .-... com~ele voluntary control 

Physiotherapy 112 to 1 year 

Scheme 4: structure of the therapeutic procedures for different causes of paralysis and a rough estimation 
of the time spans the treatment requires. 
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EFFECT OF CHRONICALLY IMPLANTED NERVE CUFF ELECTRODES ON THE 
ELECTROPHYSIOLOGICAL PROPERTIES OF HUMAN SENSORY NERVES 

Peter J. Slot*, Peter Selmar**, Allan Rasmussen**, Thomas Sinkjrer* 

* Center for Sensory-Motor Interaction, Aalborg University, 
**Dept. of Clinical Neurophysiology, Aalborg Hospital, 

Denmark 

SUMMARY 

During a long term implantation (307 days) of a tripolar split cuff electrode around the radial interdigital 
nerve of the left index finger in a medullary leasioned C6 patient, the physiological state of the nerve was 
intensively monitored. The resulting Sensory Nerve Action Potential (SNAP) amplitude was recorded 
using both near nerve electrodes and the implanted cuff electrode. The SNAP amplitude declined within 
10 days to around-SO% of the first SNAP cuff amplitude measured on day 2 after implant and recovered 
to the initial amplitude within three months. The SNAP amplitude measurements made with near nerve 
electrodes were consistent with the cuff results; the SNAP Conduction Velocity (CV) recorded by the 
near nerve electrodes and the cuff electrode was constant during the whole implantation period. This is 
in agreement with the results from two other patients with a cuff implanted around the sural, 
respectively a branch of the tibial nerve, and animal studies showing that the cuff electrode is an 
electrically stable neural-electrical transducer. 

STATE OF THE ART 

In spinal cord and brain injured persons many sensory pathways in the affected part of the body remain 
intact. If the sensory nerve activity can be recorded reliably it can be used for supplying feedback 
signals to control paralyzed muscles /1/. At the Center for Sensory-Motor Interaction, a Functional 
Electrical Stimulation (FES) system is under development to re-establish lateral hand grasp in CS/C6 
tetraplegic patients. As part of such a system a medullary leasioned C6 patient had a recording cuff 
electrode implanted around the radial interdigital nerve (branch of the median nerve) of the left index 
finger. Feedback information to an FES system was provided through the tripolar split cuff type 
electrode /2/ with a length of 23 rom, and an inner diameter of 2 rom giving min. 30% free space within 
the cuff after implant. For details about the site of the cuff implant and its use in FES, see Haugland et. 
a!. /3/. 
The patient's Sensory Nerve Action Potential (SNAP) amplitude and Conduction Velocity (CV) were 
measured prior to surgery and monitored on a regular basis during the implantation period of 307 days. 
The main goal of this study was to investigate to which extent the cuff electrode affected the electro­
physiological properties of the nerve. This was achieved by monitoring/comparing the SNAPs obtained 
from the cuff electrode and measurements made with near nerve needle electrodes. 

MATERIAL AND METHODS 

Sensory nerve stimulation 

The distal surface of the three radial fmgers was stimulated using ring electrodes. The cathode was placed 
around the distal joint of each fmger, and the anode was placed around the most distal part of each distal 
phalanx. Current pulses up to 40 rnA (0.2 msec in duration) were used to stimulate the fibres maximally. 
Increasing the stimulus intensity further did not increase the amplitude of the recorded potentials. 
Figure 1 gives an anatomical overview of the relevant area and shows the experimental set-up. A 
thermostatically controlled heater was placed 20-30 cm above the arm, and the surface temperature of the hand 
was maintained at approx. 38 degrees Celsius. 
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ring elctrodes ~ 

23 mm long cuff electrode 
around the radial interdigital 
nerve of the left Index finger 

abductor pollicis brevis m. 
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median nerve 

finger 3 

Figure 1. The anatomical location of the surface stimukltion electrodes. 
the implmtted nerve cuff and the needle electrodes. 

Recording of the motor potentials 

Recording of the sensory potentials 

The SNAPs from each of the 3 radial fingers 
were recorded from a near-nerve needle 
electrode /4/, placed close to the median nerve 
at the wrist. The placement of the near-nerve 
electrode was guided by the motor action 
potential from the abd. pol. br. muscle, until a 
threshold for motor stimulation of less than 
1.0 rnA was secured. As reference, we used 
another' needle electrode placed subcutane­
ously at the ulnar side of the wrist with a 
transverse distance of approximately 4 cm. 
The low and high frequency cut offs of the 
amplifier were 20 Hz and 10 kHz respectively, 
and 20-100 SNAPs were averaged to reduce 
the noise level. 
When the index fmger was stimulated, the 
SNAP was also recorded from the cuff­
electrode placed in the hand around the radial 
interdigital nerve of the left index finger, a 
branch of the median nerve. 

The Motor Action Potential (MAP) was recorded from the abd. poll. br. muscle after stimulation of the median 
nerve at the wrist. The stimulation was delivered via the near-nerve needle electrode, and the MAP was 
recorded using a concentric needle electrode placed at the end-plate zone of the muscle. The threshold for 
motor stimulation was less than 1.0 rnA when the near-nerve electrode was guided into position. The 
supramaximal motor response was evoked using a stimulus intensity of 10 rnA. 

Measurements 

The latency of the sensory potentials was measured to the initial positive peak of the potential. The motor 
latency was measured to the initial deflection from the base line of the motor action potential. The amplitude of 
the sensory and motor potentials was measured peak-to-peak. The SNAP CV was calculated from the SNAP 
latency and the actual length of the segment measured from the stimulation electrodes to the needle electrode. 
The SNAP CV measured with the nerve cuff was calculated from a estimated nerve length of 80 mm. 

RESULTS 

Post-surgical measurements were started at day two after implantation of the cuff electrode. The SNAP 
amplitude and velocity measured at day two were taken as an initial reference in the cuff SNAP data. An 
initial decline of the amplitude from the index finger was measured as shown in figure 2A. The SNAP 
amplitude reached a minimum of approximately 50% of the initial amplitude after about 10 days and 
recovered to the initial amplitude in approximately three months. At day 244 we experienced a broken 
lead to the cuff electrode which necessitated that the cuff could be used as a bipolar electrode after this 
date. 

The SNAP amplitude measurements made with the near nerve needle were all within the nonnal range 
during the observation period. The range varied for digit 2 from 9.6 to 30.0 !lV, with a mean of 18.5 !-tV 
and a standard deviation of 7.3 !lV (digit 1: 56.3!lV ±15.5!lV; digit 3: 21.4!lV ±1O.4!lV). Figure 2B 
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Figure 2. A) Amplitude of the electrically evoked SNAPs from the index finger. The near nerve needle amplitude from the median 
nerve at the wrist (0) and the nerve cuff amplitude from the radial inter digital nerve (x) are plotted in relation to time after 
implantation (days). 
B) Sensory conduction velocity from the digits 1,2 and 3 recorded at the wrist with near nerve needle electrodes and with the cuff 

electrode recorded from digit 2. 

shows the SNAP CV from all three digits innervated by the median nerve and measured with a near nerve 
electrode as shown in figure 1. Figure 2B also shows the SNAP CV as measured in the nerve cuff when 
stimulating digit 2. No significant change in SNAP CV has occurred in any of these measurements during 
the observation period. The mean SNAP CV and standard deviation for digit 1 to 3 are 62.6 m1sec ± 3.1 
m1sec, 67.7 m1sec ± 4.0 m1sec, 64.8 m1sec ± 4.1 m1sec, respectively. 

Another patient with multiple sclerosis had a split cuff implanted on the calcaneal nerve (a branch of the 
tibial nerve). No change in SNAP amplitude and CV has been observed during the 270 days in which the 
cuff has been implanted so far lSI. The SNAP amplitude and CV were also found to be within the normal 
range in a third patient (hemiplegic) with a sural nerve cuff implant 16/. The latter has had the cuff 
implanted for 3 years and 1 month at the time of writing . 

DISCUSSION 

The conditions for monitoring the physiological state of the interdigital nerve of the index finger 
equipped with a cuff electrode are excellent. The nerve branch is relatively easy to access with 
stimulation electrodes and the interdigital nerve is a purely sensory nerve which reduces motor artifacts 
in the recorded signal. 
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The monitoring results of the interdigital nerve reflect a temporary reduction of 50% in SNAP 
amplitude measured with the cuff electrode and a simultaneous change in the amplitude measured with a 
near nerve needle electrode. The conduction velocity seems to be stable and without initial changes both 
when measured with cuff and needle electrodes. The drop in amplitude measured with the nerve cuff is 
less obvious in the near nerve needle recordings. This might be due to small variations in positioning the 
near nerve electrode and fewer recordings using this technique compared to the cuff electrode. 
The temporary reduction of the SNAP nerve amplitude of the interdigital nerve patient and the fast 
recovery as indicated by the cuff SNAP measurements, may reflect a nerve trauma resulting in a 
reversible partial block of nerve-fibers. The reason for this drop of SNAP amplitude is unclear. 
The stability of the SNAP CV suggests that the fibers are affected independent of fiber diameter. 
Compression (e.g. caused by edema) is therefore less likely to be the cause since it affects mainly the 
large fibers selectively 17/, which would have resulted in a lowering of the CV. Another explanation of 
the drop of SNAP amplitude seen in the patient with an interdigital nerve cuff might be a surgical 
trauma. However, the minimum amplitude of the SNAP occured after 10 days which is later than one 
would expect if the nerve was traumatized at the time of operation. 
The interdigital nerve implant in the hand is subject to a considerable mchanical stress where nerve 
damage may occur when the cuff is not yet fixed by connective tissue. This mechanical interaction 
between the cuff and the nerve can effect the fibers in the periphery of the nerve first and will be 
independent of fiber diameter. 
After three months all three patients show stable SNAP amplitudes and CVs. This supports the 
hypothesis that nerve cuff electrodes are suitable in chronic FES implants. We have now monitored 
stable functioning implants for more than three years. 
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CHARACTERIZATION OF FLEXIBLE ELECTRODES WITH INTEGRATED 
CABLES FOR RECORDING AND STIMULATION OF PERIPHERAL NERVES 

T. Stieglitz, 1.-U. Meyer 

Fraunhofer-Institute for Biomedical Engineering, 
Department of Sensor Systems / Microsystems, 

Sankt Ingbert, Germany 

SUMMARY 
A new design of flexible nerve electrodes with integrated cables for recording and stimulation of peripheral nerves 
has been developed using micromachining techniques. We have used spin casted and cured polyimide resin as 
insulation layers on which platinum thin-fihn electrodes and multi-strand ribbon cables were deposited and 
structured by a lift-off process in the same step. Alternating insulation and electrode layers, we have fabricated a 
multilayer, multielectrode device which overcomes the "classical" separation of substrate and insulation. The 
electrode sites were opened by reactive ion etching (RIE). The same RIE technology has been utilized to separate 
arbitrary shapes of the device. Electrode in vitro characterization was perfonned for two different designs, a patch 
electrode (flexible nerve plate) and a sieve electrode for contacting regenerating peripheral nerves. Measurements 
were perfonned to test the electrode-electrolyte impedance and insulation leakage currents. Bending tests have 
been conducted to evaluate the mechanical stability of the thin fihn interconnects in saline solution. In first acute in 
vivo tests we have recorded electroneurograms (ENG) from the stomatogastric nervous system of the crab 
(Cancer pagurns). It is concluded that our new light-weight electrode design exhibits promising mechanical and 
electrical properties and a good signal to noise ratio during ENG recording. On-going work wiU be directed to 
evaluate mechanical biocompatibility and material stability in chronical test systems. 

STATE OF THE ART 

Different approaches like cuff /1/ and book electrodes /2/ have been reported to contact peripheral nerves 
for recording and stimulation. However, limitations exist in reducing the electrode geometries and in­
creasing the number of electrodes per unit size. This is mainly due to the manual lamination procedure 
for fabricating the different layers of the device. Penetrating microelectrodes on silicon shafts /3/ are 
usually used to contact the central nervous system or to stimulate the peripheral nervous system /4/. 
Regenerating peripheral nerves can be contacted by silicon microelectrode arrays with via holes /5,6/. In 
silicon technology the fabrication of integrated cables and round shaped devices needs a complex 
technology /7/. Little information is given on the procedure of connecting wires to the electrodes and 
housing of the interconnects. Electrode failure mostly results from broken interconnects. Thick 
polyimide foils with electrodes for recording cardiomyograms /8/ show limited design possibilities of 
outer shape geometries due to manual separation with surgical scissors. Nerve traumatization often 
occurs because of the rigid material and the relatively high weight of the devices. Because of its low 
weight and its flexibility poly imide is a promising material for developing a new light-weight electrode 
design. Histological examinations of poly imide PI 2556 as a coating for cochlear prostheses reveal no 
pathological effects /9/. Though the stability of some poly imide species in saline solutions is not fmally 
clarified /10/, improvements in the chemical composition of a new generation of polyimides promise 
excellent life times. 

MATERIALS AND METHODS 

Electrode Fabrication 
Micromachining techniques are used to develop a new design of flexible nerve electrodes with integrated 
cables for recording and stimulating peripheral nerves. Using poly imide we receive a light-weight de­
sign, which overcomes the "classical" separation of substrate and insulation layers in most electrode 
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designs and allows to integrate interconnects and to generate arbitrary shapes of the device. We use 
DuPont polyimide resin PI 2556 because of its low curing temperature to develop the process 
technology. Figure I shows the process of fabricating a flexural nerve plate (FNP) with integrated 
electrodes: 
In a ftrst step a silicon wafer, which is used as a 
carrier during fabrication, is spin coated with 
polyimide resin PI 2556 (Fig. la). Multiple 
coating of thin layers leads to a bottom layer 
thickness of 6.5 )lm. In a curing step at 300 °C 
for 2 h the polyimide is fully imidized. We use 
thin ftIm technology to create electrodes, multi­
strand ribbon cables and connection pads in a 
single process step. After roughening the 
polyimide surface, we deposit platinum (HF­
sputtering, 300 nm) on a titanium adhesion layer 
(DC-Sputtering, 30 nm) and use lift-off tech­
nique for structuring (Fig. 1 b). A polyimide top 
layer of 6.5 )lm thickness gives additional me­
chanical support and insulates the metallization 
(Fig. lc). Reactive Ion Etching (RIE) is used to 
open the areas of the electrodes and connection 
pads (Fig. Id). A structured aluminum layer 
(DC Sputtering, 300 nm) serves as an etching 
mask. RIE is performed at 13,56 MHz and 300 
W in a STS 320 reactor with 02 or CF4 plasma. 
After removing the aluminum, a resist layer, 
which protects the electrode and pad areas, is 
spun on and an aluminum etching mask is 
deposited (Fig. Ie). RIE is used to etch the poly­
imide down to the support wafer and to separate 
all devices in one etching step. After removing 
the aluminum and the resist, the single devices 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

F========= polyimide (spinned 00) 

silicon wafer 

E-------~ 
metallization: electrodes, 
pads, tracks 

I------------~ 
polyimlde cover layer 

metaUization ( Ti, Pt ) 

photo resist 

spiDoed on polyimide 

~-=-=-=-=-=-=-=-=-.....,....! ------
I aluminum mask 

'----------

opening for con facts 
aod electrodes 

r ~ alumlnu~ mask 

photo reSISt 

separation of compooents 

metal electrode 
I"'---"'---"'-~ 

Fig. 1: Fabrication process of a FNP with inte­
grated electrodes 

can be separated from the support wafer. Resulting components have a total thickness of 13 )lm (Fig. If). 
In order to obtain cuff-like forms, the device can be modifted by bending and a fmal temper step at 3000 

C for 2 hours. 

In Vitro Characterization of Electrode Properties 
Mechanical and electrical tests have been performed in physiologic saline solution to evaluate the 
stability of the multilayer devices and the thin ftIm electrodes and the elecrode-electrolyte impedance: 
'" Bending tests: Electrodes (n= 3) have been ftxed at the ends and bend for 100,000 times at an angle of 

1600 with a repetition frequency of 0.5 Hz. 
'" Pulse Trains: Adjacent electrodes have been exposed to 1 0,000 pulses (biphasic rectangular, i = 1 

rnA, pulse width tpw = 200 )lS, repetition rate f= 20 Hz ). 
'" Impedance measurement: Mesurements have been performed between two adjacent electrodes on the 

same device (sine wave: 20 Hz to 100 kHz, constant voltage amplitude of 100 mY). 
'" Leakage currents: Completely insulated devices have been biased at U = 0.5 V against a platinum 

wire electrode. Leakage current through the polyimide have been measured in intervalls of 1 minute. 
Reference measurements have been done in dry air at room temperature. 

Acute In Vivo Measurements 
First acute in vivo tests have been performed on the dorsal ventricular nerve (dvn) of the stomatogastric 
nervous system of the crab (Cancer pagurus), which consists of only few neurons and delivers well 
known patterns of excitation. A FNP has been bend and tempered in the form of a gutter. After cutting a 
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hole in the carapace of the crab, the epidermis is incised and retracted and the dvn is freed from the 
adhering tissue. The nerve is placed in the gutter electrode and bipolar, extraneural ENG is recorded via 
a electrophysiologic measurement setup. 

RESULTS 

Electrodes 
We have performed two designs of electrodes in one and the same process: Fig 2. shows a sieve 
electrode for contacting regenerating nerves and Fig 3. a patch electrode (FNP). 
Fig 4 . presents a cuff electrode with a diameter 700 !-tm which is a FNP modified by rolling and temper­

# 

Imm 
1 mm 101m -

Fig. 2: First laboratory ver- Fig. 3: First laboratory ver­
sion a/a FNP 

Fig. 4: Cuff-electrode made 0/ 

sion a/sieve electrode 

ing. SEM micrographs show holes 
in the sieve electrode that have 
been achieved by O2 (Fig. 5) and 
CF4 (Fig. 6) RIE. We receive an 
extremly light-weight design, re­
sulting in 4 mg per electrode, 
which is minimizing the 
mechanical load on the nerve. 

aFNP 

In Vitro Measurements Fig. 5: Via etched by O2 RlE Fig. 6: Via etched by CF.J RlE 
Bending tests delivered very good 
results for the life time of electrodes. No cracking or delamination was observed of the deposited metal. 
The resistance of the cables remained stable after the bending cycles. Pulse trains of 10,000 showed no 
cracking in any of the electrodes. An impedance spectrum is presented in Fig. 7 

I ,OOE-+{) I 

rllil 

Fig. 7: Impedance measurement at an 1 mm2 electrode area 

I,OOE-+{)3 

fill. 

1,(lOE-+{)4 I,OOE-+{)5 

Leakage currents were measured in the range of 4 pA and 8 pA in dry air at room temperature for 3 
days. In saline solution we observed an initial leakage current of 5 pA and a current of 9 pA to 11 pA 
after 60 hours. 

Acute In Vivo Measurements 
The signal to noise ratio (SIN) of an ENG recorded from the dvn is in the range of 4: I (Fig. 8), 
The SIN was good enough to discriminate single neuron activity in the recording, 
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DISCUSSION 

i [ ' I 125 ~V 
1 s::....J 

A micro fabrication technique for flexible 
electrodes with integrateded cables made of 
a polyimide resin has been established. 
Bending tests showed a good mechanical 
stability of the platinum ribbon cables, 
insulated and supported by polyimide layers. 
The platinum electrodes exhibited a good 
stability in the stimulation mode and a fairly 

Fig. 8: ENG recordedfrom the dvn o/the stomato­
gastric nervous system o/the crab 

low electrode-electrolyte impedance. In dry air, the insulation resistance revealed high values. On-going 
work is directed to examine the long term behaviour of the device in physiologic saline solutions without 
and with different values of bias voltage. ENG recordings delivered a good signal to noise ratio. Further 
investigations will optimize electrode shape and distance to obtain high spatial and temporal signal 
resolution for recording and stimulation purposes. 
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SUMMARY 

We present the modelling and design of an implantable system with a monopolar half-cuff for 
selective stimulation of fibres within the superficial region of the human common peroneal 
nerve. A half-cuff electrode is capable of making a long term selective activation, mainly of 
those muscles that contribute to strong dorsal flexion and moderate eversion of the hemiplegic 
foot. One of the modelling objectives was to determine the three dimensional spread of the 
electric field that would be generated by the half-cuff within the deep peroneal branch of the 
nerve by the half-cuff. Moreover, the extent of initial excitation of the nerve fibres within the 
superficial region was predicted. For this purpose a total equivalent driving function at six 
positions within the half-cuff was calculated. The modelling objective was also to introduce a 
time delay between the cathodic and anodic parts of the stimulating pulse pair, mainly to 
predict eliciting more gradual recruitment of motor units. 

STATE OF THE ART 

Contractons of paralyzed skeletal muscles can be induced by electrical stimulation of 
peripheral nerves to obtain functional limb movements in patients having upper motoneuron 
lesion (5, 9, 12, 14). Among various applications, Functional Electrical Stimulation (FES) of 
the common peroneal nerve to correct the gait has been shown to be a potentially useful 
means for the restoration of functional movement in the lower extremities of hemiplegic 
individuals (9, 14). The stimulation is applied during the swing phase of the affected leg 
dorsiflexing the foot and preventing its equinovarus position. By raising the affected leg, the 
patient releases the heel which in tum activates the extemal unit, thus transmitting information 
and energy to the implanted assembly via the antenna. Closing of the switch at the beginning 
of the stance phase tums off the transmission/stimulation. Stimuli are therefore synchronized 
with the swing phase by a heel switch which is wom inside the shoe. The goal in the work 
presented was to develop an implantable system with a half-cuff for selective stimulation of 
the superficial region of the common peroneal nerve innervating mostly the tibialis anterior 
muscle, partly one of the peroneus muscles and to a lesser degree the triceps surae muscle. 
Recently it was demonstrated that peripheral nerves are organized into individual fascicles 
near their terminal branching points (11). It was also demonstrated that electrodes placed 
proximal to the branching point enable stimulation a single fascicle and thus selective 
activation of an individual muscle (9, 12). In a recent study, (9) the efficacy of a monopolar 
half-cuff in activating an individual fascicle in a human common peroneal nerve just above its 
bifurcation in superficialial and deep peroneal branches in two hemiplegic patients was 
tested. However, the main goal in this study was to change the stimulating scheme using 
capacitively coupled biphasic pulses where thick nerve fibres are recruited before thin ones by 
the scheme where the time delay between the cathodic and anodic phase of the biphasic 
stimulating pulse pair was introduced. It was expected that a more gradual recruitment of 
motor units can be obtained (6, 12). 
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MATERIAL AND METHODS 

Modelling of the human common peroneal nerve and half-cuff geometry was based on 
histological examinations and the data obtained in literature (4, 5, 7, 8) . The longitudunal 
dimensions of the half-cuff were determined mainly according to the request that the surface 
of the nerve covered by the half-cuff should be as small as possible to prevent damage 
associated with the blood supply system. It was concluded that in further modelling the optimal 
length of the half-cuff would be 18mm. For the purpose of histological examination, part of the 
common peroneal nerve at the level behind lateral head of the fibula was removed from the 
cadaver (75-years, male). In the model , based on histological examination of aforementioned 
samples population of fibres consist of four distinct nerve fibre diameter groups: (1) 0.9 to 
4.67Ilm, (2) 4.68 to 8.45Ilm, (3) 8.46 to 12.22Ilm, and (4) above 12.23Ilm. We focused only on 
the recruitment of u-motoneurons and thus considered groups 2, 3, and 4. It was previously 
shown that fibres in peripheral motor nerves are recruited according to their axonal 
conductivity rather than by their type. Thus, u1-motoneurons are recruited first, followed by U2 

and then u3-motbneurons. The mean adopted conduction velocity of four distinct groups are 
as follows: (1) up to 17m/s, (2) 31 mis, (3) SOmis, and (4) 58m/s and above (3, 10). By 
introducing the time delay between cathodic and anodic part of the stimulating pulse pair we 
attempt to influence a positive regenerative process to proceed more reliably in fibres for 
which the stimulus is suprathreshold until maximum depolarization is achieved, and, 
especially on fibres for which is only slightly suprathreshold or very close (5). Thus the main 
goal in introducing the delay between cathodic and anodic part of stimulating pair was to 
prolong the period of time following the increase of the memebrane potential induced by the 
cathodic part of the stimulating pair before clear signs of the regenerative process take hold to 
give rise to the action potential. Namely, it may not be possible to predict initiation of an action 
potential by cathodic stimulating part if immediately after its application an anodic 
hyperpolarizating part occured. It was shown that the activating function for myelinated axons 
is given by the second differential quotient of the extemal potential at the Ranvier nodes (RN), 
which is the component of an electric field that lies parallel to the myelinated axons (2, 7). It 
was also shown that the activating function is incomplete in distinguishing between target 
fibres of different diameters. Recently, Warman et al. (1992) (13) developed a method to 
predict excitation ofaxons based on the response of passive models. They found that two 
terms drive the polarization of each RN. The first was a source term described by the 
activating function at the node, and the other was an ohmic term resulting from redistribution 
of current from sources at other nodes which is independent of fibre diameter. Accordingly, a 
total equivalent driving function includes both terms. Adopting the aforementioned model, a 
total equivalent function driving the polarization of RN of fibres at six locations within the half­
cuff was defined. The nerve model used in th is study consists of a number of compartments 
with different conductivities (1 , 2, 8, 9). For evaluating the electric field, (1, 2) the virtual 
neutral electrode was supposed to be situated at the edge of the half-cuff proximal to the 
electrode and perpendicular to the longitudinal axis of the half-cuff. The electrical potential 
distribution due to a nerve monopolar half-cuff was obtained by solving the Laplace equation 
within a three-dimensional domain using the finite element method. 

RESULTS 

The electric field in the nerve trunk caused by the monopolar stimulating electrode was 
calculated according to a proposed geometrical model. We sought to determine the region 
within the deep peroneal fascicle where activation of nerve fibres could be expected. This was 
done by calculating the driving function for nerve fibres situated in six levels within the deep 
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peroneal fascicle. Activating and driving functions for nerve fibres situated at a distance of 
O.95mm from the stimulating electrode is presented in Fig. 1. The half-cuff system was 
constructed taking into consideration the results of modelling selective stimulation of 
superficial regions and fibres with different diameters in the human peroneal nerve and the 
evaluated electric field generated in the nerve by the monopolar stimulating electrode. The 
completed half-cuff is presented in Fig.2. 
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Fig. 1. Evaluated activating and driving 
functions for nerve fibre located at 
O.95mm from stimulating electrode. 

I I 
Fig. 2. Implantable stimulator and half-cuff for 

monopolar, selective stimulation of su­
perficial region in peripheral nerve. 

In conventional stimulating schemes thick nerve fibres are recruited before thin ones as they 
have lower excitation threshold. A more gradual recruitment of nerve fibres during selective 
stimulation of a certain superficial region can be obtained if it is possible to increase the 
difference in threshold between different diameter nerve fibres. A possibility used in this work 
is introducing the time delay between the cathodic and the anodic phase of the biphasic 
stimulating pulse (5). Namely, it was found that the presence of the secondary anodic phase of 
the biphasic pulse could be used to abolish excitation initiated by the primary cathodic pulse. 
According to results of a recently published preliminary report (9) conceming stimulation using 
a half-cuff, we proposed relatively a short cathodic phase with higher amplitudes, mainly to 
decrease the slope of the recruitment curve. Thus, the stimuli proposed in this work were 
current, charge balanced, and biphasic pulses with a rectangular cathodic component, and 
exponential decay anodic component. The Implantable Gait Corrector (IGC) system consists 
of three units: an extemal stimulator with antenna that generates and transmits radio­
frequency signals through the skin to the implant assembly; a heel switch which triggers the 
stimulator synchronously with the swing phase; and a surgically implanted unit consisting of a 
passive receiver which receives the signal from the extemal stimulator and converts it into a 
train of electrical pulses delivered to the electrode within the half-cuff. 

DISCUSSION 

An implantable system with a monopolar half-cuff for selective stimulation of fibres with 
different diameters within a certain superficial region of the human common peroneal nerve 
was designed, fabricated, and implanted. A system is capable of making a selective activation 
of muscles that contribute to strong dorsal flexion and moderate eversion of the hemiplegic 
foot, thus preventing drop foot in hemiplegics. Accordingly, the modelling objectives were 
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threefold : (1) to predict the possibility of selective stimulation of the superficial region within 
the common peroneal nerve innervating mostly the tibialis anterior muscle and one of the 
peroneus muscles, (2) to predict the extent of initial excitation of the 12~m motor fibres within 
aforementioned superficial region , and (3) to control propagating action potentials of fibres 
with different diameters out of the half-cuff. We expect the presented model to have some 
limitations in cases of older subjects (3, 6). Specifically, in a reduced number of thick, fast , and 
low threshold motor fibres the introduced time delay would not be necessary to stimulate 
naturally slowed muscle in more physiological manner (10) . We also believe that activation of 
strong skeletal muscles in as natural a manner as possible is required mainly to reduce 
changing the pattern of dynamic load on joints that can arise when motor units are activated in 
reversed order of recruitment as in the conventional stimulating scheme. 
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CAN ULTRASOUND IMPROVE MAGNETIC STIMULATION 

J. Edrich, T. Zhang 
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SUMMARY 

Magnetic stimulation represents an attractive method for stimulating intact nervous systems because of its 
norunvasiveness. Unfortunately, the ability of conventional magnetic stimulation to excite a spatially 
defined tissue volume in a precise way is rather lirruted; therefore it cannot be used for a number of clinical 
applications. This report describes prelirrunary experimental results in vitro with a new method which can 
improve the spati'!l resolution sigruficantly by using the synergy of ultrasound and magnetic fields for 
neural stimulation. Tests on sciatic nerves of the frog xenopus laevis also verify the previously predicted 
lower magnetic field requirement which represents another advantage of this new method. 

INTRODUCTION 

There have been numerous reports about modeling the induced electric fields in neural structures produced 
by magnetic stimulation /1-3/. They show that for both unbounded and serru-infinite, as well as bounded 
media the focality of magnetic stimulation is determined by coil configurations. It can be improved 
somewhat for certain applications by using so-called figure-of-eight coil /4/; however, its spatial resolution 
is still rather marginal, thus severely lirruting the use in many important clinical applications. A new method 
overcorrung these disadvantages by combining focused ultrasound and magnetic stimulation was previously 
introduced based primarily on theoretical analysis and some phantom results /5, 6/. This report presents 
prelirrunary in vitro results with arumal nerves in an attempt to verify the synergy between focused 
ultrasound and magnetics for stimulation with high spatial resolution and low magnetic field requirements. 

MA TERIALS AND METHODS 

Stimulation is tested using a frog's sciatic nerve in vitro. Fig. 1 
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shows a schematic of the experimental 
setup of our new approach 
using the synergy of pulsed 
magnetic and focused 
ultrasound fields in order to 
a) produce spatially precise 
stimulation, and b) to lower 
the magnetic field 
requirements as compared to 
conventional stimulation 
using magnetic fields only. 

Fig. 1: Block diagram of the 
experimental setup for 
combined ultrasound and 
magnetic nerve stimulation 



The stimulating magnetic field is produced by a circular coil. The focused ultrasound transducer is driven 
by a 1.6 MHz amplifier The entire system is synchronized by the SYNC unit. The magnetic stimulator is 
activated after the ultrasound by means of the Delay unit , in order to achieve simultaneous interaction of 
magnetic and ultrasound fields in the focal region. The delay time is adjusted according to : 

r d ( I ) 

where ! is the focus length and () the ultrasound propagation velocity in the solution within the tank. 
This tank is omitted in fig . I for simplicity . It contains the transducer, the coil and the nerve as shown in 
the photograph of fig . 2. In this case the delay is about 40 Ils . 

RESULTS 

The Strength-Duration Curve 

Fig 2: Photograph of the 
experimental setup, showing 

=-"",oiJ;ilWlS\. ;t the tank filled with Ringer's 
solution. It contains a partially 
submerged circular coil with 
the sciatic nerve directly 
underneath of it. On the 
bottom of the tank the 
focusing ultrasound transducer 
IS visible. Silver chlOlide 
electrodes pick up the nerve's 
response. It is amplified by the 
differential amplifier seen on 
the right bottom side. 

The strength duration curve is a traditional expression for describing excitability of neural tissues The 
excitation of neural tissue is intrinsically random in nature. We therefore define the excitation threshold in 

our setup as the magnetic field VI" when we can just barely observe the response (i .e., the compound 
action potential) on an oscilloscope, and the response would disappear if we reduce the field by 5%. 

Initially, the effect of ultrasound on the strength-duration curve was tested experimentally. Fig. 3 shows a 
group of typical curves with varying ultrasound power, for which the duration is kept constant at 490 Ils 

For convenience we show the normalized expressions for both the ultrasound P and magnetic field VI" 

Fig. 3 shows that the strength-duration curves are obviously affected by the ultrasound in a complex, 
nonlinear way. Changing the pulse width or the ultrasound power produces entirely different curves . The 
narrower the pulse width is, the more rapidly changes the threshold . 
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Experimental Relationship between Ultrasound and Magnetic Stimulation 

The threshold was investigated by changing both the ultrasound and magnetic field in order to study the 
interaction of ultrasound and magnetics in regard to excitation. As shown in Fig. 4, the magnetic field 
required to stimulate the nerve decreases gradually with increasing ultrasound power. Due to the random 
effects of neural excitability some uncertainty is produced resulting in the bars ofthe curve in Fig. 4. 

REL. HAG. F. 

7 
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Fig. 4: Experimental relationship between ultrasound and magnetic field 
regarding the excitation threshold 

DISCUSSION 

Our preliminary results show that the neural excitation threshold depends on both the magnetic field and 
ultrasound power; however, not all of the parameters influencing the new stimulation method have been 
determined yet. The interdependence of magnetics and ultrasound implies that the focal behavior of the 
stimulation is determined by the focusing ability of the ultrasound which can, of course, be easiJy focused 
to the order of a few mm. A second important advantage of the new method is that it requires a much 
lower magnetic field level. 
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Despite of extensive analytical and experimental studies there are still many questions open regarding the 
main mechanism of the new stimulation. More experiments and more analysis is needed in order to more 
fully explain the phenomena; however, it is clear that the influence of ultrasound on the excitation is not 
simply an ultrasonic heating effect, which can also by inspection be concluded from the Fig. 3, where the 
same dose of ultrasound affects the threshold differently at different pulse widths. 

One possible caveat regarding this new stimulation might be the well-known ultrasound cavitation in 
biological tissues. We have considered this problem before lSI, and have found the ultrasound power level 
used in these experiments to be far below the threshold for cavitation. 

REFERENCES 

11/. Anthony T. Barker, An introduction to the basic principles of magnetic nerve stimulation. J. Clinical 
Neurophysiology, Vol. 8, No.1, 1991. 
121. Ferdinando Grandori and Paolo Ravazzani, Magnetic stimulation of the motor cortex- theoretical 
considerations, IEE.E Trans. BME, Vol. 38, No. 2, 1991 . 
13/. Janno Ruohonen, Paolo Ravazzani, and Ferdinando Grandori, An analytical model to predict the 
electric field and excitation zones due to magnetic stimulation of peripheral nerves, IEEE Trans. BME, 
Vol. 42, No.2, 1995. 
14/. David Cohen and B. Neil Cuffin, Developing a more focal magnetic stimulator. Part I: some basic 
principles, J. Clinical Neurophysiology, Vol. 8, No. 1, 1991. 
IS/' Jochen Edrich & Tongsheng Zhang, Ultrasonically Focused Neuromagnetic Stimulation, Proceedings 
of lEE Ell 4th Annual Conference of the Engineering in Medicine and Biology Society, 1993, San Diego. 
16/. Jochen Edrich & Tongsheng Zhang, High resolution neuromagnetic stimulation using ultrasound, 3rd 
European Conference on Engineering and Medicine, 1995, Florence 

AUTHOR'S ADDRESS 

Jochen Edrich, Ph. D., M. D., and Tongsheng Zhang, Ph. D. 

Central Institute of Biomedical Engineering 
University ofUlm 
Albert -Einstein-Allee 47 
89069 Ulm., Gennany 

- 156 -



USEFUL APPLICATIONS AND LIMITS OF BATIERY POWERED IMPLANTS IN FES 

H. LanmOller, M. Bijak, W. Mayr, D. Rafolt, S. Sauermann. H. Thoma 

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

SUMMARY 

Battery powered stimulation implants are well known for a long time as heart pacemakers. In 
the last few years fully implantable stimulators are more used in the field of FES like dynamic 
cardiomyoplasty-and electrostimulated graciloplasty for fecal incontinence. 
The error rate of battery powered implants is significant smaller than in conventional stimulator 
systems, the quality of live for the patient is increased because the need of an external power 
and control unit is eliminated. The use of battery powered implants is limited by the complexity 
of the stimulation control strategies and the battery capacity. Therefore applications like the 
stimulation of lower extremities for walking, cochlea stimulator or direct muscle stimulation 
cannot be supported. 
The improvement of implantable batteries, microcontrollers and ultra low power products is still 
going on . Battery powered implants will meet in the future also the needs of complex 
application . 
Systems for restoration of hand and breathing function after spinal cord injury can be the next 
field of use for battery powered implants. For this purposes we developed a battery powered 
multichannel implant with a sufficient lifespan for phrenic pacing. The problems during 
development and the limits of this system is described in this paper. 

STATE OF THE ART 

Battery powered implants are used clinically in a representative number for the dynamic 
cardiomyoplasty [4] and the electrostimulated graciloplasty [2,13] for fecal incontinence. 
BaSically, these muscular stimulation devices consist of a single channel programmable pulse 
generator, a programmer, pacing leads and sensing leads if necessary. Programming of 
stimulation frequency, amplitude, pulse duration a.s.o. is achieved by radio frequency 
telemetry. The implant can be activated or deactivated by a magnet. A programmed and 
activated implant works as an independent system in the human body without the need of any · 
external devices. 
Conventional systems for restoration of hand [9], leg [1,12] and breathing [6,10,12] function 
after spinal cord injurY,as well as cochlea implants [3 ,7] are still powered and controlled via an 
external transmitter. Signal processing by cochlea implants and the complexity of control 
strategies for walking inhibits the use of battery powered implants, but in the next step they will 
be adapted for restoration of hand function and phrenic pacing. 
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MATERIAL AND METHODS 

To extend the application of battery powered implants we developed an 8 channel stimulator 
and the related external programming unit. The implant consists of five functional blocks (Fig . 
1). The stimulation can be started by an internal time interrupt or a hardware interrupt. The 
trigger unit analyses the activity of the sensor inputs and responds to predefined event with a 
microcontroller interrupt. The stimulator offers 8 output channels with free programmable 
electrodes configuration with constant - current stimulation pulses of up to 4 mAo The implant is 
supplied from a Lithium-Thionyl-Chloride battery (Wilson Greatbatch WG8602); a lifespan of 
about 2-8 years depended on stimulation energy is expected. The microcontroller coordinates 
the overall timing , supervises the bidirectional link for data exchange and stores the received 
stimulation parameters. 
The external programming device and a transmitter provide the possibility to adjust freely and 
change on a large scale the timing, the measurement and the stimulation parameters of the 
implant. 
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Fig.1 Block diagram of the stimulation device 

TRIGGER 1----UNIT 

~~ UNK ___ . 

IMPLANT 

MICRO · 
CONTROLLER 

I 

'" U 
l 
A 
T 
o 
R 

CASE 

ELECTRODES 

,(. ~ 0 ,( __ 0 

(_ _ 0 

(. ___ -0 

, CONNE CTORS 

The major design problem is to reach a sufficient operating time based on the embedded 
battery. The energy you need for one muscle contraction is: 

11 .... efficiency of the output stage 
f ..... stimulation frequency 
t.. ... contraction time 
I ..... stimulation current 
T .... pulse duration 
R ... tissue and electrode impedance 

The impedance of the tissue and the epineural electrodes we use varies between 200 and 
2000 orlms, the stimulation amplitude for a sub maximal contraction varies between 1 and 4 
mAo USing the equation above by neglecting the efficiency, the energy of one muscle 
contraction amounts to W=480flWS (11=1, f=25Hz, t=1 s, 1=4mA, T =0.6ms, R=2000Q) . 
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Two terms are important to increase the durability of the battery, the efficiency of the output 
stage and the power consumption of the control unit. Therefore we implemented the following 
features : 
The microcontroller controls all functions of the stimulator to optimise power saving . The 
oscillation frequency of the microcontrolter is kept as low as possible, and it is switched to 
waitmode in stimulation pauses. 
The voltage of the battery during the whole livespan is 3.5V, so step up conversion is required 
to drive the load. To reduce losses, the stimulator multiplies the battery voltage only at the 
moment of activity by a high efficiency charge pump. The multiplication of the voltage is 
controlled by the microcontroller as a function of the stimulation current and the impedance of 
the electrodes. 
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Fig. 2 Power efficiency vs. stimulation current and operating time vs. contractions/day 
(/,=0.57, f=25Hz, t=1 s, 1=4mA, T=0.6ms, R=2000Q). 

RESULTS 

The new developed battery powered implant enables the stimulation of two muscles following 
to the principle of the "carrousel" stimulation. Stimulation can be triggered by an internal timer 
interrupt or a hardware interrupt. At present a trigger unit for ECG to use for cardiomyoplasty is 
available, a EMG unit is being designed. 
Without further improvement the implant can be used as a diaphragm pacemaker with an 
expected lifetime of 5 years applying the stimulation data after Glenn, Fodstad [6,5] or 3 years 
using the "carrousel" stimulation [11]. 

DISCUSSION 

Systems for restoration of hand and breathing function after spinal cord injury can be the next 
field of use for battery powered implants. For this purposes we developed a battery powered 
multichannel implant with a sufficient lifespan for phrenic pacing. 
This make possible to decrease the error rate and increase the quality of live for the patient by 
eliminating the external components for power and control. 
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A PROGRAMMABLE FLEXIBLE FUNCTIONAL 
ELECTRICAL STIMULATION SYSTEM 

Karim ARABI and Mohamad SAW AN 
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Ecole Polytechnique de Montreal 

SUMMARY 
A flexible, miniaturized, multiprogranirnable stimulation channel haS been designed using standard devices 
(FPGA, RAM and DAC) which is able to generate a great number of stimulation patterns and stimulation 
strategies. In a modular architecture similar and totally independent stimulation channels can be selected 
and programmed by a personal computer (PC) or a portable programmer. Once a stimulation channel is 
down-loaded by the desired stimulation parameters, it generates the programmed stimulation pattern. The 
FPGA was developed under Wiew Logic environment using the ACTI library. FPGA devices allow the 
fast, low cost and miniaturized realization of the digital circuits at VLSI level. 

STATE OF THE ART 
Several stimulators have been designed for transcutaneous or direct nerve or muscle electro stimulation 
during neuromuscular investigations /1-91. It is well known that each of commercially available system is 
dedicated to a specific application and they do not completely satisfy the requirement of other 
applications. They are also designed to deliver a limited stimulation pattern and are not able to support 
the new algorithms for selective stimulation of nerves and muscles. 
The goals for this work are: the design and test of a new generation of multiprogrammable flexible 
stimulators for FES supporting a wide range of neuromuscular applications and stimulation algorithms. 
This stimulator was designed for the following and many other applications: I) investigation of new 
selective stimulation algorithms; 2) studying the stimulation strategies dedicated to bladder control and 
other neuromuscular applications in acute animal test; 3) restoration of walking in subjects with a 
complete spinal cord injury or an incomplete CNS injury and restoration of reaching and grasping /5/; 4) 
application of atrioversion which is a method of converting atrial, or ventricular tachyarrhythmias to 
normal sinus rhythm /9/; 5) muscle strengthening. 

MA TERIALS AND METHODS 
A. System Description 
Fig. 1 shows the general block diagram of the stimulation system. It includes a microcontroller-based 
programmer and stimulation channels. The programmer, which can be replaced by a personal computer, 
comprises a microcontroller unit (68HCII), a keyboard and a liquid crystal display (LCD). In the down­
load mode (DLM), the programmer down-loads the memory of the stimulation channels with the desired 
stimulation parameters. In the stimulation mode (SM), channels are totally independent and the active 
ones produce the programmed stimulation pattern. In the SM mode the programmer can be separated 
from stimulation channels and therefore the stimulator dissipates a lower power. 
The stimulator is powered by a rechargeable battery with a I-Ah capacity. A switch-mode DCIDC 
converter is used to obtain high voltage power supply (150 V) of stimulation channels output stages. 

B. Stimulation Channels 
The stimulation channels are completely similar. Each one is composed of a RAM, an FPGA, a digital-to­
analog converter (DAC), and the output stage (Fig. 2). 
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Fig. 1: The block -diagram of the stimulator. The programmer selects and programs the stimulation 
channels (Voo: battery voltage, Vee: high voltage generated by the DCIDC converter). 

A simple way to generate flexible stimulation patterns is to save all its digital samples in a memory and 
then read successively the content of the memory and convert them to their analog equivalent values using 
a DAC. In this case, the most significant bit (MSB) of each digital sample represents its sign. Therefore, 
each sample is represented by a number of 7-bits for its absolute amplitude and one bit (MSB) for its sign. 
In this way, any type of stimulation waveform can be programmed in a memory and to be reproduced 
when it is necessary. The problem associated with this technique for the generation of flexible waveforms 
is the requirement of a high volume of memory which renders the technique non practical in the majority 
of cases. To overcome this problem, we have developed a simple data compression language which 
allows to eliminate the redundant data. The desired stimulation pattern is therefore compressed and saved 
in the memory and then during the regeneration of the stimulation pattern the saved data is decompressed. 
This technique allows to minimize the required memory space and made it possible to save various 
stimulation patterns and then select them when the stimulation pattern must be reproduced. The main 
principles of our data compression technique are as follow: 

1. When a stimulation waveform must be repeated many times (wave train), we define a macro containing 
the samples of the basic waveform and the repetition times. Each macro is composed of the following 
elements: 1) the first byte which represents the beginning of the macro (FD), 2) the second byte which 
indicates the number of basic waveforms in the wave train, 3) the following bytes represent the basic 
waveform, and 4) the last byte mentions the end of the macro (FE). 

2. When the amplitude of the stimulation pattern is constant or zero for a long period of time, the similar 
bytes must be consequently saved in the memory. In order to avoid this redundancy of information, we 
use a byte, which indicates the existence of a delay (FC) followed by a byte which represents the value 
of the delay. The previous value of the signal will be conserved when introducing the delay. 

WR-"': 
En -: 
AB~ 
DB -+j 

; 

Stimulation 
Parameters 

Memory 
(SRAM) 

Output 
Stage 

Fig. 2: Block diagram of each stimulation channel (En: Enable, AB: Address Bus, DB: Data Bus) 
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Code Definition 

FC The following byte is the delay value (No). The delay is equal to the period of the clock 
multiplied by the delay value and a constant which depends on the employed finite state 
machine. 

FD The beginning of a macro. The following byte (NM) represents the number of stimulation 
waveform in the wave train, and the succeeding byte is the first sample of the basic 
stimulation waveform. 

FE The end of the macro. The macro must be repeated NM times. 

FF The end of the stimulation pattern. The whole stimulation pattern must be repeated. 
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Fig. 3: Example of generation of a simple stimulation pattern: stimulation pattern (a), and its related 
program based on the data compression technique (b). 

Table 1 represents the summary of the data compression technique and Fig. 3. depicts an example of 
stimulation waveform generation. Fig. 4 shows the schematic of the output stage which interfaces the DAC 
and the muscle or nerve. It has been designed to generate constant current stimulation pulses of 0-145 rnA. The 
least significant bit (LSB) of the output stage is progranunable and can be selected by the user to adapt the range of 
current stimuli to the desired application. 
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r----'--"1........-

0
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D1 : IN4001 
OCI-4: 6NI35 

Fig. 4: Schematic of the output stage. The input voltage (Vin) comes from DAC and is converted to a 
current which is directed to the output load (Zd. The biphasic currents can be applied using a single 
positive supply. 
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RESULTS 
Simulation results (place and route, back annotation, etc.) prove the functionality of our proposed architecture. 
ACTEL FPGA 1101 has been used to implement the logic circuitry under View Logic envirorunent. After 
implementation on FPGA using ALS software, the final design used 98% of the modules available in the device. 
Three laboratory prototypes have been successfully fabricated and tested. The DAC has been realized using 
AD7523 (Harris Semiconductor). The output stage has been realized using only a single high voltage (V cd and 
generates positive and negative stimulation signals. 

DISCUSSION 
A multi-purpose multichannel programmable stimulator for FES applications has been proposed. 
Stimulation channels are similar and totally independent. Each stimulation channel has been miniaturized 
using RAM, FPGA, and DAC devices and is able to generate any type of stimulation waveform and a very 
flexible timing pattern. This characteristics facilitate to investigate new stimulation strategies and the 
device may be used for many FES applications. It is actually used in developing new bladder control 
stimulation algorithms. 
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SUMMARY 

A novel dual channel implantable stimulator system has been developed. One of the problems 
of selective activation of nerve fibres is solved with this device - to activate muscles selectively 
and obtain a -functional movement in certain applications. The stimulator comprises an 
implantable receiver and an external transmitter providing power and stimulus information for 
the receiver. The stimulator is small, low cost and potentially useful for various applications. 
Animal implantation experiments are in progress in order to measure different parameters and 
to test selective activation of the muscles, technology of our system in vivo (reliability, 
functionality, repeatability) and to make some histological examinations. Some preliminary 
results are presented. 

STATE OF THE ART 

It is well known that many surface as well as implantable functional electrical stimulation 
devices for the control of paralysed muscles have been developed since the widely known first 
published Liberson's idea of using a functional electrical stimulation /1/. Among them the 
stimulators used as orthotic devices for correction of the foot drop in hemiplegic patients have 
been the most popular devices. A great advance in technology has been made /2/. Various 
electronic devices for permanent total implantation have been made since the first implantable 
cardiac pacemaker. However, implantable functional electrical stimulators for the control of 
paralysed extremities are by far not as successful as cardiac pacemakers. Only a few 
stimulators have been used for human implantation. Such devices are open-loop control 
systems usually because of some problems and limitations regarding the use of closed-loop 
control systems /3/. In spite of this fact, good results have been achieved with implantable 
peroneal nerve stimulators in Ljubljana. Research and experiences of a single channel 
implantable stimulators and some successful human implantations /4/ resulted in development 
of different dual channel devices /5,6/ , and further in development of multichannel devices 
/7,8,9/ where more precise and complex movement is achieved by activation of more paralysed 
muscles. Experiences and results from clinical rehabilitation of gait using surface electrical 
stimulation systems /10/ contributed to design and development of implantable systems. Dual 
channel implantable stimulator has been used for many years with different aims /11/. 

MATERIAL AND METHODS 

The presented implantable system is an open-loop control system with no sensors and no 
feedback signals except a heel switch giving the information about the position of the leg. We 
tried to develop simple, small, low cost device with minimum number of channels for designated 
application. What can be done with two channels? One idea was to improve the push-off phase 
of the gait with the second channel /11/. Our idea is to get reliable, functional and useful 
selective activation of the nerve fibres using two channels with variable pulse parameters. 
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Purpose. The purpose of our dual channel implantable FES system is to provide 
neuromuscular control in two muscles and thus accomplish better correction of gait. The main 
aim is reliable selective stimulation of the common peroneal nerve. Thus it would be possible to 
control ankle dorsiflexion and eversion respectively and achieve more normal gait pattern. The 
system could be equally used in some other applications. Our approach is to solve problems 
consequently. In this phase of development we try to apply dual channel stimulator to solve the 
electrode positioning problem in single channel implant where excessive eversion of the foot 
usually dominated dorsal flexion /4/. 
Description of the system. Our system consists of three main parts: an implantable receiver 
(implant) with three electrodes, a small microcontroller based external programmable control 
unit with a transmitting antenna and a portable programmer/stride analyser (Figure 1). The 
microcontroller is a Motorola M68HC11 with internal memory. An asynchronous serial 
communications interface is used for communication between the programmer and the control 
unit. One heel switch is used to synchronise the stimulation with gait cycle. The antenna of the 
control unit transmits the operating power for the implant and all stimulus parameters. The 
control unit is simple for use: it has four keys to select the amplitude of the stimulating pulses, 
one switch for power on and a LED indicator. All other adjustable parameters of the pulses can 
be set by means of the programmer. 

part of the system for normal use as an orthotic device 
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Figure 1. Block diagram of the complete system 

In addition an auxiliary stimulator with auxiliary stimulating electrodes has been developed as 
an implantation tool. By changing software in the control unit different stimulation sequences 
can be obtained. 
Stimulating pulses. Trains of rectangular biphasic 
constant current stimulating pulses with adjustable amplitude 

net charge flow can be triggered by internal timer 
or synchronised with gait cycle using one heel 
switch . Figure 2 shows the shape of the pulses 
used for the stimulation. The output stage of the 
implant gives the constant current pulses up to the 
load impedance of 1000 Ohm. The delay between 
the positive and negative part of the pulse is zero. -
Pulse parameters are collected in Table 1. The . 
pulse of the second channel is delayed after the Figure 2. Stimulating pulse 

time 

pulse of the first channel because of the encoding and the modulation of the transmitted signal. 
Implant description. Figure 3 displays the implantable stimulator with electrodes. The 
stimulator is made of biocompatible materials. The encapsulation procedures against the 
depredations of body fluid have been known for long time /12/. The implant was designed 
according to different criterion: anatomical, surgical, functional and dimensional. 
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pulse parameter from to 
amplitude (current) 0 10mA 
pulse width (positive part) 80 1J5 500 1J5 
pulse width (negative ~art) 80 1J5 500 1J5 
frequency 10 Hz 60 Hz 
intermittent stimulation 25 125 
(cyclet 

Table 1. Adjustable stimulating pulse parameters 
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Figure 3. Scheme of the implantable stimulator (implant) 

A body of the implant contains the receiving antenna (coil), a hybrid integrated circuit and 
electrode connectors. The dimensions of the body are: 29mm x 24mm x 5mm. A neutral 
electrode (cathode) is mounted and fixed on the one side of the implant body. Two stimulating 
electrodes are connected to the body by means of biomedical wires (stainless steel). They are 
disc-shaped and imbedded in the silicon fixation sheets. Peripheral nerve electrodes for 
selective activation of muscles /13/ and monopolar excitation technique is used for selective 
stimulation of superficial peripheral nerve trunk regions /14/. The complete electronic circuit of 
the implant is integrated into a 14 pin dual in-line ceramic-metal package. The main part of the 
electronic circuit is realised as a novel custom designed chip. Only the receiving antenna (coil) 
and electrode lead wires are connected to the integrated circuit. 

RESULTS 

The system passed preliminary testing and experiments in vitro. Long-term test has been 
carried out to determine the stability of the materials used in the implant and the operational 
stability. reliability and durability of the implant. The biphasic charge density for electrodes is 
much smaller than maximum allowable for the geometric areas of the electrodes and is in the 
safe range for the stimulation of the nerve tissue /15/. Two systems have been implanted in two 
experimental animals. A special implantation technique of the stimulating electrodes has been 
used to get optimal functional response. Electrophysiological and biomechanical measurements 
are done during periodical experiments. Goniometers, EMG recorders, dynamometers, special 
electronic brace for measuring ankle torque, data acquisition systems, X-ray are used. The 
response dependence on different stimulating pulses and different stimulation parameters is 
observed an d measured. Periodical tests are done to track the operability and the functionality 
of the systems. All results are recorded by means of data acquisition systems. Both implanted 
systems are operable. The effect of the tissue encapsulation of the stimulating cathodes can be 
overcome by changing the stimulus parameters. 

DISCUSSION 

Restoration of the function of paralysed limbs and rehabilitation of various forms of 
neuromuscular dysfunction is possible by using functional electrical neuromuscular stimulation. 
Reliable, selective. reproducible force recruitment characteristics with determined electrode­
muscle recruitment characteristics can be obtained by developing different approaches to the 
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stimulation. Two channels can assure reliable selective activation of peripheral nerves by using 
proper stimulating electrodes, correct positioning of the electrodes (which depends on the 
application), good fixation technique for the implantable part of the system, rest period after the 
implantation and changing the intensity of the stimulation of each channel. This is only one step 
in development of the useful stimulator. Instead of the open-loop control systems the closed­
loop control systems could be used. Sensory nerve signals could be used as a feedback signal 
in the closed-loop control /16/. After obtaining good results from animal implantation 
experiments we will be able to extrapolate our experiences to human implantations. The dual 
channel implantable sistem could be useful also for other applications, for example in 
hemiparetic patients with persistent improper quadriceps muscle strength which disturb 
walking. It would demand relatively minor surgical procedure. 
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INTRODUCTION 

Beginning with 1982 in four cases of paraplegia two 8-channel stimulators each have been 
implanted to reactivate knee- (infragluteal nerve, quadriceps muscle) and hip-extension 
(femoral nerve, gluteus muscle). Active standing up, sitting down, swing through and 4 point 
gait with crutches and riding a special training bicycle were the main results. A limiting factor 
was the lack of active flexion. This was one of the main reasons for the decision to develop the 
new 40-channel system based on two 20-channel implants. The extended number of channels 
should improve gait and enable stair climbing providing the user with knee- and hip-flexion. 
Technological improvements concern reliability, bioresistance and biocompatibility. Technology 
and technical characteristics of the implantable stimulator and results of preclinical animal 
experiments are described in the following. The subsequent paper (Bijak et al.) deals with 
biocompatibility of electrodes and functional results of the whole system. 

MATERIALS AND METHODS 

The basic system requirements for the leg-pacemaker include 20 output channels for each 
implantable stimulator and the capacity of simultaneously controlling two implants for the 
external control unit. Power and control commands are transmitted from the external unit to the 
implanted stimulators through two radio-frequency links. Multi-contact connectors are installed 
between stimUlator and electrode leads. The configuration of the complete system is shown in 
figure 1, the communication protocol for pulse-to-pulse parameter control in figure 2. 
Implantable stimulator, stimulation parameters: The receiving antenna couples into the 
externally produced electromagnetic field. The induced RF-signal is rectified and regulated to 
form the internal power supply.This power source is used to provide the output stage with 
sufficient voltage and current capabilities to output stimulus pulses. It is also used to form a low­
voltage power supply for the control logic. The receiver demodulates the information containing 
stimulation constant current amplitude, pulse width, impulse frequency, polarity, and target 
electrode outputs (figure 2). The parameters are not affected within a transmitter to receiver 
distance range as great as 10 cm. The current amplitude range covers 0-5 rnA with 8 bit 
resolution (256 steps), impulse duration varies between 0.05 and 1.0 ms, and the upper limit of 
the frequency range is 200 Hz when stimulating 3 nerves simultaneously. 
The electrode outputs are DC-decoupled via capacitors and are programmable as anode, 
cathode, or switched off from impulse to impulse within one electrode group (5 electrodes). The 
whole stimulator circuitry has been implemented in thick film hybrid form including two gate­
array circuits containing part of the control logic. 
The packaging and encapsulation of the implantable stimulator must provide suitable long-term 
protection for the electronic circuitry which is compatible with the body's internal environment 
and meets all requirements for proper operation. Encapsulation procedures should not 
adversely affect the stimulator circuitry during construction, and provide all the appropriate 
interfaces to the tissues. Materials used for the package must be sterilisable, have sufficient 
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long-term bioresistance, not evoke excessive tissue response, and provide maximum circuitry 
protection without unnecessary volume or weight. 

Skin 

Transmitter 2 

Figure 1 

EI. 1 
EI. 2 

...------{---EI. 3 Grou p 1 
EI. 4 
EI. 5 

EI.1 
EI. 2 

'-----+--EI. 3 Group 3 
EI. 4 
EI. 5 

EI.1 
EI. 2 

'------{--- EI. 3 G rou p 4 
EI. 4 
EI. 5 

Electrodes 

System configuration, block diagramm 

27 MHz Carrier 

.~ ... low,5,us 

... high,40,us~ 

~ ... Carrier Suppression,5,us 

t~ __ 2_4_b_it_D_at_a_~j 

Phase Change 

Stimulus Duration 
~ 

Figure 2 
Carrier modulation / single stimulus 

The niobium package for encapsulation of the stimulator electronics has been developed in our 
laboratory. This package design utilizes 24 feedthrougs emerging from the base plate of the 
package. The hybrid circuit is attached to the base plate and connections are made to the 
feedthroughs (gold wire bonding to tantalum pins). The capsule is sealed with the lid being 
welded to the base plate using pulsed YAG laser welding in a helium atmosphere. The overall 
hermeticity is verified using a helium fine leak test. Electrode connectors and the niobium made 
single turn antenna are connected directly to the feedthrough pins using electrical compressive 
spot welds. The whole assembly is encapsulated with the epoxy resin Hysol (figure 3). For a 
monopolar version the upper surface of the lid is left exposed to form the reference anode. 

Figure 3: 20-channel implant: (1) hybrid, (2) tantalum pins (feedthroughs), (3) antenna, 
(4) niobium case, (5) electrode connectors, (6) epoxy (Hysol) 

Animal evaluation has been undertaken to address the overall system performance. The 
parameters of primary interest were long-term behavior of threshold level of stimulation, force 
recruitment characteristic, selectivity of recruitment via epineural stainless steel electrodes and 
effects on tissue interfaces. Electrodes were attached to the femoral nerve to induce knee­
extension, nervus gluteus caudalis for hip-extension, nervus glutaeus cranialis for hip-flexion, 
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nervus tibialis for knee- and ankle plantar-flexion, nervus peroneus for ankle dorsi-flexion, and 
additionally to the sciatic nerve to compare knee- and ankle-flexion via different electrode sites. 
The study included 6 sheep, mechanographic and EMG-data were collected through the 
investigation period of 6 months. 
Both, the tissue interfaces and the surfaces of the implanted components were analysed at the 
end of the experiments. Samples of the tissue envelopes of the stimulator and the electrode 
leads and electrode-nerve samples were fixed in formalin-ethanol, embedded in polymethyl­
methacrylate, and then cut and ground to 70 to 100 IJm thick sections and analysed by light 
microscopy after modified Paragon-staining. 
The technical system performance was observed through the investigation period, especially 
the reliability of stimulation parameters and long-term stability of the RF-link. 

RESULTS 

All 6 implanted systems worked without any disturbance during the whole evaluation period of 6 
months. No change in technical data was observed except the slight drop of the resonance 
frequency we had to exspect. Figure 4 demonstrates the shift of the frequency characteristic 
associated with the penetration of moisture into the epoxy resin . After 2 to 4 weeks this effect 
saturates and the characteristic stabilizes. . 
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At the tissue/implant-interface a pseudosynovial layer with macrophages and multi-nucleated 
giant cells is formed, followed by multiple fibrous and fatty tissue layers (figure 5 and 6). This 
normal foreign body' reaction was found to be stable and constant over the whole implant 
surface and in all animals. Neither pathological changes of the surrounding tissue nor signs of 
degregation of the implant surface were observed. 

DISCUSSION 

The animal study has shown that the 40-channel leg-pacemaker system is usable for FES of 
multiple lower extremity muscles via their supplying nerves. The implantable stimulators as well 
as the electrodes have proofed to be reliable and long-term biocompatible. The implant design 
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Figure 6 

Figure 5 
Connective tissue envelope after removal of 
the stimulator/receiver (IMPL) 

Enlarged detail showing a pseudosynovial 
layer (PSL) with macrophages and multi­
nucleated giant cells at the implant-inter­
face, followed by multiple fibrous and fatty 
tissue layers (FL) and a vascular layer (VL) 

magnification: 7 magnification: 100 

with all components encapsulated in a hermetic niobium case in combination with a single turn 
niobium antenna seams to provide remaining stability of the RF-link and optimum life-time. 
The above results will bring our plans closer to clinical trials. The external hardware is 
undergoing marked modifications so that the paraplegic subject will have a belt-worn 
microprocessor with programs that enable individual muscles or groups of muscles to be 
stimulated for exercise, standing and walking. 
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INTRODUCTION 

In 1981 the "Vienna Working Group of Functional Electrostimulation" developed an 8-channel 
implantable nerve stimulator. This FES implant in conjunction with epineural electrodes /1,2/ is 
up to now usea for phrenic pacing /3,4/. In addition "Carrousel Stimulation" /5/ helps to avoid 
diaphragm fatigue. In 1982 the same 8-channel device was implanted to mobilise paraplegics 
(leg-pacemaker) /6/. Active hip- and knee-extension could be restored so the patient was able 
to stand up, walk (4-point-gait, swing-through-gait with crutches) and ride a bicycle. The lack 
of active hip- and knee flexion led to the development of a 20-channel-implant (4 groups with 
5 electrodes each) . For easy handling of all the 20 electrodes a five in one electrode lead was 
produced . After finishing the technical part /7/, the device was tested in an animal study. 
Pacemaker and electrodes were implanted in six sheep and permanently observed over a 
period of six months. Finally the histology of tissue interfacing electrode leads, electrode tips 
and stimulator were investigated. 
The animal study itself and the results will be described in the following . 

MATERIALS AND METHODS 

20-channel implantable nerve stimulator (20 channel implant) 

The electronic circuit is located in a hermetically sealed (laser-welded) niobium case. Glass to 
metal seals link electrode connectors and receiving coil to the electronic circuit. All parts are 
embedded in hysol. The 20 channels are organised in 4 groups 5 electrodes each. Only 
electrodes out of the same group can be activated at same time either as anode or cathode. 

Electrodes 

The electrodes and the electrode leads are made of stainless steel (316L) stranded wire with 
12 strands, 50jJm in diameter each. The five electrode leads are coated with teflon for 
electrical isolation, helically coiled into a silastic tube. This multi electrode lead is split up into 
spiralled single leads at the end. Ring-shaped electrode tips with a diameter of 1 mm form the 
interface to the nerve. 

Implantation 

The experiments were carried out using 6 female sheep. The implant was placed close to the 
spinal column. From the implant the electrode leads run to the nerves of the left hind leg . With 
microsurgical techniques the electrode tips were fixed to the epineurium of the nerve. Different 
electrode configurations were chosen to find an optimum, referring to the clinical application of 
the implant for the lower extremities. 
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Time schedule 

For every sheep the study lasted 26 weeks. Surveys were carried out 2 weeks, 14 weeks and 
26 weeks after implantation. 

Survey 

The sheep was anaesthetised and lay on his back. To find out the threshold currents each 
electrode was switched as cathode, the remaining four of the entire group as anode. Starting 
with OmA the current amplitude was continuously increased until the first muscle response 
occurred . Maximum isometric force vectors in horizontal and vertical direction evoked by 
different electrode combinations were investigated next. For force measurement the hind limb 
was connected to a metal truss that holds two orthogonally mounted load cells. Stimulation 
current was further increased until the force saturates. Maximum force and related saturation 
current were recorded . 
These measure~ents were performed with hip and knee extended for hip and knee 11exion 
force and 90° hip- and knee-flexion for hip and knee extension force. 
The stimulation parameters were 26 Hz and 0.6ms, the stimulation current varies. 
At the end of the third survey stimulator and electrodes are explanted and samples of the 
tissue interface, nerve and muscle were investigated histologically. 

Time between measurements 

To operate the stimulator as close as possible to the perspective conditions the system was 
active for 8 hours per day. Every electrode was cathodically activated once per minute for 1 
second. To avoid irritation of the sheep subthreshold stimulation with 80% of the threshold 
current was carried out. 

Threshold current 

The threshold behaviour during 
observation time is shown in Fig . 1. 
Two weeks after implantation the 
threshold current had its highest value. 
Due to the healing process in the 
electrode area the threshold current 
decreases until a stable electrode 
tissue interface was configured . The 
final threshold value usually keeps 
stable for years 12,4/. A sudden 
increase of the threshold current would 
indicate electrode dislocation or other 
electrode problems. 
The mean threshold current of all 120 
electrodes was initially 0.76±0.1 mA, 
after 14 weeks 0.67±0.05mA and after 
26 weeks 0.58±0.06mA (Values: 
Mean±SEM). 

RESULTS 
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Force 

Figure 2 shows a typical follow up of vectors. The related stimulation currents are 2.7mA, 
2.8mA, 2.6mA in the left diagram and 2.0mA, 2.7mA, 1.9mA in the right diagram. 
The left diagram indicates forces evoked by stimulation of the trunk of n. femoralis, the right 
one of a branch of n. femoralis. Both show hip and knee extension as generally recorded with 
high force amplitude. Flexions generate small forces only. 
The accuracy of force measurement is limited due to fixation of the limb to the transducer and 
the animal to the operation table without hurting it. 
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FIGURE 2 
Force vector caused by stimulation of trunk (left) and branches (right) of n. femoralis 

Histologic Findings 

Figure 3 shows the cross section of two multi-electrode leads. In the left part of the picture five 
stranded, teflon coated, electrode leads embedded in the silastics can be seen. The silastic 
tube is surrounded by fibrous tissue. 
Figure 4 presents the cross section of the epineural electrode close to the stimulated nerve. 
The electrode itself is covered with connective tissue. 
Normal tissue reaction and no signs of nerve damage or electrode corrosion were observed 
after six months of stimulation eight hours per day . 

..•. ..-, 

FIGURE 3 
Cross-section of two electrode leads(EL) 
with surrounding fibrous and fatty tissue. 

(mag .: 9) 

FIGURE4 
Cross-section of two electrode ends (arrows) 

close to the stimulated nerves (N) in a 
separate connective tissue. (mag. :17) 
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Electrodes 

120 electrodes have been implanted during this study. In no case any electrode dislocation, 
electrode corrosion or broken wires occurred. 

DISCUSSION 

In all experiments extension as well as flexion of hip- and knee joint could be demonstrated 
with useable recruitment characteristic and force level. 
The animal model provides only a rough approximation of the human anatomy. The final 
decision of electrode sites cannot be determined until the first clinical application. Care must 
be taken when choosing the electrode location to avoid recruitment changes due to moving 
electrodes. 
The 20-channel implant and the electrodes have passed the preclinical animal study and 
proofed to be reliable and biocompatible. 
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SUMMARY 

The electrically generated firing pattern in the fibers of the primary auditory nerve is simulated for 
a monopolar stimulating electrode. Using an analogous input speech signal the spiking pattern 
produced with a single electrode has a simple structure which makes no use of the two important 
coding principles used by nature. By computer simulation it is possible to obtain an approach of 
the firing pattern of the auditory nerve fibers. Listening to the infonnation carried by the 
compound action potential of the auditory nerve demonstrates that speech signals with dominant 
high frequency components are difficult to discern - or it is not possible at all. -

A strategy for speech processing is presented wruch seems to improve speech understanding for 
single-channel implant patients, because thereby neural patterns consisting of more temporal 
infonnation can be generated. 

1. SPEECH REPRESENTATION IN THE AUDITORY NERVE 

Acoustical signals are represented in the auditory nerve both by place-rate infonnation and by the 
fine structure of the time differences in the spiking pattern. 

The place infonnation (tonotopic principle) is mainly caused by the mechanical properties of the 
basilar membrane which changes from the base to the apex: Every place along the basilar 
membrane has its characteristic frequency. This means that stimulation with a pure sinusoidal tone 
results in high amplitude vibration only within a small area. It is interesting that the frequency 
difference limen of 0.2% at 2000 Hz 11/ corresponds to just a little more than 10 11m between 
two places of resonance. This is about the distance between two neighboring inner hair cells 
(3500 inner hair cells standing in a line of35 mm length lead to a 10 11m distance). 

The temporal infonnation results from the physiological properties of the hair cells: Every 
pressure wave of the inner ear fluid causes the hairs (stereocilia) of the receptor cells to be bent, 
ionic currents enter the cell and the small variations of inner hair cell potentials produce 
transmitter release which generates action potentials in the axons of the auditory nerve. In this 
way acoustical signals up to 4000 Hz have synchronized responses in the neural signal. In contrast 
to the inside potential of a single hair cell, which is able to directly follow the pressure variations 
of the acoustical signal, the hair cell infonnation is distributed to 8 fibers/cell, because the 
maximum firing frequency of a single fiber is essentially below 1000 spikes/second. (Electrically 
stimulated fibers can fire with frequencies just above 1000 spikes/s.) 

The ear is able to make use of the sharp tuning properties of the basilar membrane only in the case 
of periodic signals which are presented for several periods, because the first pressure waves move 
nearly the whole basilar membrane, and it needs time to make vibration maxima sharper 121. 
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Therefore there is a fundamental difference in the neural coding of pure tones or combination of 
tones and the aperiodic parts of a speech signal: The temporal principle is of high importance for 
speech representation in the auditory nerve and the place representation is not sharp /2/. 
Neurograms of the auditory nerve are dominated by a capture effect, i.e. the formant frequencies 
of the speech signal capture fibers with caracteristic frequencies from a band which has a width up 
to one octave and even more (Fig. 1). Note that the 120 Hz frequency (£0) is present in all the 
·fibers. 

Fig. 1. Firing behavior from 223 acoustically 
auditory nerve fibers from a Single cat with 
characten'stfc frequencies between 100 Hz and 
10 kHz. The stimulus was the synthetic speech 
signal ldal consisting of the frequencies ff). iI. 
h. fJ. which are slowly changing as marked by 
bars on the left side. The 69 dB stimulus lasted 
100 ms. but reactions are displayed for the first 
20 ms (10 ms of delay dropped) . 
Every line represents a histogram of the firing 
times of a single fiber. The lowest line 
corresponds to a fiber with a characteristic 
frequency of 10 kHz. Note that the delay. which 
includes a mechanical (pressure wave) and 
neural component, increases for lower 
frequencies. 

Adapted after 13/. o 10 

2. SIMULATION OF ELECTRlCALL Y STIMULATED NERVE FIBERS 

20 ms 

Several models are available to simulate reactions of electrically stimulated human nerve fibers, 
however, a slightly modified Hodgkin-Huxley model (with a temperature factor k=12 and reduced 
hyperpolarization) is best suited in the case of the auditory nerve /4-6/. At first glance other 
membrane models for myelinated fibers should be more adequate. By detailed investigation it 
turned out that the Hodgkin-Huxley model is the only one which reflects the following features 
known from experiments: 

(i) It is able to respond with multiple spiking within a period of low frequency stimuli . 
(ii) It fits a maximum firing rate of700 spikes/so 

(iii) Chronaxy of 340llS is very close to the measured ones. 
(iv) There are some accumulation effects which were tested in a double pulse experiment: A 

signal consisting of two IOOlls pulses (amplitudes: 11, Iz), which are separated by a IOOlls 
interval, was alternatively offered to a cochlear implant patient with a single impulse of 
strength II. If the second impulse leads to another perception, additional fibers more distant 
to the electrode will also produce spikes. These fibers would react in a subthreshold manner 
by the single pulse experiment, but nevertheless, their membrane potential arising from the 
first impulse must be considerable at the beginning of the second pulse, because in the just 
discernable case Iz is less than 10% ofI l . For details see /4, pp. 217-219; 51. 
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This effect (iv) seems to be the only one that 
. allows a single channel implant to generate 

short time differences in the spiking pattern 
of the auditory nerve. Such time differences 
below 1 ms are important for speech 
decoding, however, they are rare or even 
missed in the coding pattern generated by 
single channel implants (Fig. 2). 

Fig. 2. The electrically stimulated fibers of 
the auditory nerve are sharply synchronized 
with the minima oj the stimulus. First 40ms 
of Ida! from afemale speaker (top) are used 
as stimulus with varied signal strength in 
order to simulate fiber reactions (bottom 
lines). Different lines correspond to fibers 
with different distances to the stimulating 
electrode. Although the naturally spoken 
Ida! has more temporal irregularities than 
the synthetic one, the temporal information 
in the electrically stimulated nerve is poor. 
Even the sum of all the fiber activities 
(compound action potential) carries less 
information than e.g. the 1kHz fibers shown 
in Fig. 1. 10 15 
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3. LISTENING TO TIIE COMPOUND ACTION POTENTIAL OF TIIE AUDITORY NERVE 

The compound action potential reflects the temporal behavior of its components, i.e. the overall 
information about the spiking times of single fibers is present. With the help of a sound blaster 
card we used this attribute in order to hear the information which may be available to a patient 
who is supplied with a single channel cochlear implant. To obtain the acoustical information of the 
auditory nerve' we used the following procedure: The speech signal enters the Hodgkin-Huxley 
model, which predicts the nerve responses of 25 fibers at different distances to the electrode. 
They produce a spiking pattern corresponding to Fig. 2. By summing up the spiking times we 
generate a histogram which is comparable to the compound action potential. Listening to these 
computed neurograms demonstrates the poor temporal information which is available by the usual 
single channel stimulation. 

4. A SINGLE-CHANNEL SIGNAL PROCESSING STRATEGY 

Cochlear implant patients can obtain better perceptions, if the auditory nerve pattern carries more 
information. In single channel implants more temporal information can be generated in the fibers 
of the auditory nerve by making use of the accumulation effect described at (iv) in section 2. 
Fig. 3 demonstrates that it is possible to produce a firing pattern which follows the temporal 
structure of a speech signal. In this case a pulsatile technique is used. For details see 14, pp 222-
229; 71. 
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Fig. 3. Comparison of computed neural 
answers generated by normal analogous 
speech input and results of a refined pulse 
strategy coding. (a) Halfwave of speech signal 
IiI. (b) the total nerve response in the form of a 
poststimulus htstogram generated by normal_ 
analogous stimulation of 50 auditory nerve 
fibers with different distances. (c) Sequences 
of bipolar pulses corresponding to the maxima 
of the speech signal. (d) Histogram of the 
computed responses of 50 fibers stimulated 
with signal (c) shows that it is possible to 
obtain a fine temporal resolution even with 
singel channel electrodes. 

(a) 

(h) 

(e) 

(d) 
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Fast stimulator cochlear implant systems 
The Wuerzburg experiance using the MEO-EL COMBI-40 

Surgical considerations and preliminary results 

J. Muller, F. Schon, J. Helms 

(Department of Oto-Rhino-Laryngology, University of Wuerzburg ; Chairman Univ.-Prof. Dr. med. J. Helms) 

A significant amount of progress in the cochlear implant field can be achieved through 
further development of speech coding strategies. The MED-EL COMBI-40 fast stimulator 
cochlear implant system is a new device which is available since January 1994. The 
surgical procedure does not present any particular difficulties for the well trained 
otologist, however some technical details may simplify the surgical procedure and 
reduce the number of possible complications. The surgical technique which is used in 
Wuerzburg minimizes the danger of trauma during insertion of the COMBI-40 electrode 
which is softer than other cochlear implant electrodes. Therefore some extremely deep 
insertions have been achieved . 
The Wuerzburg experiance is based on 29 patients which have been implanted with this 
new device since January 1994. We were pleased by the speed with which the patients 
achieved an open speech understanding. For the monosyllable word tests (Freiburger 
Einsilber. Vestra-CD No.1) the patients scored (mean monosyllable word score) 

33 % two days post fitting. 
48 % at the one month test interval 
66 % at the six months test interval. 

Maximum score reached in the monosyllable test so far is 90 % at the 6 months test. 
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EXPERIENCE WITH A NEW COCHLEAR IMPLANT IMPLEMENTING THE 
CONTINOUS INTERLEA YED SAMPLING STRATEGY 

W.Baumgartner, W. Gstbttner, K.Ehrenberger 

ENT Department, Vienna School of Medicine 

SUMMARY 

Since April 1994 18 patients underwent cochlea implant surgery, supported with a MED EL 
Combi 40 device. This new cochlea implant implements a new speech coding strategy, called 
continous interleafed sampling (CIS). There are eight pairs of active electrodes over a length of 
20 .6 mm at the electrode array. Through this strategy, at any defined time there is one defined 
spike in one defined part of cochlea. Stimulation rate by CIS is 12500 pulses per second. 
In postlingual deafened adults postoperative speechtestresults are excellent and better than 
known up to now. In praelingual deafened adults and in children results are encouraging and 
interesting in future development. 

STATE OF THE ART 

Worldwide there are implanted around 12000 patients up to now. Out of them 1700 children. 
Vienna Medical School was one of the very first, starting in 1978. Now we are responsible for 
140 cochlea implant patients (25 children). After epoxy, 3M-Vienna, single and different multi­
channel devices, we can call very fast stimulator cochlea implants like the Combi 40, which are 
available since last year, third generation implants. These third generation implants (MED EL 
Combi 40 (TM) or Clarion (TM)) have an enormous increased pulse rate (6 kHz-12. 5kHz), 
compared to former devices. Individual fitting, changes of mapping laws and the possibility of 
special tuning each channel, bring advantages and more postoperative success. 
Also surgical technique improved. Cochleostomy, cochlea-endoscopy, deep insertion surgery 
and intraoperative stapedius reflex are perfect tools in correlation to patients clinical effort and 
personal benefit of cochlea implants 

MATERIAL AND METHODS 

We implanted ten postIingual deafened adults ( age 34 years to 65 y.), mean duration of 
deafness 7.5 years ( half a year up to 24 years), five praelingual adults ( age 15 years to 31 y.) 
and three children (age 24 months, 48 m. and 54 m.) All patients were supported with a MED 
EL Combi 40 cochlea implant. Surgery was performed through cochleostomy. Cochlea 
endoscopy was done in 15 cases. Intraoperative stapedius reflex levels were measured and 
recorded whenever possible (condition: intact stapedius muscle and tendon; for example not 
possible in otosclerosis) . In all patients except one, complete insertion of all electrodes was 
done. Seven times deep insertion of30mm was possible. In one case, because of complete 
cochlea ossification caused by meningococcal meningitis, just five electrodes could be inserted 
II mm. 
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RESULTS 

pastlingual adults: seven often patients had open set speech understanding after initial fitting 
Already established tests like noise detection, speech or word detection, were too simple In all 
postlingually deafened adults we started after initial fitting with Freiburger number test 
(german language), Freiburger monosyllable word test (german) and Sotscheck-test (word­
rhyme test) . After initial fitting mean score of Freiburger number test was 70% correct answers 
(50%-100%) . Mean score of Freiburger monosyllable word test was 56% (30%-80%) correct 
answers. Mean score of Sots' check test was 55% (0%-72%) correct at initial fitting. All tests 
were performed without lipreading at comfortable loudness levels between 70dB(A) and 
80dB(A). Six months after initial fitting mean score of Freiburger number test is 93% correct 
answers, mean of Freiburger monosyllable 82% correct answers and mean of Sotscheck-test 
76% correct answers. Subjective all patients are very happy and use their implant all over the 
day 
praelingual adults: All patients could score and determine noise recognition and detection 
tests after initial fitting. Compared to the group of postlingual deafened there is not this 
surprisingly, astonishing immediate effort. Of course there is a difference to former times of 
first and second generation implants, but even CIS cochlea-implants are not a guarantee to 
have fast progress in speech production and control in praelingually deafened adults. All 
patients are implantuser, especially in their job and subjective they are satisfied . The implant 
helps voice control and together with lipreading it is a benefit in word recognition and speech 
understanding. - - -
children: Immediately after initial fitting (especially using intraoperative stapediusreflex-Ievels) 
there is a good and safe answer to noise detection and pure tone audiometry. Pure tone 
audiometry thresholds are between 500 Hz and 4000 Hz within 30dB(A) up to 45dB(A) . 
Compared to children supported with other devices, we expect these three children in regular 
school, first because of the good pure tone result and second because of their young age (24-
54 months) . Frequent postoperative training will start speech production and auditory skills 
which allows regular education in an auditory environment. 

DISCUSSION 

Third generation cochlea implants, like the Combi 40 (MED EL company TM), implementing 
CIS strategy bring a new, better standard and clinical efforts and benefits in the large field of 
cochlea implantation. Fast stimulation combined with individual variability of fitting parameters 
open a new perspectives of rehabilitation and personal patients benefit. Especially postlingually 
deafened adults are winner of these circumstances . 70 % of postlingual deaf patients will have 
open set speech understanding after initial fitting. Within seven months after surgery nearly 
each patient will have open set speech understanding and will be back from isolation, because 
of his disease or accident , in his used auditory environment and probably in his former 
profession. Short term deafness additionally increases chances of fast and very successfull 
rehabilitation. It is an aim to implant postlingually deafened patients as soon as possible. 
Children will have very good chances as well . Our' s and international results show, that 
cochlea implant surgery under the age offour allows auditory education, independent if there is 
congenital, praelingual, perilingual or postlingual deafening. Frequent rehabilitation should lead 
to regular school education . Nowadays it is a medical and ethical necessity to implant a child 
before the age of four, independent of etiology. 
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Ambivalent and not generally convincing can be seen cochlea implant surgery in praelingually 
deafened adults, even with third generation implants. Obviously neurobiological basics still can 
not be fooled by sophisticated technical tools. Implants in these group can be a benefit in single 
cases, but generalisations in praelingually deafened adults should be avoided. All our patients 
use and wear their implant, especially in their job. They are good in noise recognition and noise 
detection and the implant supports word understanding by lipreading . Up to now, after ten 
months implant time, we have not seen real speech production and no word understanding 
without lipreading. Singularely number understanding is possible. Generally we should not 
recommend cochlea implantation in all praelingual deaf people. This is a very special topic and 
in these patients cochlea implant surgery just should be done under very special considerations 
and circumstances. 
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The Influence of Stimulation Rate and Number of Stimulation Channels on Speech 
Understanding with CIS Strategy Cochlear Implants 

S. BRILL M. SCHMIDT, M. KERBER 

Institute for Applied Physics, University of Innsbruck 
Technikerstr. 25, A-6020 Innsbruck 

MED-EL GesmbH, FOrstenweg 77a, A-6020 Innsbruck 

The MED-EL COMBI 40 fast stimulation cochlear implant system implements the 
CIS (Continuous Interleaved Sampling) strategy according to B. Wilson of RTI 
(USA). The CIS stimulation strategy generates multi-channel non-simultaneous 
biphasic stimulation pulses at a constant rate. The amplitude of each pulse 
depends on the output of an envelope detector (rectification and low pass filtering 
stages) for each of a number of frequency bands which together cover the speech 
range. The fr.equency bands correspond Jo the number of contacts in the intra­
cochlear electrode. For good speech recognition, stimulation rates above 800 p.p.s. 
are necessary, yet at 1500 p.p.s. there was still improvement observed. 

Non-simultaneous stimulation is instrumental in achieving good communication 
capabilities since it greatly reduces field interaction problems leading to channel 
cross talk and overlapping which has hampered multichannel analogue stimulation 
strategies. 

Several parameters of the CIS-strategy can be varied and optimized. The most 
important ones are the stimulation rate per channel and the number of channels. 
The overall sampling rate of the COMBI 40 is 12.120 p.p.s. corresponding to 
approx. 1500 p.p.s. per channel with all 8 channels active. 

In the COMBI 40 standard fitting, for smaller numbers of channels the stimulation 
rate automatically increases accordingly. 

Systematically switching off channels, starting from 8 and decreasing down to 2, 
while ' keeping the stimulation rate constant at 1500 p.p.s., results in only slight 
deterioration of speech understanding down to 4 channels, yet a rapid decay 
below. 

In contrast to this, decreasing the stimulation rate while keeping the number of 
channels constant (i.e. at the maximum possible with a particular patient) results in 
about a linear decay of speech understanding. 
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ELECTRICAL STIMULATION OF NERVE CELLS IN BRAIN SLICES: A MODEL FOR MUL TI­
CHANN EL-AU DITORY PROSTHESIS 

J.Tillein, N.Tonder, W.Stocker, R.Hartmann, R.Klinke 

Zentrum der Physiologie, J.W.Goethe-Universitat Frankfurt, 60590 Frankfurt/Main 
Germany 

SUMMARY 

The brain slices technique was used to measure the effects of different stimulus configurations 
of a multichannel electrode on neuronal tissue. The use of an in-vitro system permits an easy 
access for deterrning potential field and current flow generated by the electrode as well as the 
activity of nerve cells . 

STATE OF THE ART 

Electrical stimulation of the cochlear via a cochlea implant has become an important aid for the 
profoundly deaf providing acoustic information. Different electrode systems and stimulation 
strategies for cochlear as well as brainstem implants have been developed to optimize speech 
recognition of impJantees. One problem in respect to multichannel stimulation results from the 
interaction of neighbouring channels /1/. The current spread of simultaneously activated 
electrodes leads to a loss of spectral resolution /2/. To compensate or reduce current spread 
processor strategies like lateral inhibition or continuous interleaved sampling (CIS) have been 
developed /3/. 

For designing new multichannel implants it is necessary to get information about current 
distribution around the electrodes and within the surrounding neuronal tissue. Several studies 
exists describing current distribution in and around the cochlea of man and mammals aquired 
by measuring and modelling /4/. We have started an approach to investigate this problem using 
in vitro brain slices of young rats. The in-vitro experiments make it possible to measure field 
distribution of the electrode as well the evoked activity of nerve cells under defined and visually 
controlled conditions. 

MATERIAL AND METHODS 

Preparing of slices 

Young rats (3-4 week) of either sex, were decapitated and the brains were rapidly removed and 
placed in ice-cold physiological saline solution (ACSF). The dorsal or ventral parts of the 
hemispheres were cut coronally using a vibratom. The 350 ~m thick slices containing visual or 
auditory cortex were incubated in a chamber perfused with carbogen gas at room temperature 
for one hour. After incubation slices were placed in the recording chamber which was 
continuously perfused by warm (30·C) oxygenated ACSF. 

Stimulation and recording system 

For stimulation a 28-channel electrode array with a concentric design (s.fig.1d) was constructed. 
Each channel consists of a varnished silver wire with a diameter of 1 00 ~m. The bundle of 
single channels were coated by epoxy resin. Each channel could be activated independently via 
optically isolated current sources. 
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The activity of cortical cells was recorded intra- and extracellulary with microelectrodes filled 
with 3M potassium acetate or a fluorescence tracer (Lucifer Yellow, L Y) dissolved in 1 M LiCI. 
The resistance was in between 1-3 (extracellular) and 80-250 MQ. 
Recording and stimulation systems were controlled via a computer (PC). 

Experimental procedure 

- Determination of potential fields of the electrode in respect to different stimulus configurations. 
To measure potential fields the electrode was fixed in the recording chamber which was 
installed on a motorized scanning stage mounted on an inverted microscope. The recording 
electrode was fixed on a motorized micromanipulator and located at the opposite side of the 
stimulus electrode. The reference electrode (AgCI pellet) was integrated in the slice chamber at 
a great distance (20 mm) to minimize disturbances of the measured field. The positioning of 
both electrodes were under computer control. This arrangement allowed an automatic 3-
dimensional scanning of potential fields within the recording chamber with a resolution of 1 IJm. 
The measuring procedure consists of scanning planes parallel to the surface of the stimulation 
electrode with succesively increasing distances. Examples of the distribution of potential fields 
within a plane are -shown in fig.1 a-c 

-Cell activiy 
The stimulus electrode was placed on the white matter of the slices. Recordings were made 
from cortical layers III to V. At the begining of experiments gross stimuli (biphasic pulses 100 
IJs/phase, maximal distance between channels, repetition rate 1 Hz, amplitude 100 IJA) were 
used. Cells with stable resting potential and clear responses (APs, PSPs) were used for further 
experiments. Intracellular activity of a neuron could be measured for 30 min. Successfully 
recorded cells were labeled with LY to identifylocation and morphology. Labeled cells were 
imaged by a CCD-camera to calculate 3D-reconstruction of the cell . The orientation of the cell 
as well as the knowledge of current disribution are important requirements for determination of 
the efficiency of stimulus configurations (orientation of field vectors vs orientation of the 
activated fibers or cells) . 

RESULTS 

Measurement of potential fields 

Fig .1a-c shows the results of 3D field potential measurements in the saline filled slice chamber. 
For demonstration one single plane with a distance of 100 IJm from the electrode surface 
(fig.1d) is selected. Three different stimulus configurations with the multichannel electrode were 
testet. Channels used for stimulation are indicated by small characters. The electrical field are 
described by their equi-potential contours (continuous lines) and the current density depicted by 
arrows (projection on the xy-plane). Length of arrows characterizes current strength , 
arrowheads give the direction of current flow. The field potential in fig.1 a belongs to a simple 
bipolar stimulation caused by the electrode pair xx. The current distribution shows a dipole 
character with a maximum of current density between the two electrodes. Above the electrodes 
the maximum current vector is directed perpendicular to the xy plane so that only a spot is seen. 
Bipolar stimulation with the electrode pair yy resulted in a similar current distribution (fig 1 b). 
According to the position of electrodes the field is rotated by nearly 90°. Simultaneous 
stimulation of both channels produced strong current densities at different locations (fig .1 c). The 
asymmetric distribution of current densities found in all cases could be an effect of an 
inhomogeneous surface of the stimulation electrodes. Furthermore if the electrode is not parallel 
to the measurement plane distortions of the field distribution result. 
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b) 

c) 

e-pair: 
xx 

e-pair: 
yy 

e-pair: 
xxyy 

_ 1100um 
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Fig. 1 a-c: Equi-potential contours and current density distribution of a 
multi-channel electrode measured within a saline filled slice chamber. 
a,b: bipolar-stimmulation, c: simultaneous bipolar stimulation with two 
pairs of electrodes. 

Fig. 1 d: Surface of the multi-channel electrode. Orientation and scale 
corresponds to the measurements in fig. 1 a-c. 
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Measurement of cell activity 
Spontaneous activity was rare but was frequently obtained when cells were penetrated. Spike 
activity could be induced intracellularly by depolarisation with current application via the 
recording electrode or extracellularely via stimulus electrodes. Most neurons responded with 
EPSPs. IPSPs were found only in a few cases. Latencies varied from 2-90 ms whereby 5-10 ms 
were measured most frequently. 
Fig. 2a+b shows the response of two neurons from the auditory cortex to bipolar stimulation of 
the white matter. (Distance of electrodes 1 mm) Recordings were located in layer III. In the first 
case biphasic pulses of 1 Hz and 100 tJA evoked a small EPSP (fig.2a) in the second case a 
neuron. responded with an IPSP (fig.2b) to the same stimulus. 

6ma Sma 

--, .. mV --, .. mV 

Fig. 28 Fig.2b 

Fig.2a+b Activity of two auditory cortical neur®s from layer III after bipplar stimulation of the 
white matter. First peak marked the stimulus artefact. a: EPSP, b: IPSP. 

DISCUSSION 

The electrical field of the multichannel electrode can be formed by simultaneous activation of 
different channels. Beam forming decreases the current spread and increases the selectivity of 
stimulation. Within the brain slice neurons could be stimulated with different directions of the 
current vector, e.g. parallel or perpendicular to cortical layers. This will be important with respect 
to the stimulation of brainstem e.g. the selective activation of subnuclei (VCN). 

Conclusions from in vitro measurements may be transferred to other systems of neuro­
prothesis where efficency of artificial electrical stimulation on excitable tissue is investigated . 
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FOUR-POLE-ELECTRODE STIMULATION OF THE PHRENIC NERVES 
IN TETRAPLEGIC PATIENTS - INDICATION, TECHNICS, RESULTS 

G. Exner 

Spinal-Cord-Injury-Center of the Workmen's Compensation Hospital 

SUMMARY 

Since 1987 we treated 9 patients with an implantation of a diaphragm 
pacemaker. 7 could be evaluated, 2 are still in the follow-up-proce­
dure. Three month after surgery all patients achieved total independ­
ence from cenventional ventilators. Follow-up is hardly to predict 
because of technical and nontechnical complications. 3 patients died 
wi thin periods of 0,7 - 3 years after implantation. 2 persons are 
discharged at home, 2 are waiting for that. All are able to speak 
and have independence from ventilation still. 

STATE OF THE ART 

1.200 spinal-cord-injured patients are treated in Germany p.a., 40 % 
are tetraplegics /1/. At a rough estimation we think ~f 2,5 persons 
per million and year suffering a high lesion with paralysis of the 
diaphragm. Most of them get their lesion by trauma. So we have to 
treat an increasing number of these patients since 1987 in Hamburg. 
The installation of a subdepartement was necessary even as the 
development of special treatments in medical, nursing, PT and OT 
affairs. 

First aid: Patients are admitted intubated and with stable vi tal 
functions. So - without knowledge about recovery in future - we have 
to treat them under the rules of traumatology. They get stabiliza­
tion of the spine and intensive care. Three month waiting give cer­
tainty of missing recovery. Then we have two possibilities: to sup­
ply them with conventional ventilators and discharge them mobilized 
and supported with aids to any nursing institution or to implant a 
diaphragm pacemaker. We report about our experiences with the latter 
method. 

Indication: Implantation is possible if the moto-neuron is working. 
So we include patients after testing percutaneously the nerves of 
both sides. Excluding criterias are damage of the nerves, respirato­
ry failures, pulmonary tissue damage, mental insufficiency and other 
various risks /2/. Motor ability to speak should be proved and moti­
vation of the patient. Possibilities of social reintegration should 
be checked. The therapeutical team should have experiences not only 
in pacing-procedure but in rehabilitation, too. 

METHODS 

We use a four-pole-stimulation device working with the carousel-sys­
tem /3/ , to get non-fatigue-stimulation allover the day. 
Intracorporal parts (electrodes, cables, receivers) are stimulated 
via transduction by extracorporal parts (antennas, stimulator, pro­
gramming module). We do implantation ourselves using the 
intrathoracical way (second ICR) on both sides. A pouch of the pleu-
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ra parietalis fix the electrode-tongues, one over and one below the 
nerves. Cables are drawn subcutaneously to another pouch in the 
ribcage-region where the receivers are situated. Before ending sur­
gery testing of all electrode-poles is necessary /2/. Two weeks 
after we start the stimulation procedure beginning with 2 to 3 min­
utes per hour up to 12 times the day. Increasing times are used for 
condi tioning the diaphragm changing the mixed composi tion into a 
maximum of slow-twitch-fatigue-resistant fibres which are best suit­
able for continuous stimulation. After conditioning-period permanent 
stimulation is possible. 

RESULTS 

Since 1987 we treated 11 patients with a lesion-level below C 0 to 
C 3. 9 persons got an implantation of a pacemaker, one was supported 
wi th a conventional ventilator, one died before further treatment. 
Two of these patients are wi thin the conditioning period. So we 
report about 7 patients, 2 female and 5 male with an average age of 
39,8 (19 - 59) years. 6 got their lesion by trauma, one by disease. 
Lesion was in CO-level in 2, in C 2 in 4 and in C 3 in one person. 
Implantation was done in the average 5,4 (3 - 10) month after the 
lesion onset. All got the intrathoracic procedure on both sides. 
Condi tioning period differed between 4 - 12 weeks (6). Three month 
after implantation 6 patients were stimulated and breathing continu­
ously and independent from ventilator, one changed stimulation and 
ventilator from day to night. 

Complications: Technical defects and failures we got in our first 
patient. Both receivers must be changed. Infection of the left side 
caused explantation, followed by neck-implantation, nerve damage and 
reimplantation after recovery. Mechanical ventilation could not be 
ended because of insufficient nerve function . After this we never 
had technical defects of the intracorporal parts in the other pa­
tients (since 1991). Three patients got complications not depending 
to the devices. Our first case could not swallow up and had no func­
tion of his vocal cords by cerebral defects. The third patient two 
years after implantation and living at home got a basalic atelecta­
sis followed by abscess, sepsis and death. The sixth patient died -
7 month after surgery - by his disease. 

Follow-up and functional outcome: Three of our patients died, the 
first case after three years suffering several complications, not 
able to speak and to swallow up, hospitalized without hope and 
demotivated, wishing his death. The third suffered lung complica­
tions as mentioned above, the sixth got recidivation of his main 
disease. So four patients are still alive, the second case about 
four years. All have four-pole-stimulation and use mechanical assist­
ed ventilation only in case of respiratory infects (two of them). 
Case 2 is still living at home, case 4 is studying at the high 
school. Case 5 is prepared for discharge at home, case 7 was trans­
ferred to another SCIe. He waits for discharge, too. All have their 
tracheostoma left. Concerning quality of life we proved three items 
/4/. All patients got better functions (ability to speak, independ­
ence from conventional ventilator). Their expectations concerning 
the stimulation could be fulfilled. Independence from nursing 
instituts is given to two of them, the other are waiting for it. 

CONCLUSIONS 

1. Sequential four-pole-stimulation in high tetraplegic patients 
enable to speak, make possible independence from conventional venti-
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lators and medical institutions. These are the only points of inter­
est for the patient concerning quality of life. 

2. Medical indications (better physiological breathing, possibility 
to close the tracheostoma (?» should be mentioned. 

3 . Resul ts and functional outcome are hardly predictable. So a 
sophisticated indication should be performed. Therapeutical concepts 
should be very clearly, staff well-trained. Nev~rtheless expecta­
tions concerning the outcome should be ranged at a low level. 
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"VIENNA PHRENIC PACEMAKER" - EXPERIENCE WITH DIAPHRAGM PACING 
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SUMMARY: 

From 1987 t9 1994 the "Vienna phrenic pacemaker" was implanted in eight children, five boys and 
three girls, aging from 2 to 13 years (M=9+/-3). One child suffered from partial ventilatory insufficiency 
due to central alveolar hypoventilation syndrome. Seven children suffered from total ventilatory 
insufficiency due to high cervical cord or brain stem lesion. Implantation of the device was performed in 
a standardized procedure. Four electodes were applicated to each phrenic nerve via sternotomy. 
Increasing duty cycles were applied to conditioning the hemidiaphragms for chronic electrophrenic 
respiration. Simultaneous pacing of both hemidiapragms could be performed in all children but one. 
Four children could achieve chronical EPR, one is in conditioning period. Two patients could not be 
discharged from hospital due to parental neglecrand died after two and three years of intermittent 
stimulation. Six children could be discharged from hospital, two of them died after one and four years 
of chronical pacing. In one case tracheotomy could be closed definitely. 

STATE OF THE ART: 

Diaphragm pacing now is more than 20 years in clinical practice (6). Treatment of ventilatory 
insufficiency due to central alveolar hypoventilation syndrome and high spinal cord injury or brain stem 
lesion is state of the art even in infants and children, provided the phrenic nerves are functioning 
(1,2,5,). The "Vienna Phrenic Pacemaker", which differs distinctly in some aspects from other 
commercially available products (7,8) has been implanted in 25 patients since 1983 (9). Fifteen of these 
patients were quadriplegics, suffering from total ventilatory insufficiency. Eight of all 25 patients were 
under the age of 13 years at the time of implantation. Special interest was given to these group in order 
to evaluate the validity of diaphragm pacing in infants and children. 

MATERIALS and METHODS: 

Patients: 
Since 1987 eight children, five boys and three girls underwent implantation of a "Vienna phrenic 
pacemaker". Children aged from 2 to 13 years with a mean age of 9+/-3 at the time of implantation. 
Patients suffered from ventilatory insufficiency due to central alveolar hypoventilation syndrome (CAH) 
in one case and due to high spinal cord- or brain stem lesion (SCI) in the other cases. The girl suffering 
from CAH required mechanical ventilation not only during sleep but also often when she was awake. 
The seven other children were quadriplegics, totally dependent on mechanical ventilation. Tetraplegia 
was caused by brain stem lesions - incurative but stable tumor and encephalitis - in two cases. In five 
cases tetraplegia derived from trauma with level of SCI-injury above the origin of the phrenic nerves 
(CI/2, C2/3) 
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All children were ventilated mechanically over a period from 4 to 48 months (M=20.1 months) 
before implantation of pacemaker. All children received a tracheotomy a few weeks after onset of 
ventilator dependency. No other severe deseases were present in these children beside from the main 
disease. 

Device: 
The "Vienna phrenic pacemaker" consists of external and implanted components (manufactured by 
Medimplant Inc., Vienna, Austria). An external control unit provides adjustement of individual 
parame.ters for synchronuous bilateral. pacing of the hemidiaphragms. Stimulus energy and -information 
is transmitted through the intact skin and underlying tissue via loop antenna to the implanted part of the 
device. This part consists of the radio receiver which actually is an eight-channel implant, and eight 
electrode leads in two trunks, each carrying a sling in a pocket for lateron elongation and eight ring 
shaped electrodes with an inner diameter of 0.8mm. Four electrodes are applicated to each phrenic 
nerve for performance of a special kind of stimulation named "Carousel-stimulation". Device and 
"Carousel"-stimul<!tion have been published more detailly in previous reports (3,8,9,12). 

Implantation: 
Evaluation of phrenic nerve and diaphragmatic function using percutaneous nerve stimulation was 
performed prior to operation. Burst stimulation was applied to achieve tetanic diaphragm contraction 
and tidal volume was measured with a respirometer. Cases with unclear results underwent evaluation of 
phrenic nerve latency (11). 

Implantation was done under general anesthesia in a standardized procedure. Median 
sternotomy was performed and both phrenic nerves- were exposed in the upper -part of the mediastinum 
and again tested by direct nerve stimulation. The receiver was placed in a subcutaneous pocket at the 
abdominal wall and electrode leads were pulled through subcutaneously into the mediastinum. Four 
electrodes were fixed to the epineurium of each phrenic nerve with a single 8-0 monofile suture in 
helical manner using microsurgical techniques. 

Postoperative treatment: 
Pacing of the diaphragm was started 2-3 weeks after surgery. Respiratory rates and tidal volumes were 
adjusted individually to the patient's comfort, usually in accordance to mechanical ventilation. Increasing 
duty cycles with respect to muscle fatigue were used to conditioning the hemidiaphragms. Children 
were disconnected from ventilator for performance of electrophrenic respiration (EPR) from the very 
beginning of conditioning program. Oxygen saturation was monitored by a pulse oximeter permanently. 
In addition tidal- and minute volumes were measured at regularly intervals using a Wright respirometer 
connected to tracheotomy. 

RESULTS: 

Preoperative testing revealed normal phrenic nerve- and diaphragm function in all cases but one. This 
patient exhibited severely reduced function of his right phrenic nerve due to the initial trauma. 
Implantation in this case was done in order to establish unilateral pacing during day. 

The implantation procedure was without complication in any case. 
Synchronuous pacing of the hemidiaphragms was possible in all seven children with intact 

phrenic nerves. EPR could provide adequate ventilatory support in all these children from the very 
beginning of stimulation. Respiratory rates ranged from 10 to 20 breaths per minute (M= 14+/-3) and 
tidalvolumes ranged from 7 to 19 ml per kilogram bodyweight (M= 13+/-5). Thus the overall ventilated 
minute volume ranged from 142 to 192 ml per kilogram bodyweight (M= 167+/-26). Oxygen saturation 
measured by pulse oxymeter was kept over 90 %. Unilateral pacing was tried in one patient and 
produced tidalvolumes between 3 and 4 ml per kilogram bodyweight. In this case diapragm pacing was 
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not suffizient for ventilatory support, even not at high respiratory rates. Values concerning respiration 
did not change to a major extent during conditioning period and lateron time course. 

Conditioning the diaphragm led to chronical fatigue free EPR around the clock in four patients. 
A mean time of 13 months was needed, minimum time for conditioning was 6 months and maximum 
time exceeded up to 24 months. These four children are off mechanical ventilation totally and use EPR 
chronically since 10, 28, 38 and 48 months (M=31). One child is in conditioning period. In two cases 
EPR provided sufficient ventilation but chronical performance could not be established. One child 
simply refused the pacemaker the other child frequently suffered from severe intercurrent pulmonary 
infect.ions, which always necessitated interruption of stimulation. 

Tracheotomy is maintained in seven children. One of these childs uses a speech cannula 
permanently. In one child tracheotomy could be closed definitively. 

Six children were discharged from hospital and live permanently at home within their families . 
Five of them use chronical EPR, one of them is still dependent on mechanical ventilation due to his non 
functioning right phrenic nerve. Two children could not be discharged from hospital due to parental 
neglect. In thes~ two children full time chronical EPR could not be achieveded. 

Four out of eight patients have died. Severe pneumonia followed by general septicemia was the 
reason in all cases. Two of this children never left hospital after implantation. Two children acquired 
their pneumonias during routine check up in hospital. 

DISCUSSION: 

According to other authors we consider therapy of ventilatory insufficincy due to CAH and high SCI 
with diaphragm pacing a safe and useful technique in adults and even in children (1,2,5). In fact 
treatment with a phrenic pacemaker seems to be much more difficult in children than in adults: In our 
first series, published 1993 (9), mean age at time of implantation was 19.5+/-11 years. I 1 patients out 
of IS could achieve chronical EPR, which means a "success-rate" of 75%. In the present study mean 
age at time of implantation was 9+/-3 years and 4 out of 8 patients achieved chronical diaphragm 
pacing, which means a decrease in "success-rate" to 50%. Focusing on the "failures" reveales one case 
of incorrect indication (nonfunctioning right phrenic nerve) and two cases of parental neglect (with 
impossibility to discharge the children from hospital). Thus a strong medical and even social indication 
seems mandatory for treatment with phrenic pacemaker. 

Time course of conditioning is also an indicator for a higher amount of problems with diaphragm 
pacing in children than in adults. Most of these problems are not related to EPR or health but to 
psychological and, as mentioned above, to social reasons. Two situations may illustrate the range of 
possibilities: Diaphragm conditioning took time 6 months in a boy with strong motivation to get off 
mechanical ventilation. Another boy refused the pacemaker and EPR out of psychological and social 
reasons and although the pacemker provided sufficient ventilation chronical EPR could not be achieved. 

Diminished diaphragm contractility due to prolonged disuse, as described by other authors (10) 
we did not observe in our series, even not after 48 months of mechanical ventilation prior to 
implantation. However, the two long term ventilated children reacted different from the other children 
concerning oxygen saturation: Even very small reductions of duration of inspiration or respiratory rate 
were promptly followed by declination of oxygen saturation, thus probably indicating reduced 
pulmonary function due to long term mechanical ventilation. 

EPR, as a physiologic way of artificial ventilation, creates physiologic intrathoracic pressure 
values. Thus it can reduce some of the problems related to long term positive pressure ventilation. The 
"Vienna phrenic pacemaker" can provide full time ventilatory support with near physiologic breathing 
parameters in any case, even in children. In conclusion EPR should be considered as alternative to long 
term mechanical ventilation in any case of CAH and high SCI, provided both phrenic nerves and 
hemidiaphragms are functioning. 
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Several authors consider tracheotomy in these patients mandatory (4,7). We could support one 
child with a speech cannula and we could close tracheotomy definitively in another child, both meaning 
a tremendous increase in quality of children,s life. Due to the warnings against such a procedure we 
selected patients very carefully. Both patients are quadriplegics with C2/3 level of SCI, which means 
that these patients have static and dynamic control of their head and that they can breath spontaneously 
for at least half an hour. 

Diaphragm pacing probably will not lengthen life of severely injured children. But it will increase 
the quality of their lifes by increasing their mobility and sometimes by returning them back to normal 
speech. 
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COMPUTER AIDED ADJUSTMENT OF THE PHRENIC PACEMAKER: 
AUTOMATIC FUNCTIONS, DOCUMENTATION AND QUALITY CONTROL 

S. Sauermann, M. Bijak, C. Schmutterer, H. Thoma. 

Department of Biomedical Engineering and Physics, University of Vienna, (Vienna, AUSTRIA) 

SUMMARY 

Electrical stimulation of the phrenic nerves of patients with complete ventilatory insufficiency 
with the Vienna Respiratory Pacemaker has been in clinical use since 1983. During adjustment 
of stimulation parameters with the existing device the following disatvantages occur: (1) For 
some measurements like the recruitment curve, series of complete inspiration cycles have to be 
stimulated. This causes the danger of muscle fatigue for unconditioned patients. (2) 
Documentation is done mostly by hand, taking time and increasing possibility of error. 

As a first step to solve the above problems we developed a new stimulation and measurement 
system. It consists of a PC with data aquisition hardware, the necessary sensors and amplifier 
circuitry. The implanted stimulator is controlled via the parallel interface. The new system offers 
some advantages: (1) Computer control shortens the time for -measurement and 
documentation. Ttle stress on the patient and lhe risk of error is reduced. (2) Synchronized 
measurement makes it possible to use single stimulation pulses instead of bursts and ramps to 
reduce diaphragm fatigue. (3) Digital signal processing improves measurement results and 
reproduceability. (4) Help functions and self tests are provided, together with a graphical user 
interface. 

We use sensors for air flow, diaphragm EMG and acceleration, on up to 8 channels 
simultaneously. Combined samplerates of up to 100kS/s are possible. The system can be 
adapted for other uses involving functional electrical stimulation with our implantable nerve 
stimulators. 

Using this equipment saves a lot of effort, the adjustment process can be focused on improved 
stimulation results and better performance for the patient. Current research is going into 
implementation of automatic functions like aquisition of stimulation thresholds. This might result 
in a mostly automated adjustment of the phrenic pacemaker, and even in the future in a closed 
loop controlled system. 

STATE OF THE ART 

The Vienna phrenic pacemaker has been in clinical use since 1983, leading to major 
improvements in life quality for the patients 11/. Clinical studies on 23 patients showed that with 
the method of .carrousel stimulation" electrophrenic respiration can be maintained for 24 hours 
a day without diaphragm fatigue 12/. Adjustment of the stimulation parameters and 
documentation is done manually. During adjustment and optimization of stimulated inspiration 
cycles of unconditioned patiens there is the danger of muscle fatigue due to repeated 
stimulation of the same muscle fibers without longer recovery. Carrousel stimulation can not be 
used in this phase. It is therefore necessary to shorten and faciliate the adjustment process. 
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This implies (1) further development of the involved hard- and software and (2) research into 
possibilities of automation. As (1) is regarded, studies of the "man-machine interface" or "user 
interface" like 131 can be helpful to achieve additional functions without confusing the user. 

As for (2) there are groups doing research into automated tuning of FES systems like in 141 -
16/. Durfee and Maclean suggest methods for aquiring recruitment curves automatically [11, 
Fodstad mentions results of clinical trials with "computer optimized" phrenic pacing 18/. 

MATERIALS AND METHODS 

Stimulation and Measurement Hardware 

Based on the existing 8 channel phrenic pacemaker implant we developed a new control 
system, consisting of a controller unit connected to an IBM compatible PC via the parallel 
interface (see Fig. 1). All stimulation parameters are under program control and can be 
changed from pulse to pulse. The stimulation can be synchronized to the mechanical ventilator 
to avoid asynchronous stimulation and raise the comfort of the patient. 

The signals are aquired with a National Instruments (NI) AT-MID 16l-9 data aquisition board, 
preamplifier circuits and the necessary sensors. The following signals can be aquired: (1) air 
flow with a Hamilton flow sensor and Motorola pressure transducer, (2) diaphragm EMG, and 
(3) movement of the abdominal wall with an acceleration transducer. The electronic amplifier 
circuitry was developed at our department. Additionally a pulseoximeter with RS232 interface 
can be connected to the PC for monitoring ancLdocumentation. Other signals can be aquired 
with minor adaptions to the system, if necessary. 

P 
flow sensor. 

/iill1'I 
EMG preamplifier. 

acceleration sensor. 

data aquisition 
board 

~ p gPD 
respirator 

host PC 

H ri=~ 
online stimulation ~ 

H ri=~"" standal~ control ~ 
unit 

(under development) Implant 

Graphical User Interface 

Fig 1: Schematic diagram of 
the stimulation and 
measurement system 

The graphical user interface was programmed in ANSI C for Windows, using aNI labWindows 
CVI compiler. This environment is especially designed for the concept of virtual instruments. 
The user no longer turns real knobs and pushes buttons to activate the system, but chooses 
directly from controls (virtual instruments) on the computer screen by mouseclick or keyboard. 
The appearance of the screen can be changed and optimized to user demands. Further 
experiences can be implemented. This amount of flexibility would not be possible with a 
conventional control unit with hardware buttons, knobs and switches. 
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Our user interface was designed with the intention to keep the manipulation of a complex 
system as simple as possible. The controls are divided into groups for stimulation and 
measurement. The screen is adapted to the current mode of function by program control, for 
example, it is impossible to change the stimulation frequency in Single pulse stimulation mode. 
To minimize input errors unnecessary controls are hidden, the user sees only the controls that 
are currently important. Help functions and default values for every function are provided by the 
push of a button or a mouseclick. Input errors are indicated by pop up messages on the screen. 

Functions of the System 

The following stimulation modes are supported by the system: (1) continuous stimulation, (2) 
single pulses, (3) bursts, (4) ramps, and (5) carrousel stimulation. Fiber recruitment can be 
controlled by amplitude or pulse width modulation. All stimulation parameters can be changed 
online. 

The measurement system works either synchronized with the stimulation, or continuously. 
Inspired air volume, minute volume and breathing frequency are calculated online. An 
advantage of synchronized measurement is that muscle answers to single stimulation pulses 
can be measured even in noisy environments. Digital signal processing like filtering or 
averaging can be used for further improvement of the waveforms. 

Adjustment of the phrenic pacemaker starts with the computer aided detection of stimulation 
thresholds for all electrode combinations. Single pulses are used, the amplitude is raised and 
the user has to decide from the flow, EMG or acceleration curves when threshold is reached. 
The thresholds are used to decide which configurations are adequate for-stimulation. Then the 
stimulation amplitudes for maximal force are detected in a similar way. Threshold and maximum 
are starting points for the optimization of ramp parameters for each hemidiaphragm. Finally 
both sides are matched for bilateral stimulation. 

In this process the stimulation parameters found in one stage are automatically forwarded to 
the next one, there is no need for manual documentation. All aquired signals are displayed 
immediately to faciliate optimization, and saved to disk for further processing. Once a satisfying 
stimulation result has been achieved, there is no need for further measurements. Fatigue is 
decreased by the use of single pulses for a wider range of measurements. Comfort for the 
patient is raised by synchronizing the stimulation to the mechanical ventilator and by a 
shortened adjustment process. 

DISCUSSION 

The equipment as described above offers some new advantages in the use of the phreniC 
pacemaker: (1) Compared to the existing system the number of equipment necessary for 
measurement and stimulation has been reduced. Further reduction can be achieved by 
miniaturization and by the use of a laptop PC. This allows follow up examinations outside the 
clinic, at patients home. (2) Additional measurements like the movement of the abdominal wall 
can improve the parameter optimization process. (3) Digital signal processing offers the 
possibility to use single pulses for a wider scope of measurements like the recruitment curves. 

These features prepare the process of adjustment and training in phrenic pacing for 
consequent quality control, with automated, reproduceable documentation as an important 
basis. Computer controlled measurement and stimulation with sufficient user guidance makes it 
easier to follow the predefined adjustment protocols and shortens the process. Both are great 
benefits for the patients. 
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The possibility to save, review and compare relevant waveforms can raise the standard of 
phrenic pacing in clinical practice. Optimization can be aimed on the shape of the flow curve. 
The data aquired from spontaneous and from stimulated inspiration cycles can be used to 
define "standard inspiration cycles" with corresponding curves for air flow, diaphragm EMG, 
and movement of the abdominal wall. Areas of tolerance, error functions, maximum air flow and 
remaining ripple can be useful parameters for the optimization process. 

Current research goes into automation of the adjustment process. As a first step different 
methods for aquiring stimulation threshold and recruitment curves are studied. Different signals 
and algorithms are tested to find out how to achieve accuracy and reproduceability with 
minimal stress for the patient. This will serve as a starting point for adaptive control of 
inspiration cycles, with closed loop control as a long term aim of our studies. 
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SUMMARY 

In eight male neurologically intact adult subjects assistance of ventilation was 
performed with functional electrical stimulation (FES) of abdominal muscles in 
synchrony with naturally occurring breathing. The stimulation of mainly rectus 
abdominis via surface electrodes was performed in supine position. Significant 
augmentation of ventllation due predominantly to increase in tidal volume was 
observed. The results provide a basis for further studies with patients in borderline 
ventllatory fallure. 

STA TE OF THE ART 

Ventllation as a part of respiration is a key function in maintaining efficient gas 
exchange in the lungs. Inspiration is brought about by the contraction of 
diaphragm, and expiration occurs passively due to the elastic recoll of the lungs. 
However, in the cases of apnea, acute ventllatory fallure, and impending ventllatory 
fallure, patients are at risk, and may be considered for mechanical ventllation 
(MV). MV typically consists of introducing a fixed volume of air into the lungs 
under positive pressure or with generated negative pressure distends the chest and 
allows inspiration. One patient population in which long-term MV is mandatory 
are those with high-level complete spinal cord injury [1]. 
The present study provides preliminary data indicating that it may be feasible to 
use electrical stimulation of abdominal muscles to increase tidal volume, which 
might be favorable for the patients who are candidates for MV. 

MATERIALS AND METHODS 

Subjects: Eight neurologically intact male subjects (avg. age 40 years, 84 kg of 
body weight and 178 cm height) with no known medical complaints were studied. 
Standard pulmonary function tests values were measured with standardised 
procedure and were within normal limits. Tidal volume, respiratory rate, oxygen 
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consumption and carbon dioxide production were measured with an Oxycon Sigma 
apparatus. Minute ventilation and respiratory quotient were computed from 
measured values. Data obtained by these measurements were transferred by 
diskette to a personal computer for statistical analysis (SPSSIPC+). Means and 
standard deviations were computed and tabulated for all variables by subject and 
condition. A one-way analysis of variance (ANOV A) was performed for each 
variable to determine if there was a significant difference between conditions. If the 
ANOVA showed such a difference existed at the 0.01 level, post-hoc tests were 
performed to determine specifically which groups were different. 

Electrodes: Commercially available neuromuscular stimulation electrodes (3x8 cm 
rectangle; PALS, Axelgaard Mfg.) were placed on abdomen symetrically along the 
mid-line, just under the costal margine and above syphysis bone, so the rectus 
muscles were predominantly stimulated. 

Stimulator: A custom built microprocessor controlled electrical stimulator with an 
aid converter, continuously monitored the analog signal from an air flow sensor at 
10 samples per second, to determine when the stimulation pulse train should be 
delivered. From the data signal of zero, minimum, and maximum flow during 
normal breathing the microprocessor set a threshold at 1"5% of maximal 
expiratory flow; The stimulus pulse train, once triggered, began at 25 IJs pulse 
width and linearly increased to 350 IJs over the 1 s burst of stimulation at 50 Hz. 
This mode of stimulation intensity allowed gradual rather than abrupt onset of 
stimulation and acceptable comfort of the subjects. 

Protocol: Subjects were studied in supine position. A ten minute period of quiet, 
normal, breathing was recorded, followed by ten minutes of triggered stimulation 
of expiration, followed by 10 minutes of normal breathing, followed by 10 minutes 
of manually assisted expiration by manual compression of the abdomen. 

REsuLTS 

Tidal volume increased on the average from approximately 667 (sd=188) ml to 
1100 (sd=387) ml during periods of FES assisted expiration. The respiratory rate 
during assisted ventilation was greater for avg. 2 breaths/min ( 16 to 18.6). Average 
ventilation was 10.3 (sd=2.7) IImin during normal breathing, increasing to 17.5 
(sd=6.5) during electrically assisted expiration and 18.3 (sd=8.0) during manually 
assisted expiration. All variables measured showed statistically significant 
differences between conditions. Post-hoc tests revealed that in general the periods 
of normal breathing were comparable, but that these two groups were different 
from electrically and manually assisted. There were no difference between last two 
groups. 

- 206 -



DISCUSSION 

The application of FES is not new. Large research efforts have been underway in 
restoration of upper and lower extremity function [2] in maintenance of bladder 
control (micturition) [3], and in respiratory or phrenic pacing [4]. The experiences 
in these fields suggest that there is a reasonable probability for clinical success of 
electrically assisted expiration, if it can be shown to be clinically beneficial. 

The device and technique used in this experiment is intended to cause contraction 
of the major muscles of expiration (abdominals) and is based entirely on surface 
electrodes. In a sense, this is a reversal of traditional methods of assisted ventilation 
which have hmded to emphasize an active or assisted inspiratory phase, with 
expiration being passive. 

In related studies one group of investigators [5] has reported that abdominal 
muscle stimulation increases intra-abdominal pressure, and could provide effective 
coughs. The other group [6] has reported peak expiratory flow in.creased in 15 out 
of 25 patients w~h abdominal stimulation~ Both indicate that ele_ctrical stimulation 
of abdominal muscles have ventilatory consequences. 

Electrical stimulation for ventilatory assist during expiration should not be 
confused with existing devices for phrenic pacing. Phrenic pacing is intended to 
cause contraction of the diaphragm, the major muscle of inspiration and usually 
requires an invasive procedure [4]. The results presented in this paper suggest that 
stimulation of expiratory muscles during expiration increases tidal volume in 
normals. The next stage of this work will be to study this possibility in actual 
patients, both in candidates for MV and those actually on MV. 
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SUMMARY 

In tetraplegic patients there is a restrictive pulmonary impainnent with reduced clearing of secretions 
by cough. The most common complications are respiratory infections and consequentially atelectasis. The 
aim of the study is to evaluate whether the electrical stimulation of abdominal muscles in the early phase of 
expirium and adequate respiratory muscle training can improve the respiratory capacities and efficiency of 
cough of tetraplegic patients. Five tetraplegic patients were included in the study. Every patient had three 
periods of treatment, each lasting one month: inspiratory muscle training, expiratory muscle training and 
without training. Two respiratory tests (RT) - forced vital capacity (FVC) and forced expiratory volume in 
the first second (FEV 1) - were measured before and at the conclusion of each monthly period in four 
different ways. The measured RT were larger after the period of respiratory muscle training and also the 
combination of voluntary effort with either manual assistance or FES has proven to be efficient as well. The 
conclusion of the stu.9y is that both respiratory muscleJ.raining and electrical stimulation of the abdominal 
muscles can improve the cough in tetraplegic patients. 

STATE OF THE ART 

Tetraplegia resulting from acute cervical spinal cord trauma often significantly damages respiratory 
functions. Injures at or above the C3 to C5 level involve phrenic nerves and cause partial or complete 
hemidiaphragmatic paralysis. Intercostal muscle paralysis inflects inspiration and paralysis of abdominal and 
other expiratory muscles inflects the expiration. The reduced both inspiratory and expiratory functions 
results in patients inability to generate adequate vital capacity (VC) as well as cough inability 11 I. 

Patients with lower lesions can contract their diaphragms to a variable extent due to the completely 
or partially intact phrenic nerve. However the daily intercostal muscle inactivity affects the inspiration. As 
other higher level patients these tetraplegics have also lost their voluntary control of abdominal and other 
expiratory muscles. These deficiencies result in patients cough inability. The cough is too weak to enable 
the clearing of the lung secretions what causes hazardous and chronicle lung infections. 

The aim of our study is to find out whether electrical stimulation combined with adequate muscle 
training can be used to replace the physical therapist's manual assistance in ensuring proper tetraplegic's 
cough. This would make a tetraplegic more independent from medical assistance 121 as until now therapist's 
manual assistance was the only way to produce cough. The paper discusses the preliminary results of the 
tests conducted on five patients. 

MATERIALS AND METHODS 

Each patient has undergone three phases of treatment each lasting for approximately one month. One 
month was chosen as a period that would hopefully yield some improvements. The patient entered the first 
phase after admittance to the Institute for Rehabilitation. The patient was in full medical care but no 
respiratory muscle training were taking place in this period. The second and third phase were training of 
expiratory and inspiratory muscles. The exact sequence of training was chosen arbitrary. Both training 
sessions consisted of seven different exercises with each being repeated ten times with short rest period 
between each effort. The session was conducted twice a day, six days a week. Usually one session has lasted 
for about 30 minutes 13/. 

Expiratory muscle training consisted of simultaneous application of electrical stimulation and 
expiratory muscle exercise. Electrical stimulation was provided by a portable battery powered stimulator 
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with twu pairs of surface electrodes which placement is shown in Figure 1. During each expiratory effort 
one stimulation pulse burst was applied. The stimulator was triggered by a physical therapist with a 
pushbutton. The pulse burst consisted of monophasic rectangular pulses lasting for 0.75 s and with a pulse 
width 01'0.3 ms at a frequency of 50 I-Iz. The maximal amplitude is 110 V. The amplitude was adjusted at 
the level where a strong and visible contraction was achieved or just below the level that caused irritation 
to the patient. The stimulation with same parameters was applied in training and measurement and only the 
amplitude was adjusted for each exercise independently. Inspiratory muscle training did not involve any kind 
of stimulation and only inspirato muscles were trained for both and endurance . 

Figure 1: Performing respiratory test in tetraplegic patient 

To assess the efficacy of electrical stimulation and training several quantities were measured at the 
end of each phase. The quantities measured were: 

forced vital capacity (FVC), 
forced expiratory volume in the tirst second (FEV 1), 
maximal inspiratory and expiratory pressure in the mouth (Pi","" Pe",nJ. 

The results for only FVC and FEV 1 are shown. All thi s measurements were taken in both sitting and lying 
position with a combination of four sets of conditions: 

patient's own unassisted effort, 
patient's own effort and therapist's manual assistance, 
patient's own effort and electrical stimulation triggered by a therapist, 
patient's own effort and electrical stimulation triggered by the patient himselt~ 

Only incomplete or lower level tetraplegics are able to trigger the stimulator by themselves which was not 
the case for all our patients. Therefore the results shown only for unassisted effort, therapist's assistance and 

Patient Sex Age Lesion Artificial Time after 
ventilation injury 

I. M.S. 111 23 C4 (comr>lete) 6 weeks II 

2. LT. m 20 C6 (complete) 3 weeks 10 

3. G.I. 111 30 C4 (complete) 4 weeks 10 

4. C.D. r 45 C3 Jincomplete) o weeks 5 

5. S.A. III 26 C5 (complete) o weeks 13 

Table 1: Data on patients 
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therapist triggered electrical stimulation. 
FVC and FEVl were measured with an electronic flowmeter (Spiro Sense 1000. Futuremed inc .. 

USA) that was through a serial port connected to a Pc. A volume is obtained by numerical integrating the 
sampled flow data. A custom made filtering program was used to transfer the data directly to the commercial 
spreadsheet program which was used for data processing and visualization. 

The data for the five patients that completed the whole program is shown in Table 1. The patients 
voluntarily entered this research program. 

RESULTS 

The results assessed are shown in Figures 2 to 5. Figure 2 presents the results for FVC in sitting 
position, Figure 3 for FVC for lying position, Figure 4 for FEVl in sitting position and Figure 5 displays the 
FEV 1 for sitting position. All quantities were measure before therapy (BT), after inspiratory training (PI) 
and after expiratory training (PE). Patient's own effort (AL), patient's own effort combined with therapists 
manual assistance (MA) and patient's own effort with electrical stimulation triggered by a therapist (ES) 
were record each time. Each measurement was repeated three times under the same condition and only the 
best results are presented in the graphs. 
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Figure 2: FVC sitting 
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Figure 3: FVC lying 

- 211 -

Results show that any kind of 
training improves patient's respiratory 
functions. Has the best performance, is 
much dependent on the patient state but 
training modalities need to be further 
investigated to determine ways of 
optimizing. However inspiratory training 
tends to be more effective particularly for 
patients with severe respiratory 
malfunction. The results achieved in the 
lying position are also better since in this 
position the intercostal muscle activity is 
no longer necessary to stabilize the rib 
cage which in sitting position performs 
pressure on hemidiaphragms which 
therefore can not function properly. The 
sitting/lying position affects more the 
patients with severe respiratory 
restrictions. 

Therapist's manual assistance is 
more effective in lying position. The 
reason is that the therapist can easier 
apply the force to the patients abdomen 
and also because the patients generally 
achieve better results when lying as 
explained above. 

The most interesting conclusion 
is that applying electrical stimulation to 
an untrained patient generally does not at 
all improve vital capacity. After any kind 
of training the efficacy of electrical 
stimulation nearly reaches the efficiency 
of therapist's manual assistance. 
Therefore we might be able to produce 
stimulation induced cough only in well 
trained patients. Influence of electrical 
stimulation on patients with minor 
respiratory obstruction IS nearly 
negligible. 
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Another interesting fact is that the 
FEVIIFVC ratio, which is nonnally used 
as a respiratory system health indicator is 
extremely high and it usually exceeds 
95% compared to the 80% in nonnal 
heath adult. This might be due to the fact. 
that the expiratory volume is so small 
that the tetraplegic can easily expire it all 
within a second and it still does not reach 
the FEV 1 or maximum expiratory flo\\,' 
(FEF m.J of a healthy subject. 

DISCUSSION 

Our preliminary results indicate 
that it is absolutely necessary to apply 
electrical stimulation to a trained 
patients. Its efficacy increases with 
decreasing patient's FVC. The problem 
still remains as patients with severe 
respiratory disfunction usually have high 
level lesions. Therefore they might not be 
able to voluntary control their hands and 
a special triggering mechanism has to be 
developed. 

In our following work we will 
first document the achieved 
improvements of respiratory system 
function and thoroughly evaluate the 
clinical impact of the obtained results. 
We will also concentrate on optimizing 
the stimulation triggering methods and 
timing what could enable us to set the 
basic requirements for achieving a 
functionally useful expectoration. 
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SUMlvLo\RY 

Our experience on the influence of chronic obstructive pulmonary disease (COPD) 
on the skeletal muscle morphology IS reported . Fifteen male patients (mean age 
6-+.8) with moderate degree of chronic respiratory failure have undergone a 
needle Vast us lateralis muscle biopsy under local anaesthesia. Results have been 
compared on normal parameters from healthy subjects. Morphological. enzy me­
histochemical and morphometric evaluation of muscle specimens showed a 
generalized fibre hypotrophy. occasional degenerative changes and reduction of 
type [ and [[B muscle fibres. J'vlorphology and distribution of 111 tram uscular 
capillaries were normal. 1l1e imm uno-histochemical in situ detection of apoptotic 
DNA fragments did not demonstrated apoptosis in muscle fibres. SDS PAGE analysis 
of myosin / actll1 ratio (a molecular marker of muscle fibre atrophYI showed 
increased values in COOP patients if compared to healthy subjects-. Data suggest 
that the impairment of gas excange at rest and dUring exerclce in COOP patients 
may play' a role in skeletal muscle morphology and in fibre type composition. 

STATE OF THE ART 

Chronic obstructive pulmonary disease (COPD) is def1l1ed as a d Isorde r 
characterized by' evident chromc airflow limitations with abnormal tests of 
expiratory flow that do not change over periods of several months of observation 
( 1 I. Chronic bronchitis . emphysema and penpheral airv'/ays disease are included 
in the more genenc term COPD. Other causes of chromc airflO\·v obstruction, such 
as bronchiectasis and localized disease of the upper airvv'als . are excluded l 2 I. 
The major symptom of COPD is a chromc respiratory failure with limitation l1) the 
exercice capacity' caused by dispnoea. Recent s tudies suggested that the 
impairment of gas exchange at rest and during exerCice may play some role l1) 

skeletal muscle fibre function ( 3 ). Since the functional impairment of the 
skeletal muscle seems to be related to the entity of the functional damage. 
nutritional status and exercice capacity. we have studied the 1l1fluence of the 
chronic respiratory failure on morphology. fibre type com pOSition and on som e 
molecular aspects of skeletal muscle from COPD patients with different exercice 
oxygen desaturation ( EOD ). 

/'.'1ATERIALS AND METHODS 

Fifteen male patients (mean age 6-L8 years) with COPD, after th eir informed 
consent. have undergone a needle Vastus lateral is muscle biopsy under local 
anaesthesia. patients were in steady conditlOn,including the medical therapy and 
the rehabilitation program, with the exclusion of any exercise reconditioning 
one. Pulmonary function was impaIred showing chronic respiratory obstruction 
with FEVI 80% of predicted and a reversibility after inhaled salbutamol 10%. 

- 213 -



Arterial blood gases were normal or showed slight or moderate hypoxiemla and (or 
not) hypercapnia. PatIents with severe respIratory failure. chronIC use of 
corticosteroids ,cardiovascular or metabolic dIsorders. and neuro-m uscular 
diseases were excluded from the study. as well as patients with regular physical 
activIty. A division Into 2 groups of patients was performed: 6 COPD patients with 
oxygen desaturation during exercice (EOD 1) and 9 COPD patients who dIdn't 
desaturate (EOD 2;. 
A part of muscle specimens was fixed in formaline. embedded in paraffine and 
utilized for haematoxylIn and eosin. modified Gomori trichrome stain and for 
immuno-histochemICal in situ detection of DNA fragments ( -4 ) Indlcat1l1g 
apoptotic phoenomena ( ApopTag method. Oncor). A small musLie specimen was 
fixed in Karnovsky fluid for electron mIcroscopy. Some muscle specimens \;vere 
frozen in isopentane cooled at - 1700 C in liquid nitrogen and utilized for enzyme­
histochemical studies ( NADH. COX. ATPase pH 9.6 and 4.6 ) .for histochemIcal 
investigations ( PAS stain for glicogen and Oil red 0 for lipid demonstration). for 
the determination of the percentual of the myosin heavy chains (MHC) and of the 
MHC'actin ratio ( 5 ). Morphometric investigation on intramuscular capillaries 
was also performed using previously detailed methods ( 6 ). Results have been 
compared on normal muscular parameters from our laboratory. 

RESULTS 

All patients showed reduction of the muscle fibre size and occasional degenerative 
changes of fibres. No architectural or nuclear changes. cellular reaction and 
fibrosis was observed. In some patients. isolated or small groups of type 1 fibres 
showed atrophy. Abnormali ties of distrtbution of fibre types -were seen 111 

numerous patients of both studied groups. In table 1 are reported the results of 
the enzyme-histochemical analysis of fibre type composition. of tl1e 
electrophoretIc study of myosin heavy chain isoforms (MHC 1) and of the myosin­
actin ratio ( a marKer of muscle atrophy) in COPD patients with and without EOD. 
All patIents showed a reduction in type 1 fibre percentage ( determinated by' both 
enzyme-histochemical and electrophoretic methods ) and in type liB fibres. if 
compared to nom1al healthy subjects. Comparing group 1 vs group 2. group 1 has 
a more reductIon of type lIB fibres; the reduction of type 1 fibre percentage was 
similar 111 both subsets of patients. In both studied CO PO groups, SDS PAGE analysis 
of myosJO actin ratio showed increased values if compared to normal muscles. but 
not SIgnificant differences ,;vere observed between COPD groups. No apoptosis in 
muscle fibres was seen. QuantitatIve and morphologIcal analYSIS of ll1tramuscular 
capIllarIes of studied groups did not revealed significant changes 11) respect to 
normal parameters. 

Table 1. Fibre type dIameter (%) and compOSition t%) (ATPase pH 4.6) ; MHCl 
content and r--,·lyosJO'actJO ratIo in vastus lateralis muscle from COPD patIents with 
and without exerclce oxygen desaturation (Group EODI and EOD2). 

COPD patIents Fibre type diameter Fibre type compositIon MHCl Myosin . actIn 
group I II I llA lIB 

EODl 38+4.6 42+2.8 35+4.8 45+2.6 20+1.8 37+16 2.7+0.2 
EOD2 40+3.8 48+3.6 32+3.8 42+2.8 26+2.4 36+14 2.9+0.5 

Normal values 52+3.6 56+3.0 39+4.4 21+3.6 40+2.8 40+11 2.2+0.2 
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DISCUSSION 

The ainvay and pulmonary abnormalities of COPD have for many yea.rs dlstracted 
attention from the importance of the exercice limitation caused by dyspnoea and 
from the possible hypoxem ic impairment of the skeletal muscle. As pointed out by 
De Troyer .the main studies on skeletal muscle \vere performed on respiratory 
muscles I -; ). In the present study, some morphological and molecular 
abnormalities of skeletal muscle of COPD patients with moderate respiratory 
failure were described. These changes were generally confined and moderate iI1 

degree and were observed in almost all COPD patients. Although the number and 
morphology of intramuscular capillaries were normal. the functional defiCIent 
oxygenation of skeletal muscle in COPD appear to provide the described muscle 
fibre damage. Moreover the condition of exercice oxygen desaturation in COPD 
patients didn't seems to made an additional disadvantage to muscle fibre 
morphology and function. Some influence on the fibre type pattern, particularly' 
on the type llB glycolitic fibres, seems to due to muscle inactivity also, as 
demonstrated in humans and in e:-..-perimental conditions ( 8,9 ). Studies are now in 
progress to assess the possible efficacy of a rehabilitative treatment on skeletal 
muscle abnom1alltles described in COOP patients. 
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SUMMARY 
This paper describes a new miniaturized implantable bladder controller which is composed of four 
main parts: a volume monitoring device (VMD) based on the tomography approach, a fully 
programmable miniaturized central processor and stimulator (CPS), a bidirectional data and power 
link (BDPL) and an external controller (EC). The proposed system is intended to restore both 
normal bladder-functions (retention and voiding) to spinal cord injured patients. The system 
contains a mixed-signal (analog/digital) feedback loop to command the bladder functions through 
neuromuscular stimulation techniques. The implantable circuitry is powered by a single encoded 
radio frequency carrier and may have up to 8 independently controlled monopolar (4 bipolar) 
channels. The microstimulator is able to generate a wide range of stimulation patterns including 
selective stimulation waveforms. In addition, an optical link transmits the state of the implant and 
volume monitoring results to the external controller. 

STATE OF THE ART 
Electrical stimulation is becoming a promising method of bladder management for the spinal-cord­
injured patients /2,5,6/. The majority of commercially available implantable stimulators lack different 
adequacies, especially the restricted patterns of stimulation and the extemal control of stimuli /1-6/. 
Therefore, they are not allowed to run new stimulation algorithms that may improve the quality of 
treatment. In a second hand, the stimulations are nearly never applied at the right time because the 
patient does not sense his bladder volume variations. In addition, the stimulation to avoid 
incontinence is constantly at its maximum strength, even when the bladder has just been emptied. 
Moreover, several methods have been used to measure the degree of fullness of the bladder, but 
unfortunately, most of them do not offer an adequate precision and present artifacts /3,4/. 
Therefore, the circuits needed to process the signals generated by these sensors cannot be 
implanted. 

The advantages of reprogrammable neuroprosthesis to measure the volume and then deliver 
electrical stimuli to address mixed urinary dysfunctions are obvious, and error detection becomes 
critical issues for the system. The reprogrammability is also necessary to keep the stimulated nerve 
from getting used to a fixed pattern of stimulation. The proposed device in this paper is intended to 
measure and send out the state of the bladder volume and to generate feedback signals for a 
central processor and stimulator (CPS). The volume monitoring device (VMD) is based on a 
tomography approach, while the CPS consists of a programmable stimulator supporting a wide 
range of neuromuscular stimulation algorithms. The system requires a bidirectional data and power 
link (BDPL) providing immunity to interference from external sources. 

MATERIAL AND METHODS 
The full system is based on inductive coupling technique for programming and powering the implant 
and optical coupling for telemetry (Fig. 1). It includes external units (physician'S and patient's 
controllers) and an implantable part. The physician's controller is used to control and reprogram the 
implant. The patient's controller is simplified and used just to trigger the stimulation. Both of them 
power transdermally the implant via the magnetic link. 

The implant is composed of three main parts: (1) BDPL including a demodulator and voltage 
regulator to recuperate the incoming data and provide a stable power supply, (2) VMD, based on 
tomography technique, is composed of a signal conditioning and telemetry modules to sample the 
biological information and send them to the phYSician, (3) CPS contains a data and clock decoder 
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and the internal controller to verify the state of the patient, a processor which directs all operations 
of the implant and finally the output stage to interface the electrodes. At the level of CPS, one 
bipolar channel is powered by a lithium battery in order to stimulate the nerve controlling sphincter 
for avoiding the incontinence. This channel provides continuously a low frequency stimulus to 
contract the sphincter. The characteristics of these three main modules are the following: 

Magnetic coupling .... e .... (I) 

~ C,9 
ad e.. (I) I1l 

~~ 
"C 0::; 
r::~ E E 

Z ca...J 0'-e ::::J 52 cae.. 1iiCi5~ -£ -0 ::::J"C(/) 

~~ 
(/) I1lco ur::e.. o~ =11l0 -:It! ::::J .... ~ ca <D I1l r:: - £ E r:: 6;:j ~Vl <DW 

i x ~~ W =c ale.. 
Optical coupling 

as 0 

Fig. 1: Simplified block-diagram of the global system dedicated to bladder control. 

a. The Volume Monitoring Device (YMD) 
The main goal of the tomography is to make an impedance mapping of a biological environment. 
By injecting low intensity currents into the environment and measuring the produced electrical field, 
the impedance can be deduced 13,4/. When electrodes are diametrically placed on the bladder 
wall, an increase in the measured impedance is related to an increase in the bladder's volume. In 
order to get higher precision, several electrode pairs can be placed elsewhere on the bladder wall. 

A 50KHz oscillator drives a voltage controlled current-source at 1 mA of magnitude to two opposed 
electrodes on the bladder wall. Voltages at those electrode pairs are scanned using an analog 
multiplexer, and the levels are adjusted by the programmable amplifier. The amplified signals are 
then demodulated and filtered. The demodulator produces DC voltage levels proportional to the 
distance between the injecting current electrodes, hence the volume of the bladder. A control bloc 
implemented by a dedicated finite states machine (FSM) selects the appropriate electrodes, 
programs the amplifier gains as well as the parameters of a signal processor block. 

In order to eliminate artifacts produced by patients cough, laugh, etc., several signal processing 
steps must be done. An analog to digital converter (ADC), produces digital output values which 
represent the evaluated bladder volumes. Each recorded volume is sent to the central processor 
and stimulator (CPS), which starts the stimulation when requested by the patient. The stimulator 
maintains the retention process and transmits the measured volume to the user through the 
communication interface. In order to initialize the device, a physician can program the control 
parameters using the external controller. 

The variation of the power-supply due to the bidirectionnel RF/optical link must not affect the 
operation of the stimulator. For this reason, the programmable preamplifier has been designed with 
a complementary differential input stage, which increases the common mode input range, therefore 
permitting lower supply rails. In order to start in-vivo experiments, an in-vitro evaluation of the 
tomography system has been done following the construction of a model for the bladder 
impedance. This model is made of a rubber balloon with 4 electrodes attached to its inner wall (two 
on each side). When the balloon is filled with sterile serum, it acts like the bladder being filled with 
urine and the tomography can be performed with the 4 electrodes. 

b. The Central Processor and Stimulator (CPS) 
The CPS comprises the following modules (Fig. 2): (1) an interlace to VM D, (2) a Manchester 
decoder which separates the input data and clock, (3) a serial to parallel data converter and error 
corrector block which detects and corrects single bit error in each command word, (4) an operation­
mode decoder block, (5) an optimized fully testable finite state machine (FSM), (6) registers, 
channel selectors and frequency divider, and (7) four stimulus waveform generators (SWG) inluding 
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current-sources. Each SWG is programmable by means of an SRAM cell which contains the 
stimulation parameters and the basic waveform. 16 samples of the half wave of the basic 
waveform are programmed, as well as the amplitude and the sign of each sample. In addition, up 
to four different frequencies can be combined in each generated train wave. 
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Fig. 2: Block diagram of the central processor and stimulator (CPS). 

The FSM of the CPS receives 8-bit data, 3-bit instruction codes and 2 control bits and directs all 
operations of the implant. The output driver module consists of four optimized bipolar current 
sources. Each one includes an 8-bit current mode digital-to-analog converter (DAC) and an analog 
switching circuit (ASC) to determinate the direction of the current in the related electrode. In 
addition to the first channel, all SRAMs are supplied by an implanted battery to store the data. 

Three operation-modes can be supported by the implant. The command mode in which the 8 data 
bits define a command to be accomplished. In this mode, the physician may accomplish DAC 
calibration by slight adjustment in Vdd level, trigger the stimulation, test the electrodes functionality, 
and verify the state of patient through the BDPL. In the second mode, the programming is carried 
out by receiving both address and data consequently. The third mode is similar to the second 
except, the chip generates the required address. This mode is appropriated for whole system 
programming. 

c. The Bidirectional Data and Power Link (BDPL) 
Since the implant must be permanently powered using RF amplitude shift keying (ASK) link during 
its operation, an independent optical link is employed for telemetry which eliminates the interference 
during programming phases /5/. This optical link is powered by the RF link. The implant may be 
also used to send out the state of patient including physiological parameters. 

RESULTS 
The microstimulator is optimized using circuit techniques to reduce power dissipation and to save 
battery power. The power estimation predicts that the minimum cell operating voltage will be 
reached up to 10 years. The stimuli frequency can be programmed from 1 to 2000 Hz and the 
pulse duration can vary from 10 Ils to 2000 Ils. A wide range of stimulation waveforms can be 
generated. The simulation results prove the functionality of the implant. 

The CPS providing several new features: forward error correction block, new mixed-technique link, 
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high level of flexibility of stimulus, etc. This part of the system has been fabricated using 1.2 Jlm 
CMOS4S technology of Northern Telecom of Canada (NT) through the Canadian microelectronics 
corporation (CMC) and occupies around 19 mm2 of silicon area. Regarding the VMD, two steps of 
this project have been done so far; the programmable amplifier and the bladder tomography model. 
This model has been successfully completed and preliminary results have been obtained. More 
descriptive results are currently taken using that bladder model. 

PISCUSSION 
An implantable system for monitoring the bladder volume has been presented and a model for 
bladder impedance has been tested. The system is based on the tomography principle and offers a 
feedback loop to control the stimu"lation. When coupled with the stimulation implant, the whole 
circuit forms a highly autonomous system. Using many electrodes, the device can be improved and 
the form of the bladder can be deduced. This information could be of interest for urological 
researches. The new programmable neuromuscular miniaturized stimulator system is adaptable to 
the patient's needs and to future development in stimulation algorithms, without changing the 
implant. 

The characteristics of the implant exceed the requirements of actual FES applications. It can be 
used to any neuromuscular applications (pacemaker, pain control, cochlear implant, etc.). The 
telemetry link allows the physician to optimize the stimulation parameters after implantation. The 
device is an important tool for neuromuscular stimulation investigations and represents a significant 
progress in the development of new generation neural prosthesis. The implantable microstimulator 
presented in this paper has been dedicated to recuperate normal bladder functions. It is the unique 
microstimulator that addresses both bladder dysfunctions. 
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SUMMARY 

Electrostimulation of the bladder detrusor has been utilized for the treatment of hypocontractile or 
acontractile detrusor. We investigated the effect of chronic intramural stimulation of the detrusor in 8 
mongrel dogs with muscular needle electrodes (TME 60-Z; Osypca Ges.m.b.H.), considering changes 
in intravesical pressures, bladder histology and smooth muscle histochemistry. For the chronic 
stimulation period biphasic pulses were applied twice a day for 3 min in all cases (50Hz, 70mAmp, 
pulse width 2.5msec). All canines were cystometrically evaluated prior to and after a 3 week 
stimulation period with a 50% and 90% filling status. Hereto intravesical pressure changes during 
pelvic nerve stimulation (20Hz, lOmAmp, 2.5msec) were recorded with a polygraph. Biopsies for 
histology and histochemistry were taken in all cases prior to and after chronic stimulation. 
All dogs tolerated the chronic stimulation well without requiring anesthesia during the whole 
procedure. Intravesical pressures secondary to pelvic nerve stimulation increased by 56.2% at 50% 
filling and 39% at 90% filling. Histology of the bladder did not show significant alterations of the 
mucosal or muscular order. A moderate or severe inflammatory reaction at the implantation site was 
not seen. Histochemical staining of smooth muscle's oxidative phosphorylation, glucose metabolism 
and myosin quality revealed normal findings. 
We finally present a patient with hypocontractile detrusor who underwent transient chronic intramural 
electrostimulation for 3 weeks. By stimulating with the same parameters as in the initial experiment 
urodynamic investigations during and after the stimulation period showed improved urinary flow rates 
and decreased residual urine volumes. However, an increase in intravesical pressures was not seen. 

STATE OF THE ART 

Electrostimulation of the bladder detrusor has been performed as a diagnostic and therapeutic tool. 
Direct muscular stimulation of the detrusor has been investigated in experimental and clinical trials /1-
6/. Initial results in patients with neurogenic bladder disorders appeared encouraging, although, due to 
dislocation of electrodes, local spread of currency causing detrusor-sphincter dyssynergia, local pain, 
concomitant activation of motor neurons and erections, direct muscular stimulation of the detrusor did 
not become an established therapy in patients with voiding dysfunctions 11 ,4-6/. 
In cardiac surgery temporary wire electrodes are regularly used for muscular stimulation of the atrium 
or ventricle to avoid postoperative bradycardia or tachycardial arrhythmias. These electrodes are 
implanted in the cardiac muslce, transcutaneously linked to an external pacemaker and can be removed 
without additional surgery /7/. 
By using those electrodes we investigated the capability of chronic detrusor stimulation and evaluated 
the histological and histochemical alterations of the bladder detrusor and changes in intravesical 
pressures secondary to chronic intramural electrostimulation. Due to the good results of our initial 
experiment we report on one patient with bladder hypocontractility who was treated by transient 
intramural electrostimulation. 

MA TERIAL AND METHODS 

Initially intramural electrostimulation of the bladder detrusor was investigated in a chronic study on 8 
female mongrel dogs (median weight 17.5kg, range from 12.4kg to 21.9kg). 
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Animals were premedicated with Azepromazine (1 mg/kg body weight) and anesthesized with 
Ketamine (lOOmg/kg body weight) and Xylocainhydrochloride (20mg/kg body weight). 
Intraoperatively, animals were kept on a heating matrace to keep rectal temperature above 38°C. 
Via a median laparotomy, the bladder was exposed and 2 unipolar intramural wire electrodes (TME 
60-Z; Osypca Ges.m.b .H.) were implanted on either side of the lateral bladder wall . The intramural 
electrodes were led subcutaneously to the nuchal region and the endings of the electrodes were fixed in 
the cutis through a small incision. A cystostomy was placed to record intravesical pressure changes via 
a Polygraph. Additionally, the right pelvic nerve was prepared and supported with a cuff-electrode for 
stimulation. 
After cystometric evaluation of the bladder capacity, in each individual case the bladder was filled with 
both 50% and 90% of total capacity and stimulation of the pelvic nerve was performed. Stimulation 
parameters were 10Hz, 20mAmp with an impulse width of 2.5msec. The intravesical pressures after 
pelvic nerve stimulation were recorded. Finally, a biopsy from the bladder dome was taken for 
histology. 
The procedure took no longer than 45min and all dogs survived the operation without any 
complications. _ 
All dogs underwent chronic temporary intramural electrostimulation of the detrusor twice a day for no 
more than 3 minutes thus not requiring anesthesia. Stimulation parameters were biphasic pulses (50Hz, 
70mAmp, pulse width 2.5msec) applied in bursts of 1.2sec duration. Complications of stimulation and 
accidental micturition during stimulation were registered. 
After 3 weeks of chronic stimulation all animals were reevaluated by the same procedure and identical 
bladder fillings as prior to stimulation. To avoid an influence of the stimulatory response due to a 
possible surgical lesion of the right pelvic nerve now the left pelvic nerve was used for stimulation. 
Again stimulation of the pelvic nerve (lOHz, 20mAmp, pulse width of 2.5msec) was performed and 
intravesical pressures were recorded. A rebiopsy from the dome of the bladder was taken for histology. 
All biopsies were stored in liquid nitrogen and finally evaluated histologically and histochemically. 
Histologic examination was performed after standard Haematoxylin-Eosin staining. For 
histochemistry, qualitative analysis of enzymes considering smooth muscle cell's oxidative 
phosphorylation (NADH, Succinatdehydrogenase, Cytochrome C-Oxidase), glucose metabolism 
(Periodic acid Schiff) and myosin quality (acid and alkaline ATPase) were investigated. To find 
alterations in smooth muscle cells a morphometric analysis of each specimen was carried out using 
cryosections. The perimeter and area of the smooth muscle fibres were ascertained by means of a 
computer assisted morphometric analysis (Unigraph, IDM PS/2 80). 
Changes of the pre- and poststimulatory intravesical pressures after stimulation of the right (initial 
phase) and left (late phase) pelvic nerve were compared. 
Statistical analysis 
For comparative statistical analysis of changes in smooth muscle cellular diameters and intravesical 
pressures a non parametric Wilcoxon test (p<0.05) was performed. 

RESULTS 

Biopsies taken prior to and after chronic stimulation did not show a change of the order of mucosal or 
muscular layers. Poststimulatory histology showed a regular urothel with 5 or 6 epithelial layers and 
cubic ·umbrella cells in all cases. The muscular layers were in regular order revealing no evidence of 
degeneration or inflanunation. A submucosal increase of collagen was not seen but an increase of 
collagen was found in all cases at the muscular implantation site of the electrodes. A severe 
inflanunatory reaction at the muscular implantation site was observed in one dog . In all other biopsies 
there were no signs of inflammation found. Smooth muscle histochemistry for oxidative 
phosphorylation, gluco~e metabolism or myosin quality did not reveal any changes in poststimulatory 
cellular function. Comparison of the staining pattern for NADH and cytochrome C, the initial and end­
stage enzymes of the oxidative phosphorylation showed no alterations. Histochemistry did not reveal 
lesions of cellular mechanisms after chronic intramural stimulation. 
Computer-assisted evaluation of smooth muscle cellular diameters did not verify a significant increase 
in cellular diameters, however, graphical analysis showed a shift of diameters to thicker ranges. The 
mean diameters of pre- and poststimulatory SMCs were 5.19J.l.m±1.46SD and 6.52J.l.m±2.01SD 
(p=0.32, n.s.). 
A statistically significant mean increase of intravesical pressures by 56.2% (p=0.042) at 50% filling 
status and an increase by 39% (p=0.31, n.s.) at 90% filling was found during pelvic nerve stimulation. 
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Complications of stimulation were dislocation of the electrodes in 1 case on the second postoperative 
day. In this case no further stimulations were performed. In 2 animals a dislocation was suspected on 
the 12th and 15th postoperative day due to muscular contraction of the abdominal wall during 
stimulation. Stimulation was interrupted and a dislocation of one electrode each was found at 
reoperation. Accidental micturition occured in some instances during stimulation. Mechanical 
problems of the electrodes were not seen. 

CASE REPORT 

A 41 year old female with chronic urinary infection and residual urine of 500-600cc presented to our 
department. In her history she had undergone several operations due to vesicoureteral reflux as a child. 
Due to systemic lupus erythematodes she was treated with chronic steroids since 1990. Investigations 
of the upper urinary tract revealed normal findings. Initial urodynamics showed a hypocontractile 
detrusor with a bladder capacity of 400cc, average flow rates of 2.5mlls and a maximal detrusor 
pressure of 28cmH20. The patient was able to spontaneously void 41cc. As a combined neural and 
muscular lesion of the detrusor was suspected we initially tried to improve bladder contractility by 
intravesical elecrrostimulation as the least invasive procedure. She performed intravescal stimulation 
on a daily basis for 14 days. Following urodynamic investigations did not show any improvement, the 
amounts of residual urine maintained at mean values of 354cc±139.6cc. Due to our experimental 
results with transient intramural electrostimulation we subsequently decided to implant 2 
extraperitoneal unipolar muscular electrodes (TME 60-Z; Osypca Ges.m.b.H.) after obtaining an 
informed consent from the patient. The electrodes were each located on the lateral bladder wall, 
leading the wire transcutaneously to an external stimulation device. Intraoperatively it was seen that 
there was nearly no residual detrusor muscle attached to the mucosa. Although the patient required 
chronic steriods no postoperative complications occured and stimulation was initiallized on the 
6.postoperative day. Stimulations were performed via an external supply by the patient twice a day for 
21 days. Stimulation parameters were the same as in our canine study. The patient tolerated the 
stimulation without any pain sensations, stimulatory induced micturition as seen in the canine 
experiment was not observed. Immediately after starting the protocoll residual urine decreased to a 
mean of 256.2cc± 82.1SD. After 3 weeks of intermittent stimulation mean residual urine further 
decreased to a mean of 193.8cc±41.7SD. Urodynamics showed an improvement in urinary flow rates 
(8mlls), a increase in micturition volumes to 200ml (3 portions) and a reduction of residual urine, 
however, intravesical pressures (20cmH20) were not changed compared to the initial findings. Due to 
the improvement in bladder emptying the electrodes were finally withdrawn without requiring surgery. 
The patient is now spontaneously voiding with clean intermittent self catheterization once a day and 
average residual urine volumes of 200cc. 

DISCUSSION 

Direct electrostimulation of the bladder detrusor has been investigated experimentally in various 
models. Mechanical complications of the electrodes or local spread of currency restricted the use in 
humans. With the improvement of intramural wire electrodes in cardiac surgery, a renaissance of direct 
stimulation of the detrusor might be feasable. 
The intramural wire electrode is made of a short zig-zag shaped stimulatory part of stainless steel 
supplied with a needle and a long isolated part with either a straight or curved needle. Its placement can 
be easily performed and the leads can finally be removed only by gentle pulling as reported in cardiac 
surgery. Since the implantation is a standard procedure in cardiac surgery only minimal to moderate 
histological changes were suspected in the bladder detrusor 171. The examination for histological 
alterations of the detrusor after chronic intramural stimulation showed only a slight increase in 
leucocytes and collagen at the implantation sites of the electrodes which appears encouraging for 
longer stimulatory periods. These results are conform to Bradley et al. reporting on minimal tissue 
reactions after 3 months of muscular stimulation 13/. Due to their data a prolonged protocoll for chronic 
stimulation could be undertaken without a diminishing in transduction of currency due to local 
enhancement of collagen at the implantation site. 
Although poststimulatory investigations revealed an increase in intravesical pressures of more than 
50% compared to prestimulatory results we did neither find an increased number of blood vessels in 
the muscular layers nor a measurable increase in bladder density in histological investigations. 
However, morphometrical analysis of the smooth muscle cells revealed a thickening according to the 
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distribution at the Gauss' curve but this was not statistical significant. A longer stimulatory phase might 
have led to a significant increase in cell diameters. Malmquist et al. reported on smooth muscle cell 
hyperplasia in rat detrusor by an increase in bladder weight after chronic subvesical obstruction already 
after 10 days /8/. They also found a change of actin and desmin filaments contents and an alteration in 
myosin subspecialities. Samuel et al. saw alterations in the distribution of smooth muscle cell type I to 
type II from 1: 3 to 1: 1 after chronic subvesical obstruction in hypertrophic detrusor /9/. The reason for 
the rapid changes of the smooth muscle SUbtypes within several days in obstructed bladders is not clear 
yet. Pathogenetic ally either hypertrophia or hyperplasia or a combination of both are discussed. As we 
have seen in our canine experiment a significant increase of intravesical pressures were found without 
alteratfons of detrusor's histology. At least by histochemistry we expected to verify any deleterious 
effects of chronic electrical stimulation on the cells. Yet, this was not found. 
The good results of chronic intramural electro stimulation in canines were not repeatable in our single 
case report. Although there was an improvement in bladder emptying we did not see an increase in 
intravesical pressures in the postoperative urodynamic investigations. Since the patient already had a 
long history of large amounts of residual urine a deterioration of the detrusor muscle seems most likely. 
The intramural electrostimulation might place a new model in the treatment of hypocontractile or 
acontractile detru-sor especially in patients after Wertheim' operations or some cases of extended 
bladder surgery. 
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SUMMARY 

The purpose of this study was to investigate the feasibility of selective detrusor activation without 
activation of the urethral sphincter by sacral root stimulation in patients. The sacral roots were 
stimulated using a tripolar electrode. An anodal block was used to prevent the urethral sphincter 
from contraction. Using square current pulses (700 f..Ls, 6-7 rnA) no increase in intraurethral 
pressure was measured while a normal increase in intravesical pressure occurred. The minimum 
pulse duration to obtain a complete block was 550 f..Ls. The study shows that anodal blocking of 
action potentials is possible in humans and can result in selective detrusor activation when used in 
sacral root stimulation. 

STATE OF THE ART 

Spinal cord injury patients with a suprasacral lesion usually suffer from detrusor hyperreflexia 
and detrusor-sphincter dyssynergia which can cause incontinence and renal failure. The therapeutic 
goal is to establish a bladder with a high storage capacity at low pressure and periodic emptying 
with low urethral resistance. One of the current approaches is twofold, deafferentation of the 
detrusor by cutting the dorsal sacral nerve roots eliminates the reflex detrusor contractions while a 
detrusor contraction to induce voiding is elicited by stimulation of the ventral sacral nerve roots 
using implanted electrodes /1/. However, the selectivity of stimulation technique is insufficient. 
Both the urethral sphincter and the detrusor are simultaneously activated resulting in little or no 
voiding. 

In clinical practice this problem is overcome by interrupting the stimulus pulse train . As the 
striated urethral sphincter muscle relaxes faster after a stimulus burst than the smooth detrusor 
muscle, bladder emptying is achieved between the pulse trains due to the sustained high 
intravesical pressure. However, in this artificial micturition pattern voiding occurs in spurts with 
possible supranormal intravesical pressures. The latter may be harmful to the kidneys. 

Several attempts to eliminate the sphincter contraction have been reported and include i.a . a 
pudendal nerve neurotomy /2/, blocking the motor signals in the pudendal nerve either by a 
collision block /3/ or by a high frequency block /4/, fatiguing the urethral sphincter /5/ and a 
selective rhizotomy of ventral sacral rootlets /6/. The drawbacks of these techniques have been 
discussed in Rijkhoff et al. 17/. 

The micturition pattern would improve if the detrusor could selectively be activated. Since the 
urethral sphincter is innervated by relative large diameter somatic fibers while smaller 
parasympathetic fibers innervate the detrusor /8/ the problem comes down to selective activation of 
the smaller nerve fibers. 

Selective activation of small fibres is possible using an anodal block /7/, /9/, /10/. Using a 
tripolar cuff electrode consisting of a cathode flanked by two anodes, all fibers (small and large) 
are activated close to the cathode. Close to the distal anode, the propagation of the AP's in the 
large fibers is blocked by a selective anodal block. As the AP's in the smaller fibers can pass 
unhindered, the net result is selective small fiber activation. 
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Simulations with a computer model /7/ showed the theoretical possibilities of this stimulus technique 
for activation of the detrusor without activation of the urethral sphincter. Based on these theoretical 
results, tripolar cuff electrodes have been developed and successfully tested in acute experiments on 
dogs /11/, /12/ . In this abstract we report the first experience with the stimulus techniques in patients. 

MATERIALS AND METHODS 

In 10 spinal cord injury patients, who underwent implantation of a Finetech-Brindley sacral root 
stimulator /1/ in combination with a complete sacral dorsal rhizotomy (S2-S4/S5), the intradural 
sacral ventral roots (S3 or S4) were stimulated after the dorsal rhizotomy. During the operation, 
the roots were stimulated using a symmetrical tripolar electrode (a cathode flanked by two anodes). 
Since the electrode contained both S3 or S4 roots bilateral stimulation was used. The electrode was 
connected to a selfmade stimulator consisting of two synchronized current sources with a common 
cathode. A two channel transurethral pressure catheter was used to measure intravesical and 
intraurethral pressure. The urethral pressure sensor was positioned at the level of the external 
sphincter so that -in response to suprathreshold stimulation, a maximum pressure response was 
measured. Pressures were sampled at 8 Hz, displayed on a monitor and stored in a portable 
data logger. Prior to the stimulation phase the bladder was filled with approximately 200 ml saline. 

RESULTS 
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Fig. J: Intravesical (Pbl) and intraurethral (Puret) pressure responses to stimulation of an 
intradural sacral root pair (25 Hz, pulse duration: 700 }.J.S). Given stimulus is the cathodal 
current. Stimulation with 200 }.J.S wide pulses results in a nonnal sphincter response. 

Fig. 1 shows a typical stimulation induced pressure response in the urethra and in the bladder. The 
relation between the stimulus current and the urethral pressure is depicted in Fig . 2. The stimulus 
threshold (pulse duration: 700 /-Ls) to elicit a sphincter contraction was about 0.15 rnA. Beyond the 
stimulus threshold the pressure responses increased until all innervating motor fibres were activated 
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at about 0.5 rnA. An increase of the 
stimulus to 1 rnA did not change the 
pressure response while above 1 rnA the 
response started to decrease as the current 
at the distal anode exceeds the blocking 
threshold for fibres innervating the 
sphincter. Increasing the current from 1 to 
6 rnA resulted in a gradual decrease of 
the urethral pressure response as more 
and ·niore fibres are blocked. At 6 and 7 
rnA the square shaped pressure response 
(caused by activation of the striated 
sphincter muscle) disappeared totally, a 
complete block is achieved. The still 
visible pressure response is transmitted 
from the intravesical pressure. 

To show that the reduction of the 
intraurethral pressure response is due to 
anodal blocking and is not due to other 
causes as muscle fatigue, the pulse 
duration was twice reduced from 700 f.LS 
to 200 f.Ls. Since a pulse duration of 200 
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Fig. 2: lntraurethral pressure response (deviation from 
baseline pressure) as a function of the cathodal stimulus 
current (700 f.LS pulse duration). 

f.LS is to short to obtain blocking effects /8/ the intraurethral pressure response should be about the 
same as the maximum response obtained with 1 rnA. Fig. 1 shows that just by switching the pulse 
duration between 200 and 700 f.LS the block could be switched on and off which proves that the urethral 
pressure response reduction was caused by anodal blocking. 

The threshold for a bladder contraction was about 1 rnA. With increasing current, the intravesical 
pressure response gradually increased as more and more small fibers innervating the detrusor were 
activated. At 6.0 rnA, 700 f.LS the detrusor was activated while the urethral sphincter muscle was not 
activated, so selective activation of the detrusor muscle occurred. 

At 6.0 rnA the pulseduration was varied to determine the influence of the pulse duration on the 
urethral sphincter activation. Below 200 f.LS no blocking effects could be observed. Between 200 and 

. 550 f.LS the block was incomplete while a complete block could be obtained beyond 550 f.Ls. 

DISCUSSION 

Anodal break excitation at the end of the rectangular pulses did not occur in our experiments. 
This is in contradiction with the literature concerning blocking of peripheral nerves (e.g. 1101) 
which stresses the necessity of a slow current decrease at the end of the pulse (0.2-1 ms) to 
suppress anodal break. In experiments using dogs, we often observed that anodal blocking was 
possible without anodal break excitation, using a current just above the blocking threshold. A 
further increase of the stimulus usually led to break excitation which could be suppressed by a 
gradual current decrease at the end of the pulse. It is therefore likely that break excitation will also 
appear in the patients when higher currents are used. 

The detrusor response to 6 rnA, 200 f.LS is less than the response to 6 rnA, 700 f.Ls. There are to 
possible causes. The first is that the current needed to excite a fibre increases with decreasing pulse 
duration (strength-duration relation). So if 6 rnA, 700 f.LS does not recruit all the fibers innervating 
the detrusor then 6 rnA, 200 f.LS will certainly recruit less fibers and therefore result in a smaller 
pressure response. The second cause is that the stimulation duration at 200 f.LS was shorter. There 
is therefore less time for the bladder to build up the pressure. 

This study shows that the technique of anodal blocking can be used in human sacral root 
stimulation for bladder control. The combination of cathodal excitation and selective anodal 
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blocking leads to selective activation of the detrusor muscle. In addition to blocking the fibers 
innervating the urethral sphincter, the large motor fibers innervating muscles in the lower limbs are 
also blocked. Hence movement of lower limbs during stimulation is reduced. When this technique can 
be used in implanted systems, bladder emptying by sacral root stimulation will be more physiological 
and at lower intravesical pressures because the outlet resistance is largely reduced. 
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ELECTRICAL MODULATION OF SACRAL NERVES FOR TREATMENT OF 
VOIDING DISORDERS AND INCONTINENCE 

E.H.J . Weil, R.A. Janknegt, P.H.A. Eerdmans 
Dept. of Urology , University Hospital Maastricht 

SUMMARY 

We evaluated neuromodulation as a' treatment for severe voiding disorders such as urgency, 
frequency, urine retention, urge-incontinence and pain in combination with urge or urge­
incontinence. The patients in this studies were so-called 'urological cripples' and were at the 
end-stage of treatment. Following a positive effect of a percutaneous nerve evaluation test the 
patients were operated and a Medtronic, Inc. Urological Nerve Stimulation System was 
implanted. In total 41 patients were treated with a neuromodulator with an average follow-up 
of 27.8 month (4 years maximum). The success percentage was 83.5 %. The urodynamic 
investigations of patients with urge-incontinence showed significantly decreased instable 
bladder contractions, leakage episodes and residues. Furthermore increased bladder volumes 
were found. The quality of life was better in more than 80 % of the patients. The overall 
benefit, recorded with questionnaires, was approx. 90 %. 
With a high success rate and only minor adverse events we conclude that neuromodulation is 
a good alternative for patients with severe voiding disorders. 

STATE OF THE ART 

Voiding dysfunction is a frequently encountered urological problem. Trials of electrical 
control of the bladder function began in the 1950s. Since then, extensive experimental and 
clinical trials had been performed at different central and peripheral levels, including the 
spinal cord, pelvic nerves, detrusor muscles and pelvic floor muscles, to explore the most 
successful way to achieve bladder evaluation 1234. Each technical approach had its limitations 
and disadvantages. Currently, neural stimulation at the S3 level has shown promising results l

. 

234. Most cases of voiding dysfunction are associated with some degree of hyperactivity of the 
pelvic floor and external urethral sphincter muscles, which are controlled mainly through S3. 
Since neural stimulation minimizes spastic behaviour of the striated muscles, it was believed 
that stimulation of S3 could modulate the spastic behaviour of the pelvic floor and external 
urethral sphincter with improvement in voiding pattern. 

In this paper we will present the results of 4 years treatment by the use of neuromodulation. 
The patients were first tested with the use of a percutaneous nerve evaluation (PNE) test. 
After a successful treatment period of 3-5 days patients were scheduled for implantation. In 
total 41 patients were treated with a neuromodulator with an average follow-up of 27.8 month 
(4 years maximum). The patients were included in two clinical trials (1990-1993 and 1993-
1994). The voiding disorders consists of urgency, frequency, urine retention, urge-inconti­
nence and pain in combination with urge or urge-incontinence. The treatment was evaluated 
with the use of voiding dairies, Quality of Life assessments and urodynamic investigations. 
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MATERIALS AND METHODS 

PNE test 
The percutaneous nerve evaluation (PNE) has two separate phases, an acute phase for 
response confmnation, and a sub-chronic phase for evaluation of therapeutic effect. Acure 
phase; in order to establish the functional integrity of the sacral nerves, to locate and identify 
the nerve responsible for specific responses, and to confinn the proper muscle responses. 
Acute percutaneous electrical stimulation of the ventral ramus at the level of he third sacral 
foramen (S3), and possibly S2 and S4. Insulated needles, a ground pad and an external hand­
held neurostimulation will be used. Sub-chronic phase; if adequate responses are obtained 
during the acute testing, SUb-chronic test stimulation will be conducted for a minimum of 
three days. The acute stimulation needle will be replaced by a temporary percutaneous lead 
wire which is connected to the external stimulator. After wound dressing and securing the 
lead with tape the patients returns to their home. 

Before, during and after (one week) the PNE voiding diaries for a minimum of 3 days will be 
complete by the patient . In this diary voided volume, leaking episodes, replacement of 
pad/diaper, felt empty and degree of urgency are noted . Analysis of baseline, PNE and post­
PNE diaries makes it possible to evaluate the treatment. With an improvement > 50% the 
patient will be scheduled for definitive neuromodulator implantation. 

The Medtronic, Inc. Urological Nerve Stimulation System consists of a Lead, with four 
separate electrodes, an Extension, a neurostimulator (Itrel II IPG), and two control magnets. 
The Itrel II IPG can be programmed to provide stimulation with a wide range of parameters. 
The stimulation parameters to be used in this treatment will be approximately as follows: 
pulse amplitude 0 to 10 volts, pulse rate 5-20 pulses per second, pulse width 120-270 
microseconds, pulse mode continuous or cyclic and daily usage from a few hours to 24 hours 
per day . With the use of a extension wire the Itrel II is connected to the lead. The Medtronic, 
Model 3886 PISCES-Quad, lead has the following specifications; four electrodes placed 
circumferentially around the lead, each electrode is 3mm wide and spaced 3mm from one 
another. Electrode material consists of platinum-iridium, lead material MP35N quadrifilar 
coil, each conductor individually insulated and the lead insulation consists of polyurethane. 

Operation 
Under general anaesthesia, the patient is positioned prone on the operating table with the hips 
and knees flexed. The surgical area is draped and prepped. Test neuromodulation is per­
fonned to identify and confinn nerve location and muscular responses. An incision over the 
sacrum is carried out down through the fascia on the side that produced the best response in 
the percutaneous nerve evaluation (test). The muscles are the separated to penn it access to the 
foramen. Acute testing is repeated, and if adequate, the pennanent foramen lead is inserted 
into the foramen. Following positioning of the lead, the attachment sleeves are fixed to the 
sacral periosteum or bone to secure the lead in position. The lead is brought to the flank of 
the patient to be connected to the extension wire. Through a subcutaneous tunnel the exten­
sion wire is threaded to a lower quadrant of the abdomen. 
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In the lower quadrant of the abdomen a pocket is made in which the stimulator, connected to 
the extension wire, will be placed and secured with sutures. 

Stimulation is normally activated the next day. With the use of impedance measurements and 
sensations felt by the patient the most effective electrode position and stimulation parameters 
will be determined. 

Evaluation 
Analysis of voiding dairies (3-6 month intervals) during the treatment with neuromodulation. 
Urodynamic investigation before and after 6 month treatment were conducted. 

RESULTS 

The success percentage, more than 50% improvement, was 83.5 % with an average follow-up 
of 27.8 month. _The urodynamic investigation, performed 6 month after the implantation, 
show a significantly decreased instable bladder contractions which resulted in decreased 
leakage episodes (p=O.OOO). Furthermore an increase in bladder volume (p=0 .006) and a 
decreased residue (p=O.OOO) was found. 

Urodynamic investigation baseline 6 month follow-up 

bladder volume (ml) 147.1 192.7 

bladder empty after voiding (%) 54.3 89.2 

leakage episodes / 3 days 23 .4 11.3 

Other positive side effects were found in 13 of the 15 patients with pain in combination with 
incontinence . The pain was reduced or not present any more due to the neuromodulation 
treatment. Furthermore from 5 patients with defecation problems 3 were cured. 

Quality of Life assessments 

Question: how would you rate your overall quality of life now as compared to the time before 
you received your stimulator? 
36.6 % much better, 36.6 % better. 13.3 % slightly better, 3.3 % the same, 3.3 % slightly worse . 
Question: how would you rate the overall benefit of the neurostimulation therapy ? 
50 % great benefit, 30 % moderate benefit , 10 % slight benefit, 3.3 % slightly worse. 

Three types of complications did occur, firstly technical problems like wire isolation damage 
(3 times), repositioning of the lead (5 times) or battery problems (3 times) . The second group 
of complications consists of patients (6) with good reactions in the beginning return to 
baseline problems after a few month. No wound infection developed after the operation. 
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DISCUSSION 
Neuromodulation is a new technique to treat patients with sever bladder disorders. Many 
patients can't be treated with conventional treatments or can only be treated with invasive 
methods like bladder removal or other major surgery. 
By applying a current on the sacral nerves, especially the nerves in foramen S3, stimulation 
of pelvic floor and bladder develops. From the 105 patients treated with the use of 
neuromodulation a success rate of 83.5 % was reached. Quality of life assessments showed 
major improvement. 
With this treatment modality we have a new and promising technique in the treatment of 
micturition disorders. A randomized study is started in 1993. Results until now looks very 
promising. 
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AcruAL STATIJS OF EXTERNAL FUNcnONAL ELECTRICAL STIMULATION IN THE 
MANAGEMENT OF FEMALE URINARY INCONTINENCE 

Bozo Kralj 

Department of Obstetrics and Gynecology 
University Medica1 Centre Ljubljana, Slovenia 

SUMMARY 

The actual status of functional electrica1 stimulation (PES) in the management of female 
urinary incontinence (UI) results from the development of technology and medica1 science, 
especially over the last 20 years. Technica1 progress has provided the detennination of 
efficient parameters of FES. Stimulus: rectangular and biphasic to prevent corrosion of 
electrodes; duration of impulse: 1 msec; frequency: 20 Hz; current: between 35 rnA and 
100 rnA, depending on the effect to be achieved. We have designed plugs for vaginal and 
rectal use which maintain a better contact with tissues. We also use materials more suitable 
for long tenn FES application: a high-quality plastic for plugs and prochromium for electrodes 
which prevents corrosion. New stimulators maintain unchanged intensity of current 
throughout stimulation duration regardless of the tissue impedance. Improved medica1 
knowledge has proved principally reflexogenic activity of FES applied on the pelvic floor 
muscles. Clinica1 studies have enabled precise determination of the indications for 
management of UI with FES. The most important indication is unstable detrusor, manifested 
as urge incontinence. Treatment with FES provides far better results than any drug treatment, 
and there have been no contraindications encountered, not even in elderly women. FES 
has proved more efficient in the management of sensory than of motor idiopathic urge 
incontinence (cured and improved 87.5% vs 75.0%). 

STATE OF TI-IE ART 

To understand the actual status of functional electrica1 stimulation (FES) in the management 
of female urinary incontinence (UI), it is necessary to review the development of FES, 
especially over the last 20 years. This development has followed two directions: technica1 
and medica1, and has been mainly perfonned in Ljubljana. 
Numerous technica1 problems had to be solved to provide the actual indication area, efficacy 
and safety of the treatment of female UI. As the parameters taken from literature proved 
inappropriate, we had to establish new ones. Corrosion of electrodes after a longer use of 
stimulators did not only initiate the search for new materials, but also resulted in transition 
from monophasic to biphasic stimulation. We designed more physiologica1 plugs for vaginal 
and rectal use, and new electrodes. The automatic vaginal simulator, vagikon-x, also resulted 
from our research. New stimulators for acute maximal functional electrica1 stimulation 
(AMFES) have been made to maintain unchanged intensity of current throughout the 20 
minutes of stimulation, regardless of the tissue impedance. Our modern stimulators have 
the following parameters of electrica1 stimulation: impulse is rectangular and biphasic, duration 
of impulse is 1 msec, frequency of impulse is 20 Hz, intensity of current ranges between 
35 and 100 rnA, depending on the type of UI. Only stimulators for external application, 
vaginal or rectal, are currently in use. 
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Medical knowledge in this area has been improved by numerous clinical, neurophysiologic 
and urodynamic findings. Neurophysiology has contributed the important finding that FES 
applied on the pelvic floor muscles has a predominantly reflexogenic effect FES stimulates 
afferent nerves of the pelvic floor, the impulse continues to the centre in 52 to 54 and 
returns via efferent fibres to the pelvic floor muscles, which contract. The important clinical 
and urodynamic finding was that the response of the micturition centre in 52 to 54 is 
physiological. Its response to the stimulus is the contraction of the pelvic floor muscles and 
relaxation of the bladder detrusor. All these findings helped to find the indication areas 
for the management of female UI. Oinical investigations confinned the efficiency and 
reasonableness of the treatment of individual types of female UI with FES. 

MATERIAL AND MElliODS 

The aim of our study was to classify the indications for treatment of micturition disturbances 
with external apRlication (vaginal or rectal) of FES, and to evaluate the outcome of treatment. 
For this purpose we analyzed the data on patients treated at the Unit of Gynecologic 
Urology, Department of Obstetrics and Gynecology Ljubljana over the last 10 years. 
All the patients underwent precise diagnostic procedures to obtain the exact diagnosis of a 
micturition disturbance, and of UI in particular, in order to be enrolled in a suitable diagnostic 
group. In all the patients a precise medical history was taken and laboratory tests made 
(urinary test, bacteriological Sanford's test, blood sugar test). The patients underwent a pelvic 
examination, especially with regard to genital statics problems, followed by urologic and 
neurophysiologic examinations (EMG of the pelvic floor muscles), and by multichannel 
urodynamic investigations (urethral pressure profile, cystometry, urodynamic stress profile, 
provocative tests for urge incontinence and uroflow). After making the exact diagnosis of 
UI the PAD test for objectivization of UI was made at 2/3 and full capacity of the urinary 
bladder. Only the patients confonning to the criteria of UI set by the International Continence 
Society were enrolled in the study and underwent further treatment. All these examinations 
were repeated 3, 6 and 12 months after the concluded treatment. In this way we obtained 
subjective (provided by the patients) and objective evaluations of treatment. 
In the treatment of stress incontinence stimulators for the so-called chronic stimulation were 
used. Stimulation lasted for 1.5-2 hours per day, and had be continued for at least three 
months. The above parameters were used, the intensity of current applied was 35 rnA. 
Idiopathic urge incontinence was treated with AMFES. The parameters used were the same 
as indicated above, while the intensity of current had to exceed 65 rnA in case of vaginal 
application, and 40 rnA if applied rectally. The intensity of the applied current should be 
individli.alized and should not exceed the threshold of pain. The current was applied 20 
minutes per day for 5 consecutive days. The intensity was gradually increased so that the 
recommended intensity was achieved within 2-4 minutes. 
The studies perfonned over the last five years have proved that the successful outcome of 
treatment can be achieved if the intensity can after the initial rise, i.e. after 2-4 min, be 
constantly maintained throughout the remaining 16-18 min. Tissue impedance change during 
the time of stimulation, and thus stimulation can be done with much lower intensity, which 
essentially affects the outcome of treatment. Therefore our new stimulators have been made 
so as to maintain constant current intensity throughout the time of stimulation. 
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RESULTS 

The treatment with FES was applied with the following indication areas: stress incontinence, 
urge (motor and sensory) incontinence, some types of neurogenic bladder incontinence, 
vesicourethral dyssynergia and frequency. The results of treatment are presented with regard 
to the type of a micturition disturbance and/or UI. 
The patients were considered cured, if after the terminated treatment they did neither have 
subjective problems, nor signs of urodynarnic UI on objective evaluation (PAD test). The 
patient's condition was considered improved when they subjectively claimed to have been 
cured '(experienced no related probJems) or their condition essentially improved, but 
objectively (PAD test and urod.Ynarnic investigations) we still found some parameters 
indicating the existence of UI, although of a milder degree. 

The results of treatment of stress incontinence by FES: of 111 patients 56 (50.5%) were 
cured, 2iJ (23.4%) improved, and in 29 (2iJJ%) the conditions remained unchanged. 
The results of treatment of idiopathic urge incontinence: of 88 patients 65 (72.7%) were 
cured, 8 (9.0%) improved, and in 16 (18.3%) the condition remained unchanged. 
Further, our aim was to find the respective reactions of both urodynarnic types (motor and 
sensory) of idiopathic urge incontinence to the treatment with FES. 
The results of treatment of motor urge incontinence with FES: of 40 patients 22 (55.0%) 
were cured, 8 (20.0%) improved, and in 10 (25.0%) the condition remained unchanged. 
The results of treatment of sensory idiopathic urge incontinence with FES: of 48 patients 
42 (87.5%) were cured, none improved, and in 6 (125%) the condition remained unchanged. 
The results of treatment show no Significant difference between the types of idiopathic urge 
incontinence (X = 2.29, P = <0.13). Had the cured patients alone been taken into account, 
the difference would have almost been significant (X = 4.22, P = <0.04). 
After 3 months the recurrence of idiopathic urge incontinence was registered in 2iJ% of 
patients. In these patients AMFES was applied again with the same outcome of treatment 
as before. 
The results of treatment of the Wlstable urethra with AMFES: of 39 patients 22 (56.4%) 

were cured, 9 (23.1%) improved, and in 8 (20.5%) the condition remained unchanged. 
Micturition disturbances related to unstable urethra were in 6 patients (15.4%) manifested 
as urge incontinence, in 5 (12.8%) as stress incontinence, and in 24 (61.5%) as mixed (stress 
and urge) incontinence. 
The results of the treatment of neurogenic urge incontinence proved to be unfavourabJe 
and short-lived. A transient success was achieved only in 20 to 30% of patients. The outcome 
of treatment basically depended on the primary neurologiC disease. 

DISCUSSION 

When analyzing the results of treatment of micturition disturbances, and of UI in particular, 
the indication areas became evident 
Stress incontinence is treated with external FES mainly in patients with mild and moderate 
degree of UI. Treatment proved efficient only in 50% of patients and improvement was 
achieved in 23.4%. The results of treatment of mild stress UI with FES do not significantly 
differ from the ones achieved with physiotherapy (Kegel exercises). 
The results of treatment of urge UI with external FES show considerably different 
percentages: 72.7% of patients were cured and 9.0% improved which are essentially better 
results than the ones achieved by drug treatment, most frequently used until now. 
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It is of extreme importance that externa1 FES can easily be applied in elderly patients (over 
65 years) with no contraindications, frequently encountered with drug treatment. 
External application of FES is practically no longer used in the treatment of micturition 
disturbances with neurogenic bladder, since the outcome has not been favourable. On the 
other hand, favourable results have been achieved with direct stimulation of sacral roots. 

CONCLUSIONS 

Over the last 20 years the indication areas for the treatment of micturition disturbances, 
and female VI in particular, with extemal application of FES, have been dearly defined. 
With modern stimulators, which maintain unchanged intensity of current, and with optimal 
stimulation parameters, extremely favourable results have been achieved, especially in the 
management of urge incontinence (81.7%). It is also important that external FES may be 
applied in elderly patients with no contraindications whatsoever. 
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INVESTIGATION ON ARTIFICIAL PROPRIOCEPTION: 
AS~TORFORTACTrr£PHIPHENOMENA 
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*CPGEI-CEFET -PR Curitiba, Brazil 
"Biomedical Engineeling Dept., FEE-UniCamp, Campinas, Brazil 

INTRODUCTION 

This work presents a 3-channel stimulator based on Tactile Phi Phenomena 
11/. The computer-controlled stimulator is applied to the study of artificial 
proprioception in CS-C6 tetraplegic patients. 

MATERIALS AND METHODS 

Tactile Phi Phenomenon is a non-explored method for tactile 
communication . It consists in evoking a moving fused image through only two 
or more pairs of electrodes close to each other. The intensity of the stimulating 
currents vary temporally and in complementary fashion. The three channel, 
computer-controlled pulse amplitude modulation (PAM) system generates two 
different wave forms : triangular and elliptical. It was designed to elicit a 
Saltation Effect (yielding bursts of rectangular pulses). In this application, the 
delays between the bursts in the three channels can be adjusted. The system 
also allows programming and monitoring of its main parameters: pulse width 
(10 J..ls to 5 ms), pulse frequency (0.1 Hz to 50 kHz), modulation frequency 
(0.1 Hz to 10 Hz), current intensity (up to 20 rnA), and the amplitude 
modulation index (0% to 100%). Further, the system provides up to 8 
predefined protocol sequences corresponding to 8 images. 

An mM-PC-compatible computer controls the whole system by processing 
the programmed wave form patterns and parameter values, and by yielding the 
required wave form. It uses hardware interruption, defines counters 
programming and dialogs with external board circuits though a parallel port 
interface. The counters are programmed by software and generate the carrier 
pulses of the PAM circuit. DI A converters generate a voltage that is related to 
the wave form pattern set by the user. The channels are independently 
programmed. The amplifiers yield current intensities up to 20 rnA. An analog 
switch block constitutes the PAM system. The isolation and protection circuits 
are the electronic parts responsible for isolating the digital block from the 
analog and high voltage ones for providing safety to the patient. Excitation 
currents are transmitted to the patient by means of skin electrodes. 

The software (developed in C-language) is responsible for generating and 
controlling the stimulation parameters. It also allows visual inspection of the 
latter and of the selected protocols on the PC-monitor screen. A user-friendly 
interface allows changes in parameter values. Two or three channels can be 
used to elicit the Phi Phenomenon or the Saltation Effect. A training option 
allows up to 8 independent stimulation sequences. Active and rest times can be 
programmed by the experimenter. When the experimental method is selected, 
the parameters to be stored during stimulation are shown. The Help command 
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shows a menu of basic system operations. An Exit command resets all stored 
values and ends the stimulation session. 

Preliminary experiments were perfonned using ECG electrodes (A=76 
mm2

) placed 5.5 cm apart, coupled with gel, and held on the shoulders by 
strips of adhesive clinical bandage. The subjects were seated on a comfortable 
chair. Stimulation was controlled by the observer through the computer 
keyboard. The parameters used were: pulse width of 200 JlS, pulse frequency 
of 500 Hz, modulation frequency from 0.5 to 2.0 Hz, and amplitude 
modulation index from 24% to 100%. Current intensities were adjusted 
independently until the subject acknowledged a moving fused image. Image 
sensation behavior and variations on it were observed having in mind an 
improvement in the images (better resolution and homogeneity along the skin). 

RESULTS 

Tests on a prototype have been perfonned. Psychophysical experiments 
have also been perfonned with phantom images. The tests indicate that the 
prototype provides a pulse width from 0.01 ms to 5.0 ms, a frequency from 
100 Hz to 50 kHz, current intensity from up to 20 rnA, envelope frequency 
from 0.1 Hz to 10 Hz, and an amplitude modulation index up to 100%. 

Experiments with five nonnal subjects have shown that it is possible to 
elicit a better moving fused phantom image with this system than with a 2-
channel one. Triangular envelopes are good for straight line sensations, while 
elliptical envelopes are more comfortable and have better resolution for all 
kinds of moving images. 

DISCUSSION 

A phantom sensation electrotactile stimulator designed to investigate 
artificial proprioception was described. Experimental results indicate that : 1) it 
is possible to elicit a moving fused image; 2) a triangular envelope is good for 
straight line sensations, while an elliptical envelope evokes oval (or circular) 
images; 3) sensations are stronger under the electrodes; and 4) the 3-channel 
stimulator can generate better images than a 2-channel system. 
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NATURAL VS. ARTIFICIAL SENSORS 
APPLIED IN PERONEAL NERVE STIMULA nON 
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SUMMARY 

We have attempted to quantify the performance of natural verses artificial sensors when used in a 
closed-loop, functional electrical stimulation system. Peroneal nerve stimulation was applied during gait 
to a Multiple Sclerosis subject with a drop-foot. Stimulation was applied only during swing phase to 
provide artificia!iY induced dorsiflexion of the foot. Detection of the onset of stance phase was 
accomplished using a standard heel contact switch mounted inside the subject's shoe (the artificial 
sensor), and using processed nerve signals derived from an implanted nerve-cuff electrode (the natural 
sensor). A heel contact detection percentage of at least 85% was achieved using the afferent nerve 
signal information only. When additional information about the gait cycle was incorporated, detection 
ratios approaching 100% were achieved, confmning that natural sensory information can, indeed, be 
used in a functional neuroprosthetic system to replace an artificial sensor. 

STATE OF THE ART 

Peroneal nerve stimulation has proven effective in reducing or eliminating drop-foot in humans [I]. 
One drawback of typical peroneal nerve stimulators is that an external sensor (usually a pressure 
activated switch mounted in the subject's shoe) is required for the system to differentiate between the 
swing and stance gait phases, since stimulation is only required during swing phase. The development of 
a fully implantable drop-foot correction system using an artificial sensor would thus require some kind of 
implantable pressure sensor. An alternative approach is to use the afferent nerve signals originating from 
the skin's natural touch receptors as an indicator of foot contact [2]. An implantable drop-foot 
correction system using such a natural sensor would overcome many of the reliability problems inherent 
in artificial sensor based systems, while eliminating the inconveniences of an externally worn system. 

MA TERIAL AND METHODS 

A 42 year old male who has been mildly paralyzed, hemiplegically, for the past 6 years due to 
Multiple Sclerosis, had a nerve-cuff electrode implanted around the calcaneal nerve, 5cm proximal to the 
left medial malleolus. This electrode was constructed of a 3cm long piece of insulating, bi-compatible 
silicone tubing with a 2.8mm inner diameter, which was split laterally to facilitate implantation [3]. Five 
Figure 1 - Nerve-Cuff Placement equidistant loops of de-insulated, multi-standed, stainless-steel 

wire function as electrodes within this tubing. The remaining 
insulated length of these five electrode leads was routed 
subcutaneously up and around the calf, to a lateral exit site lOcm 
distal to the knee joint. The leads exit through individual 
transcutaneous openings, attaching to a 5 pin, external connector. 
A common, superfluous, epineurium surrounded the calcaneal 
nerve and other branches of the tibial nerve. This epineurial sheath 
was opened, the calcaneal nerve separated from the others, and the 
cuff electrode placed around it. The calcaneal nerve, which 
innervates the heel area, is believed to transmit purely afferent 
(sensory) signals. One day after implantation, the actual area of 
innervation was determined, as shown in figure 1, by mechanically 
stimulating the region. This is precisely the area from which 
sensory information is desired for use in both drop-foot and gait 

restoration systems (to derive heel contact force, for example). 
The nerve-cuff electrode was connected in a tri-polar configuration to an amplifier providing an 

overall gain of 110,000. This amplifier consists of a standard audio transformer, which provides 
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impedance matching and an initial, passive signal gain [4), coupled to a low-noise instrumentation 
amplifier powered by two 9V batteries . The output of this amplifier was then connected to a portable , 
battery operated, Digital Signal Processing (DSP) system [5). A ground electrode, connected to the 
amplifier common, was placed 2cm proximal to the nerve-cuff. Two self-adhering, surface stimulation 
electrodes were placed over the peroneal nerve, 2cm and 6cm distal to the knee joint. on the lateral side 

2 _ FES S stem Block of the left leg. No skin preparation was performed. These 
electrodes were then connected to a monophasic. constant 
current, microprocessor controlled stimulator. Figure 2 
diagrams the complete drop-foot correction system. With 
the patient seated, the required stimulation intensity 
(current) required to achieve proper foot dorsiflexion was 
detennined using a simulated gait stimulation pattern . The 
stimulation pulse width was linearly ramped up/down at 
onset/offset over 350ms to a maximum (plateau) level of 
300~S. This ramping was designed to minimize patient 
discomfort. A constant 30Hz pulse rate was maintained 

'N~n:Is~I~ted' throughout. Once the required stimulation level was 
'-_ .................... ioiioiiII .... ______ ............... iiOiiii ...... detennined, the "baseline" noise level of the processed 
nerve signal during stimulation was observed on an oscilloscope. During this time, no mechanical 
stimuli were applied to the innervated area recorded by the nerve cuff. Thus, any observed activity was 
the result of either tonic nerve firing, or system noise, both of which should be neglected during 
operation. Once the baseline noise was determined, the DSP algorithm's starting noise threshold level 
parameter was manually set to an appropriate value above this baseline. During system operation, the 
DSP algorithm periodically (between stimulus pulses) calculates a 16-bit value proportional to the 
energy content of the nerve signal within the frequency band of interest (1.2 to 1.6 kHz) which is above 
this noise threshold. This value can then be used as the input to a detector, designed to determine gait 
phase. In the simplest algorithm (used for these experiments), a flXed threshold detector may be used. 
Values of the processed signal above the threshold indicate a change of gait phase (from swing to 
stance, or stance to swing). Some of the dynamic properties of the system, manifested as increasing or 
decreasing signal-to-noise ratio (SNR), can be compensated for by automatically adapting the noise 
threshold. The noise threshold was varied from the manually preset value based on apriori knowledge 
and assumptions about the human gait cycle, and was, thus, not optimally adapted in the true signal 
processing sense. In these experiments, it was assumed that no nerve signal of interest was present 
during swing phase. Thus, the "signal" energy during swing phase was considered pure noise. A 
moving average of the swing phase energy value over the previous 8 steps was used to determine a new 
noise threshold value for each new gait cycle. An external heel contact switch mounted in the subject's 
shoe was use to generate a reference artificial sensor signal, by which the detection accuracy of the 
natural sensory based system could be judged. The unprocessed nerve signal, the external heel switch 
output, and an analog representation of the DSP's internally calculated signal energy value were 
recorded during gait. The DSP started or stopped stimulation based on information from either the 
external heel switch, or the calculated signal energy, depending upon which was desired as the reference. 
Additional experiments were conducted, in which the subject was seated and artificial mechanical stimuli 
were applied to the heel area. During these, the calculated signal energy was always used to turn the 
stimulator on/off. These experiments were designed to eliminate the effects of spurious heel contact 
detection during swing phase, presumably resulting from unpredictable skin/shoe contacts, and provided 
a more consistent and controlled mechanical stimulus. Both types of experiments were performed over 
several, non-consecutive days. The subject walked on a variety of surfaces during the gait experiments. 

RESULTS 

In figure 3, the processed nerve-cuff signal is shown in relation to the force applied (using a 2cm 
diameter, flat, strain-gauge probe) to the heel area. Although the intention was not to show the absolute 
value of the applied force but rather the timing of application/removal, it should be noted that all applied 
forces were under lOON (lOkg), or roughly 1I1Oth the dynamic forces present during gait. It is 
interesting to note that the recorded nerve signal corresponds mainly to a measure of the change 
(derivative) in applied force, rather than the absolute force value. Thus we assume that it is primarily the 
contribution of type FA! receptors (Meissner corpuscles) that is recorded by the cuff electrode. This is 
also consistent with previously developed nerve models [6) . Data recorded during actual gait provides 
more interesting (and relevant) information. In figure 4, the processed nerve-cuff signal is shown in 
relation to the output from the artificial reference sensor. In this case, the force applied to the receptive 
area is not as well defined. An analysis of over 1100 steps (25 minutes) showed that 85% (with a std. 
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dev. of 6% over 12 trials of approx. 100 steps each) of heel contacts could be detected using the afferent 
nerve signal information alone. When using a threshold detector, this percentage depends upon the 
percentage of false positives (heel contact detections during swing phase) that is deemed acceptable. 

Figure 3 - Heel Force vs. Processed Nerve Signal 
Using no other knowledge about the gait cycle, 
this 85% heel contact detection results in an 8% 
false positive rate. Fortunately, these erroneous 
detections can be entirely eliminated if some 
assumptions are made about the gait cycle . If it 
is assumed that the swing/stance phase timing is 
short time constant, then apriori knowledge 
about when the next heel contact is expected can 
be used to ignore false detections outside of a 
window around the predicted heel contact time. 
Naturally, false detections occurring within this 
window might still result in the stimulator being 

turned off prematurely. If this window is made sufficiently small, the practical effects of such premature 
detections during gait are negligible, and erroneous detections during swing phase can be easily 
eliminated. Analysis of the gait cycle did, indeed, show that swing/stance timing was surprisingly 
constant (57%/43%, with a std. dev. of only 1% over the 12 trials spread over several days). During 
these trials, the subject was asked to walk normally, over a variety of surfaces. It should be noted that 

Figure 4 - Heel Contact vs. Processed Nerve Signal 
the heel contact switch used did not function 
perfectly. An average false detection percentage 
of approx. 2% was seen, where false detections 
were defmed as premature or spurious switch 
closures during swing phase. These were, in all 
cases, attributable to insufficient heel clearance 
(which could not be corrected by peroneal nerve 
stimulation). Although the subject's gait speed 
was also very constant (varying no more than 
5%), no restrictions on this were imposed. The 
algorithm was easily able to adapt to these slow 
variations in speed. . 

Detection of push-off has proven to be a 
substantially more difficult problem, unless, again, additional information is utilized. When the 25 
minutes of gait data was analyzed for detection of push-off purely based on the afferent nerve signal, 
either the detection percentage was unacceptably low «40%), or the false positive rate unacceptably 
high (>50%). If, again, a window was applied using knowledge of the gait cycle timing, this percentage 
increased to more that 60%, which was still not deemed acceptable. Many of the problems in detecting 
push-off may be attributable to the mechanical properties of gait. The change in force applied to the 
heel (to which the receptors primarily respond) is higher during the transition from swing to stance than 
from stance to swing phase, explaining the lower push-off nerve signal amplitudes typically seen. 

DISCUSSION 

One of the most significant problems in correlating ENG signal activity with the applied mechanical 
stimulus is the elimination of noise. Although a variety of sources contribute to the overall noise, two 
dominate. The first can be attributed to the electrical path, through the body's fluids, between the 
stimulation electrodes and the nerve-cuff, which causes a large stimulation artifact voltage to be induced 
in the cuff for the duration of the stimulation pulse. In general, the stimulation amplitude is at least 
140dB (107x) greater than the nerve signals appearing inside the cuff. This tremendous amplitude 
difference manifests itself in the cuff as a large image of the external stimulation pulse. Indeed, this 
artifact is usually large enough to saturate the nerve-cuff amplifier. Although it has been suggested [4] 
that it is necessary to "blank" the amplifier (i.e. switch its input to ground during the stimulation pulse), 
we have not found this to be a requirement as long as the amplifier's saturation recovery time is short 
(under 500~S or so). The second major noise source is more difficult to remove. During electrical 
stimulation (or natural activation, voluntary or involuntary) of the muscles adjacent to the cuff electrode, 
a significant electromyographic (EMG) signal is present inside the cuff. The amplitude of this 
contaminating EMG signal usually ranges from 100 to 1000 times the ENG signal of interest. 
Fortunately, the peak energy of this interfering EMG signal is in a significantly different frequency band 
(2 octaves lower) than the nerve signal of interest. It can therefore be significantly removed by standard 
flltering techniques. It is, however, not sufficient to simply fllter the nerve-cuff signal to obtain directly 
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usable detection information. Consider that a 30dB power (60dB amplitude) difference between the 
noise and desired signal corresponds to loss of 10 bits when digitized. Even if very good digitizing 
circuitry is utilized, resulting in true 16-bit resolution, the ENG signal after ideal filtering would be 
represented in only the 6 least significant bits! In addition, there is not a complete separation of 
frequency bands between the EMG "noise" signal and the nerve signal. Indeed, even when steep (91 51 

order FIR) ftlters are used, this overlap results in a SNR of, at best, 0dB. Fortunately. it is not necessary 
to have high accuracy, instantaneous ENG information. In a typical closed-loop control system, the 
processed ENG signal is used at the system loop rate (usually the stimulation frequency). Thus, it is 
possible to improve the amplitude resolution of the ENG signal (reducing temporal resolution) by 
digitally integrating the filtered signal over the stimulation inter-pulse period. Additional experiments 
have shown that the EMG noise present in the cuff electrode arises primarily from soleus activity, and, 
thus, is present only during stance phase (neglecting any low level activity due to antagonistic 
contraction). with the largest activity present during push-off. Although, in figure 4, it appears that the 
nerve signal amplitude during push-off is quite significant (and therefore detectable), much of this signal 
is, in fact, due to the overlapping EMG noise which could not be filtered out. Since it is not possible to 
distinguish between the afferent nerve signal and the contaminating muscle signal components based on 
their frequency content alone, more sophisticated methods for accomplishing this are now being 
investigated. If this distinction is not made, and the combined signal is used in the detection of push-off, 
timing errors will result. The extent to which these errors impact the functional operation of the system 
is still being investigated. In addition, the potential for this combined signal to resolve some system 
ambiguities by providing synchronization at system startup is also under investigation. 

It is likely that further improvements in the consistent detection of both heel contact and push-off 
can be achieved through the use of more sophisticated electrode designs [7) which may yield increased 
nerve signal amplitudes. However, unless a significant improvement (between 100 and 1000 fold) in the 
"raw" SNR is realized, it is likely that some form of advanced processing will continue to be required. It 
must also be noted that, in a practical system, a trade-off between the required processing and electrode 
size/complexity must be made. It may be desirable to actually reduce this raw SNR using much shorter 
(or smaller) cuff electrodes, as long as the resulting SNR after processing remains acceptably high. 
There may be several advantages in using such electrodes in humans, such as: ease of implantation, 
reduced risk of nerve damage, and the possibility of using such less obtrusive electrodes in smaller 
spaces. This last point may be of considerable importance for the use of natural sensory feedback in 
hand-grasp restoration systems. 
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SUMMARY 

Measurements of the EMG activity of tibialis anterior (TA) of control subjects and the most affected 
legs of disabled subjects during walking to a slow metronomic beat have been recorded. 
Simultaneously, heel position information was recorded using a foot switch Ill. An algorithm has been 
developed which can extract the envelope of EMG activity. The envelope obtained from control 
subjects has been modelled using a "double-trapezoidal" profile. For normal subjects, relationships 
between variations in the timing parameters of this profile and variations in stride time have been 
derived. For subjects with varying levels of disability, the EMG envelopes have been analysed to 
determine how the processed EMG may be used to trigger and control a microprocessor-based 
electrical stimulator. 

STATE OF THE ART 

The work presented here forms part of the European TIDE programme FESTIVAL (Function 
Electrical Stimulation To Improve Value Ability and Lifestyle) which aims to apply electrical 
stimulation to those with disability. In generaL it seeks to develop new, effective means of functional 
muscle stimulation, and is currently addressing the problem of footdrop in patients with neurological 
disorders or peripheral nerve injury (PNI). 

The first generation of footdrop stimulators were produced some 40 years ago and systems currently 
employed use a foot switch to trigger a relatively simple pre-defined variation in stimulator output. The 
required stimulator duty cycle is often generated using discrete dedicated analogue and digital circuitry. 
Choices concerning type of trigger, timings, amplitude variations, and walking pace must be set up by a 
trained clinician by selecting miniature switches or presets, or by cumbersome signal selection systems. 

The development of microprocessor-based stimulators offers a more flexible approach with easier 
programming of waveforms and parameters /2/. In addition, position and EMG transducer inputs 
provide the possibility of parameter adaptation in response to factors such as variations in walking pace, 
terrain, muscle fatigue, etc. 

MATERIALS AND METHODS 

Surface EMG signals from healthy subjects and those with disabling conditions have been recorded 
from TA, the muscle primarily responsible for toe lift during walking. Using an electronic metronome 
(Seiko DM-20) it possible to set the cadence to a range of different pace rates. A period of pace 
training was performed before the EMG recordings were made. 
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lt Figure 2: Model Of normal EMG envelooe 
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The top trace offigure 1 shows the EMG signal from a normal subject for a single leg heel-lift-to-heel­
lift step time of 2s (metronome set to 60 beats per minutes). The centre trace presents corresponding 
heel position information. For a slow walking pace, the envelope of the EMG shows a characteristic 
double burst of activity signal (see bottom trace of figure 1). At higher cadence rates the envelope 
merges into one activity period. There is a delay between heel lift and start of EM G activity (T DELA Y)' 

The initial burst of activity is required to overcome joint inertia and lift the toe after the heel lifts. There 
is then a period of decreased EMG activity during the swing phase where the forward momentum of the 
leg holds the foot in the correct position. The second burst of activity at the end of the swing phase 
controls foot placement and the forward movement of body weight onto the foot. There is no 
significant EMG activity during the stance phase. 

An algorithm has been developed to detect the envelope from normal EMG signals. The algorithm was 
optimised in software, with the constraint that it could be implemented using simple analogue hardware. 
The current algorithm comprises rectification, noise thresholding and low-pass filtering. This algorithm 
has been applied to data obtained from patients with footdrop. Compared with normal EMG the signals 
patients' data may have various features "missing" depending on the type and degree of disability. We 
have sought to determine the range of differences and the level and type of EMG features that could be 
used to trigger or control a stimulation cycle. 

We modelled the normal EMG envelope using a "double-trapezoidal" profile (figure 2) with timings and 
relative amplitudes derived from data measured from 10 normal subjects. Sets of recordings were made 
for each normal subject walking in time to the metronome. The metronome was first set at 109 beats 
per minute to give an approximate heel-to-heel stride time (T STRIDE) of 1.1 s. Further recordings were 
made with the metronome frequency reduced so as to produce lOOms increments in the stride time up 
to a maximum of 3.5s. Relationships between EMG signal activity timing parameters as a function of 
stride time were then derived from the data. 

RESULTS AND DISCUSSION 

No one person has an absolutely regular stride duration even when walking in time to an externally 
regulated stimulus, so each heel-lift-to-heel-lift stride time (T STRIDE) was measured from the heelswitch 
data and plotted with the associated EMG timing parameter of interest; linear regression was then 
performed. 

For one normal subject, whom we studied in detail, the following relationships (valid for 
Is < T STRIDE < 3.5s) were derived: 
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TLIFT 
TACTIVITy 

TSTRIKE 

0.207 + 0.361T STRIDE 
0.195 + 0.390T STRIDE 

-0.0199 + 0.1l4TSTRIDE 

(R-square = 0.914) 
(R-square = 0.901) 
(R-square = 0.657) 

where T LIFT is the delay from the heel lift to the start of the EM G signal activity; T ACTIVITY is the total 
duration of the EMG signal activity present during the step ; and T STRIKE is the delay after the heel strike 
to the end of the EMG signal activity. To be responsive to variations in walking pace an intelligent 
stimulator could start with a default walking pace, then measure heel switch timings to determine 
timings of the next stimulation cycle waveform 

Differences between four patient recordings are illustrated by the following : 
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Subject A: Moderate MS (Figure 3a) 
For subject A, with moderate multiple sclerosis (MS), the start and end of EMG activity during the 
swing phase can be determined and so can be used to start and halt an EMG initiated stimulus control 
routine. 

Subject B: Moderate MS (Figure 3b) 
In subject B, however, there is only one burst ofEMG activity at the commencement of the swing phase 
which was inadequate to dorsiflex the foot sufficiently to clear the ground. There is no second burst of 
EMG activity indicating foot placement. In this case the first burst could be used to trigger a fixed-pace 
stimulation routine. 
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Subject C: PNI (Figure 3c) 
This peripheral nerve injury (PNI) patient shows similar timing ofEMG activity to a normal subject, but 
the initial burst is shorter and was insufficient to dorsiflex the foot. There is a marked period of 
inactivity which may be due to the attempted incomplete recruitment of motor units. EMG activity 
associated with deceleration of the foot can be detected. Thus there is sufficient EMG activity to allow 
a reliable detection of the commencement and conclusion of the swing phase of gait for control of the 
stimulation cycle. 

Subject D: Severe MS (Figure 3d) 
There is a near complete absence of detectable EMG activity from the TA muscle in this patient. 
Because of the difficulty in distinguWllng these signals from background noise, the simple envelope 
algorithm implemented is not reliable. The use of advanced digital signal processing (DSP) techniques. 
which offer the potential of extracting information "hidden" in the noise, may resolve this difficulty. 

The next phase of the research will investigate the use of turns analysis, zero-crossings and various 
frequency domain_techniques for characterisation and parameter extraction of EMG signals during 
walking. 
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SUMMARY 

The purpose of this study is to determine the feasibility of recording from articular afferents in the human 
knee joint, which may be able to provide a feedback signal in a lower extremity functional electrical 
stimulation (FES) system. A surgical approach has been developed to access articular branches of the tibial 
nerve in human cadavers. Since the main articular branch of the tibial nerve contains a branch projecting 
distal to the knee joint capsule, the best location for a neural recording interface (for example a nerve cuff 
electrode) appears to be the well defmed ramifications of the articular branch that penetrate the joint capsule. 
Nerves resected from eight cadavers were examined histologically. The branch most appropriate for a 
neural recording interface contains approximately 650 myelinated fibers. Fiber diameter distributions 
computed for nerves from three cadavers display a peak at 3 or 4 11m, and in one specimen there is an 
additional peak at 9 11m. Since the fibers are predominantly group ill (diameter = 1 - 6 11m) /11, with fewer 
group II fibers (diameter = 6 - 12 11m) and virtually no group I fibers (diameter> 12 11m), the ability of a 
nerve cuff electrode to record from these fibers is unknown. Another neural recording interface, such as a 
microelectrode array, might be more suitable for this application. 

ST ATE OF TIIE ART 

Numerous animal studies have been conducted to determine if recordings from articular afferents can be 
used to detect joint angle. Many studies have focused on the cat posterior articular nerve (PAN), a branch 
of the tibial nerve which primarily supplies the posterior knee joint capsule /2/. Burgess and Clark /3/ 
found limited afferent activity in whole nerve recordings from the cat PAN when the knee joint was held at 
intermediate angles; dorsal root recordings showed that most neurons were slowly adapting and were 
activated only at the extremes of joint range of motion (ROM). Grigg /2/ also found that PAN afferent 
output was confined to the extremes of knee joint ROM in dorsal root recordings. All neurons were slowly 
adapting and the majority were activated by knee extension although forcible flexion could also activate 
many of the same receptors. However, during high quadriceps activation (which stretches the posterior 
joint capsule), joint afferent neurons could be made to discharge at intermediate joint angles. Grigg 
documented torque relaxation during maintained knee extension with corresponding adaptation of the 
receptors. Similar results were obtained in both dorsal root and whole nerve recordings from the monkey 
knee PAN /4/. In the monkey, Grigg found an exponential relationship between single afferent discharge 
rate and static knee joint angle; however there was hysteresis in this relationship dependent on the direction 
of joint movement. 

Ferrell /5/ also made dorsal root and whole nerve recordings in the cat knee PAN. The majority of whole 
nerve recordings displayed non monotonic joint angle vs. afferent discharge rate relationships, with the 
highest discharge rates occurring at the extremes of joint ROM. Unlike the other studies, Ferrell always 
recorded afferent activity at midrange joint angles. A later study by Gregory /6/ demonstrated that tendon 
organ afferents and possibly spindle afferents from the popliteus muscle may have contaminated the joint 
afferent recordings made by Ferrell. 

In an extensive review of the animal literature and psychophysical testing done in humans, Proske /7/ 
suggested that joint receptors serve three primary functions: 1) to signal joint movement, 2) to act as limit 
detectors, and 3) to act as nociceptors. The question we asked is, can information from joint receptors be 
useful as a feedback signal in an FES standing system? Since joint afferents are active at the extremes of 
joint ROM, could they be useful in sensing when the knee joint starts to flex from a fully extended position, 
which could occur when the quadriceps muscles fatigue during prolonged standing? 
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We describe here a preliminary investigation to determine the feasibility of recording from joint afferent 
neurons in the human knee. Articular branches of the tibial nerve were chosen for study since they are the 
largest and most consistent articular innervation in the human knee, innervating the posterior joint capsule 
/8/, which Grigg /4/ believes is stretched when the knee joint is extended. The main articular branch of the 
human tibial nerve corresponds anatomically to the PAN in cat. The goals of this study were : 1) to 
determine a suitable surgical approach for accessing articular branches of the human tibial nerve. 2) to 
determine the number of myelinated fibers present in these nerve branches, and 3) to determine the 
myelinated fiber size distribution. Knowledge of the number of myelinated fibers and their distribution will 
aid in determining if a suitable signal could be expected to be recorded from this nerve using a neural 
recording interface. 

MATERIALS AND METHODS 

Dissections were performed on 11 knees (8 right and 3 left) from 11 different fresh cadavers. The surgical 
procedure involved a direct posterior approach to the popliteal fossa. The tibial nerve as well as the 
peroneal nerve were identified in the popliteal fossa. A fine branch (1-2 nun in diameter) running along the 
medial side of the tibial nerve within the same connective tissue sheath was identified as it branched from 
the tibial nerve proxi!llal to the joint line. The tibial nerve branch takes a sinuous path coursing distally and 
anteriorly , lateral to the popliteal vessels. Dissection was continued along this nerve while retracting the 
popliteal vessels medially without any observed damage to these structures. Deep to the vessels the nerve 
courses medially and branches extensively before innervating the joint capsule. Well defined branches 0.5 
- 1.0 mm in diameter ramify into branches less than 0.5 nun which penetrate the joint capsule . In all 
cadavers we fOlUld a branch that travelled distal to the joint capsule. In one cadaver we had the opportunity 
to mark this branch and identify it in a later dissection. 

We removed the main articular branch of the tibial nerve and as many of its ramifications as possible . 
Nerves were placed in fixative for at least 24 hours following removal from the cadaver. The majority of 
nerves (8 of 11) were fixed in 4.9% glutaraldehyde with S0rensen's phosphate buffer (pH = 7.3 - 7.4). 
Two nerves collected at the University of Aarhus were fixed in 3% glutaraldehyde and 1 % 
paraformaldehyde in 0.1 M cacodylate buffer (pH = 7.4). The remaining nerve was initially fixed in 10% 
phosphate buffered neutral formalin; this was followed by storage in 2.5% glutaraldehyde in 0.1 M 
phosphate buffer (pH = 7.3) which facilitated subsequent embedding in Epon. Following fixation, nerves 
were postfixed in 1 % osmium tetroxide for one hour, dehydrated in ascending concentrations of ethanol, 
and imbedded in Epon. Semithin sections (approximately 111m) were cut with a glass knife and stained 
with 1 % tolouidine blue. 

Using light microscopy, nerve branch cross sections from 8 of the cadavers were magnified and viewed on 
a computer screen at a final magnification of 2836 x. Numbers of myelinated fibers were counted in the 
following articular branches of the tibial nerve: the main articular branch of the tibial nerve (tibial nerve 
branch), the branch where all subsequent ramifications penetrated the joint capsule (the ideal location for a 
neural interface (recording branch)), the branch travelling distal to the joint capsule (distal branch), and 
small branches that didn't ramify further and penetrated the joint capsule (individual capsular branches). 
The cross sections of all fascicles within a nerve branch were randomly, yet systematically sampled; an 
unbiased counting frame /9/ was used to count all myelinated fibers within this known fraction of the nerve 
branch cross sectional area. An estimate of the total number of fibers within the nerve branch was then 
calculated from this fraction 1. In the three best preparations a point-counting system was used to estimate 
the areas of the myelinated fibers that had been sampled. These area measurements were converted to 
equivalent diameters (this assumes circularity of the fibers ; although the majority of the fibers were not 
circular, this transformation allows comparison with fiber diameter distributions reported in the literature). 

RESULTS 

We have developed a surgical approach allowing consistent identification of articular branches of the tibial 
nerve without damage to any major structures in the knee. All nerve specimens exhibited a branch 
travelling distal to the joint capsule. In one cadaver we identified that this branch had one proximal 
ramification that appeared to penetrate the joint capsule, while 9-10 much more distal ramifications 
penetrated the popliteus muscle. Therefore this distal branch contains afferents from structures other than 
the knee joint capsule. Thus the best location for a neural recording interface appears to be the well defined 

1 In large nerve branches, at least 100 myelinated fibers were counted during the sampling /9/. In nerve 
branches with less than 100 myelinated fibers, all fibers were counted. 
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branches 0.5 - 1.0 mm in diameter with projections travelling only to the joint capsule. These dimensions 
should be large enough to accommodate a nerve cuff electrode. 

Table 1 displays the number of myelinated fibers present in the nerve branches counted. Histograms of 

nerve branch avg. number fibers range standard error 
tibial nerve branch 2280 1949 - 3184 154 
recording branch 658 225 - 1018 103 

distal branch 688 167 - 1210 109 
individual capsular branches 279 43 - 544 34 

Table 1. Numbers of myelinated fibers in various articular branches of the tibial nerve in human. 

myelinated fiber diameters were constructed for nerve branches from three cadavers. The top row of 
Figure 1 displays histograms obtained from the tibial nerve branches. All histograms display a peak at 3 or 
4 f..lm; the histogram from subject b also displays a peak at 9 f..lm. The bottom row of Figure 1 displays 
histograms obtained from nerve branches where a neural recording interface would be placed; in many 
cadavers these br.anches contain multiple ramifications which penetrate only the joint capsule. In the data 
displayed here, capsular histograms for subjects a and c are for a single branch penetrating the capsule that 
didn't appear to ramify further (these were the only capsular branches resected from these specimens), 
while the capsular histogram for subject b contains fibers from two of three separate capsular branches 
which would be recorded by a cuff electrode (one branch was damaged upon removal and so the data could 
not be included) . Capsular histograms also display peaks at 3 or 4 f..lm. The histogram for subject c 
displays an additional peak at 9 f..lm. 
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Figure 1. Fiber diameter histograms from subjects a-c. Top row: histograms obtained from tibial nerve 
branches. Bottom row: histograms for branches supplying only the joint capsule. 

DISCUSSIQ~ 

In one cadaver we found that the distal branch of the main articular branch of the tibial nerve contains 
projections to the popliteus muscle. This coincides with the findings of Gregory et al. /6/ who verified that 
primary and secondary spindle afferents and tendon organ afferents from the popliteus muscle are 
frequently contained in the cat PAN. Whether the distal branch of the main articular branch of the tibial 
nerve in humans consistently projects to the popliteus muscle remains open to speculation. However, if a 
neural recording interface were placed on the main articular branch of the tibial nerve, it would certainly 
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contain afferent infonnation from structures distal to the knee joint, which might not respond similarly to 
capsular afferents when the knee joint is moved. Thus we recommend placement of a neural recording 
interface on branches ramifying only into the joint capsule. 

Bimodal fiber diameter histograms from PAN nerves in the cat knee (peaks at 3 and 9 J..lm) /1/, and monkey 
knee (peaks at 4 and 8 J..lm) /10/ have been found (these correspond to the tibial nerve branch histograms 
shown in this paper - animal histograms have not been made for individual capsular branches). A unimodal 
distribution is present in the rat knee PAN (peak at 3 J..lm) /11/, and the monkey finger joint nerve (peak at 2 
J..lm) 112/. In all distributions there are few (if any) fibers over 12 J..lm in diameter (group I). Thus the fiber 
distributions we have found share many similarities with those determined from animal studies. Whether 
suitable nerve recordings can be made from these small diameter fibers is an open question. Marshall and 
Tatton /13/ demonstrated that their nerve cuff recordings from cat PAN contained little activity from group 
ill and IV afferents. These constitute the majority of fibers present in the histograms found in humans . A 
neural recording interface other than a cuff electrode might be more suitable in this application. 
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SUMMARY 

A detailed biomechanical model of the lower extremity was developed in order to predict knee motion 
induced by func~ional electrostimulation (FES). This model was applied to the design and test of neural 
prostheses. A discrete-time model is used which characterizes the relationship between stimuli (pulse 
width, pulse amplitude, interpulse period) and muscle activation. Muscle fatigue and recovery were 
also considered. The model takes into account nonlinear musculotendon dynamics of all muscles 
spanning the knee joint and nonlinear body-segmental dynamics. Main parameters are identified by 
standardized procedures. The model was validated in FES experiments with paraplegic patients. The 
presented simulation tool enables the user to test and optimize different open- and closed-loop 
strategies, thus avoiding troublesome and time-consuming experiments. 

ST ATE OF THE ART 

Currently eXlstmg neural prostheses have proven that standing and walking by means of FES is 
feasible. However, a system has not yet been developed which achieves sufficiently good control of 
movement. To improve the performance of conventional FES systems, many investigators apply 
biomechanical models 131 141 /71. These models which describe the behavior of artificially stimulated 
muscles, are limited by their neglect of major effects that occur during FES (e.g., muscle fatigue). 
Another deficiency of existing FES-related models is that they take only a limited number of muscles 
into consideration, so that the choice of muscles to be stimulated cannot be optimized. Furthermore, 
'only a few investigators compared mathematical simulations with experimental data. 

The rationale of this paper is to present an experimentally evaluated biomechanical model of the lower 
extremity that can be employed in the design and optimization of FES systems for persons with upper 
motor neuron lesions. This model accounts for muscle fatigue, artificial multi-input stimulation, as 
well as optimized muscle selection. 

MATERIALS AND METHODS 

The model consists of three main parts: activation dynamics. contraction dynamics. and body­
segmental dynamics. Activation dynamics connects the FES input to the activation needed by muscles 
to generate desired force. The FES input is described as a set of rectangular pulse trains characterized 
by three parameters: pulse amplitUde, pulse width, and interpulse period. Muscle force is controlled by 
adjusting pulse width or pulse amplitude (recruitment modulation) and interpulse period (frequency 
modulation). To take into account discontinuous force generation due to single, successive stimulation 
pulses, a discrete-time model is required. Therefore, we use an activation dynamics model that is 
similar to the one proposed by Hatze 12/. Additionally, we have accounted for nonlinear recruitment 
characteristic of artificially stimulated muscle 16/. Furthermore, we have introduced a normalized 
fitness functionfit(t) in order to describe muscle fatigue and recovery: 
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.flt(t) = 1fTfat (fit min - fit(t» a(t) + l/Trec (1- fit(t» (1- a(t» ; flt(t), art) = 0 ... 1 

In this equation art) denotes muscle activation, fl1min is the minimum fitness, T(a( and Tree are the time 
constants for fatigue and recovery, respectively. We distinguish between slow and fast fiber types. 
Conrraction dynamics generate tendon force. The lines of action of 13 musculotendon actuators of the 
lower extremity are defined based on their anatomical relationships to 3-D bone surface representations 
/11. Each muscle is in series with tendon and is modeled as a composition of elements with nonlinear 
passive viscoelastic and force-generating properties /3/. The contractile element of muscle accounts for 
the force-length and force-velocity property of muscle, which also depends on muscle activation. We 
use a method developed by Zajac /8/ to scale the musculotendon actuators. In contrast to other 
investigators /1/ /2/ /3/ /7/, we pay special attention to the viscous property of muscle: we describe 
muscle damping force as a nonlinear relation of muscle velocity /6/. In body-segmenral dynamics the 
moment arms are detennined as a function of knee flexion angle. Moment arms and tendon forces 
yield joint torque._ Finally, movement of the lower extremities is obtained by applying equations of 
motion. To identify patient-specific parameters, a passive pendulum test is perfonned to detennine 
elastic (e.g., musculotendon lengths) and viscous properties (e.g., damping coefficients) in muscles and 
joints. Standardized stimulation experiments allowed us to identify the recruitment curve of muscle 
and contraction/relaxation as well as fatigue/recovery time constants. Remaining parameters were 
estimated from the literature. 

RESULTS 

The simulation program is based on an identified model and can be used to simulate FES-induced 
isometric knee flexion/extension moment or shank motion. In Fig. 1 simulated and measured isometric 
knee extension moments are compared for a predefined stimulation pattern. This figure illustrates the 
influence of single, doublet, and triplet bursts on the moment output. Pulse width as well as pulse 
frequency were not modulated. Note that intennediate bursts accelerate joint moment generation. 
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Fig. 1. Comparison of simulated and measured isometric moment in the knee joint. The abbreviations s, d. and t mean 
single, double, and triple stimulation pulse. respectively. sc, dc, and tc mean that after an initial single. double or triple 
burst, respectively, stimulation bursts follow with continuous interpulse periods (50 msec). The interpulse period in the 
double and triple bursts are 10 msec. 

We also investigated different stimulation patterns for freely swinging shank and compared motions 
generated in the simulation model with motions traced in FES experiments. Fig. 2 shows such a 
comparison for rectangular and triangular pulse width modulation. The results of the simulation model 
agree sufficiently well with the data obtained by measurements. 
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Fig. 2. Comparison of simulated and measured knee flexion angle of freely swinging shank. The measuremenlS were 
performed in two different patienlS with complete spinal cord injury. The upper graphs show the time course of the 
modulated pulse width; the figures below present the resulting knee angles in simulation and experiment. (A), (B) 
Rectangular pulse width modulation and resulting knee flexion angle. (C), (D) Triangular pulse width modulation and 
resulting knee flexion angle. 

DISCUSSION 

The objective of this study was to develop an experimentally evaluated biomechanical model of the 
human knee which can be employed for designing and testing open- and closed-loop strategies for 
neural prostheses on the basis of FES. One difficulty of our model appears to be its complexity, which 
requires many parameters to describe the musculoskeletal system. Figs. 1 and 2, however, show that 
simulation and measurements correspond well. One could argue that it would be easy to fit the 
simulated and experimental trajectories by iteratively modifying one of the various parameters, 
arbitrarily, without any physiological basis. This, however, does not hold true in our case, because on 
the one hand parameters that do not significantly differ among individuals or that are difficult to 
determine were taken from the literature . They were assumed to be equal in all subjects and, thus, they 
were not changed during the studies (e.g., parameters describing muscle paths, joint geometry or 
musculotendon properties such as the force-length and force-velocity relation). On the other hand, the 
remaining parameters describing viscoelasticity of joint and muscles, fiber recruitment behavior, 
muscle fatigue, anthropometry, etc., were identified with standardized procedures. 

Since the musculoskeletal system is very complex (many nonlinear effects) and due to the high number 
of input quantities (pulse width, pulse amplitude, interpulse period, muscles to be stimulated) which 
control or influence human body motion, we believe that detailed modeling is indispensable for this 
kind of engineering problem. One advantage of the model's complexity, e.g. the large number of 
muscles, is that the user can investigate the stimulation of different combinations of muscles and thus 
determine which combination develops optimum joint loading during FES in order to avoid overstress 
of joints and ligaments. The present simulation model is an effective tool for such investigations, 
because such quantities cannot be measured noninvasively. Furthermore, effects such as muscle fatigue 
or nonlinear muscular viscosity are required for a realistic simulation of FES-related tasks. Muscle 
fatigue is a significant problem that occurs during FES. Taking this effect into consideration, it is 
possible to optimize muscle stimulation patterns so as to allow only minimum muscle fatigue. 
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Compared to others /5/, our approach to describing muscle fatigue is more general and thus it has the 
advantage that it can be applied to any shape of stimulation input. Since we use a discrete-time model 
to describe multi-input activation dynamics as realistically as possible, our model can also deal with 
various kinds of FES modulation patterns. Not only recruitment and frequency modulation can be 
modeled in our simulation. It also allows the user to study the influence of variable interpulse periods 
on the generated joint moment, for example by adding intermediate stimulation bursts. Such 
stimulation patterns have many advantages for the performance of neural prostheses as regards muscle 
fatigue and the properties of force generation. Our comparisons of model predictions and experimental 
data have shown good agreement, which encourages us to conclude that the modeling of the human 
musculoskeletal system will advance the development of neural prostheses. 
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COMPARISON OF SIMULATION AND EXPERIMENTS OF DIFFERENT CLOSED-LOOP 
STRATEGIES FOR FES. PART 2: EXPERIMENTS IN PARAPLEGICS. 
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SUMMARY 

Open-loop and closed-loop stimulation of the knee extensors for the control of knee joint angle and 
torque were tested as a potential basis for more complex functional electrical stimulation (FES) 
systems used in human locomotion. The output of the biomechanical simulation model described in 
part 1 was compared with stimulation experiments in patients with complete thoracic spinal cord 
injury. A good ..correspondence between simulation and experiments could be obtained for both 
isometric conditions and conditions with freely swinging shank. For closed-loop control, a simple 
proportional-integral-derivative (PID) controller yielded sufficient perfonnance only in isometric 
conditions, especially if combined with (linear) feedforward. Due to additional nonlinearities of muscu­
lotendon and body-segmental dynamics more complex strategies have to be applied to the control of 
unconstrained movements. An inverse model was derived from the direct biomechanical model in order 
to compensate for these nonlinearities. This inverse model yielded satisfactory agreement between the 
measured knee angle and the desired trajectory already in an open-loop condition. A combination of 
the inverse model in the feedforward part of the control loop and of a PID controller provided robust 
and precise control of knee angle. Further improvement may be achieved by including elements of 
spasticity into the simulation model and by controlling both, the agonistic and the antagonistic muscles. 

STATE OF THE ART 

The feasibility of standing up and sitting down, gait, and stair climbing in paraplegic patients using FES 
has been demonstrated in several laboratories Ill. However, clinically used FES systems today are all 
open-loop and the implemented stimulation patterns are derived empirically. With these systems the 
weight-bearing muscles have to be stimulated excessively in order to provide a margin of safety. 
Therefore, the resulting movements are not hannonious even in the ideal case of non fatigued muscles. 
Additionally, open-loop systems can not compensate for external disturbances (e.g. stumbling) or 
changes of internal parameters (e.g. loss of muscle force caused by fatigue). Numerous approaches to 
closed-loop control with FES have been tested in different laboratories, for example linear and 
nonlinear lead-lag controllers, adaptive control 12/, finite state control and cycle control 13/. A 
combination with linear feedforward improved the perfonnance of lead-lag controllers 141 especially in 
isometric conditions. Due to the numerous nonlinearities of the motor system, however, linear 
components are not appropriate for the control of unconstrained movements. For the development of 
enhanced control systems, these nonlinearities must be considered. The aim of the present paper is, to 
verifY if mathematical models of the motor system (electrode, peripheral nerve and musculoskeletal 
system) may improve motor control with FES. Direct models of the motor system may be used in 
computer simulations ·in order to optimize stimulation patterns and parameters of the closed-loop 
controller without requiring cumbersome experiments in patients. It should also be tested to what 
extend inverse models will compensate for the nonlinearities ofFES-induced movements. 
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MATERIALS AND METHODS 

Stimulation experiments were performed in five patients with complete thoracic spinal cord injury. The 
patients were laying supine with the thigh supported and the shank hanging down. The quadriceps 
femoris muscle was stimulated by surface electrodes. Pulse width modulation with constant current and 
a stimulation frequency of 20 Hz was used. Under isometric condition the knee torque was measured 
with a strain-gauge based transducer. Under condition with freely swinging shank the knee angle was 
measured with an electrogoniometer. The sampling rate amounted 160 Hz. For open-loop experiments 
the modulation waveforms (rectangular, sinusoidal, and triangular) were applied to the pulse width. 
For closed-loop experiments with a PID controller and for experiments with the inverse model the 
modulation waveforms were applied to the controlled variables (knee torque or knee angle). Prior to 
closed-loop stimulation experiments the parameters for the PID controller were optimized by computer 
simulation with the direct model described in part 1 in a standardized iterative procedure with the mean 
square error as optimization criterion. The inverse model was derived from a simplified version of this 
direct model. The input to the inverse model was the desired trajectory of knee joint, the output was 
the stimulation pulse width. The inverse model contained the following components and provided the 
following intermediate quantities (in parenthesis): equations of motion (=> knee moment) , varying 
lever arm of the quadriceps femoris muscle (=> tendon force), force-length relation of the muscle (=> 
muscle activation), release of calcium ions and synaptic signal transmission (=> number of recruited 
motor units), and recruitment curve (=> stimulation pulse width). This inverse model was only used in 
the feedforward part of the control loop, in some experiments it was combined with a PID controller. 

RESULTS 

Open-loop stimulation experiments with freely swinging shank and triangular (linear) pulse width 
modulation revealed that the system is highly nonlinear in space and time (Fig. IA) . The time course of 
the measured knee joint angle differed considerably from the time course of the stimulation pulse 
width. With an inverse model most of these nonlinearities could be neutralized (Fig. IB) . For the 
ascending part of the curve (knee extension movement) there is a good agreement between the desired 
and the measured knee angle. During knee flexion movement however, the measured value was always 
higher than the desired value. 
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Fig. I : Open-loop stimulation of the quadriceps muscle with freely swinging shank in a patient with complete thoracic 
spinal cord injury. A: triangular pulse width modulation (0 .. 500 J.lS). without inverse components. B: triangular 
modulation of the desired knee joint angle (dashed line) as input to the inverse model. The output of the inverse model is 
the stimulation pulse width (middle trace). The calculated knee moment is also displayed as an example for intermediate 
quantities derived from the inverse model. 
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Closed-loop stimulation experiments proved that control of knee torque (under isometric condition) 
and control of knee angle (under condition of freely swinging shank) are both possible with a PID 
controller. For both conditions the best results were achieved using controller parameters, which have 
been optimized by computer simulation. Under condition of freely swinging shank (Fig. 2A) control 
was less robust and the time lag (330 ms) was higher than under isometric condition (130 ms). 
Additional linear feedforward improved the performance of the system only under isometric condition. 
For condition of freely swinging shank an excellent performance could be achieved by a combination of 
feedforward with the inverse model and a PID controller (Fig. 2B). There was almost no time lag (30 
ms) and only a slight overshoot at the extreme positions. 
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Fig. 2: Closed-loop control of knee angle; stimulation of quadriceps muscle with freely swinging shank in a patient with 
complete thoracic spinal cord injury. A: PID-controller without feedforward. B: Combination of a PID-controller and 
feedforward with the inverse model. Des. Val ., desired value; Act. Val., actual value; PID, PID controller; Inv.M., inverse 
model; Stirn. +Musc.ske ., plant (stimulator, nerve and muscu10skeletal system). The upper curves represent the knee 
angle (dashed, desired value; solid, actual value). The lower curves represent the stimulation pulse width (dashed, output 
of the inverse model = feedforward part of pulse width). 

DISCUSSION 

This paper stresses two aspects of mathematical modeling: direct models and inverse models. Direct 
models have been used in computer simulations in order to predict knee motion induced by FES. In 
that way different controllers can be tested and optimized prior to stimulation experiments in patients. 
We found good agreement between predicted and measured knee motion, when a careful identification 
of the model's parameters had been performed. 

Inverse models have been used as part of the control loop. Although not all components of our direct 
model were used in our inverse model, this inverse model considerably improved feed forward control 
of knee motion. Inverse models have several advantages compared to empirically derived stimulation 
patterns. Inverse models compensate for nonlinearities of the system, e.g. nonlinear recruitment of 
motor units, nonlinear force-length relation of muscle contraction, changing lever arms, and influences 
of inertia. If the trajectory of the desired value is steady, inverse models can also make up for delays 
and nonlinearities in time. In multijoint movements inverse models consider coupling of moments 
between joints. The hardware requirements for inverse models are considerably lower than for artificial 
neural networks /2/, even multijoint inverse models can be implemented on current microprocessors. 
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However, one important limitation for such models is spinal reflexes, which are preserved or even ex­
aggerated in patients with upper motor neuron lesions. It is difficult to predict accurately the 
occurrence and the effects of phasic, polysynaptic reflexes, e.g. flexor withdrawal reflexes in patients 
with spasticity. Thus, modeling of these reflexes seems hardly be possible. It also seems unlikely that 
motion induced by these powerful reflexes may be completely counterbalanced by stimulation of an­
tagonistic muscles. Because phasic reflexes usually occur only during the first seconds of stimulation it 
is more desirable to find stimulation patterns that do not elicit these reflexes at the onset of stimulation. 
A second aspect of spasticity is the increased muscle tone. When muscle tone or stiffness is considered, 
one has to differentiate intrinsic and reflex components lSI. Although there is evidence, that changes of 
intrinsic muscle properties contribute to increased muscle tone in patients with upper motor neuron 
lesions 16/, also tonic stretch reflexes have to be taken into account. As tonic stretch reflexes are more 
predictable than phasic reflexes, modeling these reflexes may improve the simulation and control of 
lengthening contractions (e.g. knee flexion movement, see Fig. lB). 

Other limitations for feedforward control of FES induced movements are external disturbances and 
changes of internal parameters due to fatigue. These phenomenons can only be compensated by closed­
loop control. If applied to the control of unconstrained movements, conventional lead-lag controllers 
have several disadvantages, such as a substantial time delay and a lack of robustness. It could be shown 
in this work, that a combination of linear feedback controllers with inverse feedforward eliminates 
many of these disadvantages. Further improvement can be achieved by controlling also the antagonistic 
muscles and using adaptive algorithms 121 in order to compensate for variations of parameters. 
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SUMMARY 

A closed-loop control system for functional electrical stimulation (FES) with percutaneous 
electrode is described. The system consisted of ultrafine percutaneous electrodes, multi-channel 
stimulators (16 and 32 channels) and sensors (pressure sensor, flexible goniometer and stretch 
sensor) for detection of knee buckling. In comparison with three sensors during standing, the 
stretch sensor was superior to other sensors in both ease of use and response. Two completely 
paraplegic patients could stand and walk stably with this closed-loop control system. No compli­
cations occurred in clinical use. This system reduces muscle fatigue by electrical stimulation and 
prolongs upright activities in complete paraplegics. 

STATE OF ART 

Restoring independence in performing daily functions is the main goal in treating paraplegia. 
Recent advances in computer technology has made it possible to control paralyzed muscles by 
electrical stimulation. We have used FES to restore paralyzed muscles in the lower extremities 
since 1990/1 I. A major limitation of FES is that of muscle fatigue. The amount of fatigue of the 
muscles can be reduced using the closed-loop control. Although some investigators have al­
ready developed the closed-loop control systems using surface electrodes for paraplegics, there 
is no available system for percutaneous electrodes 12,3/. We have developed new stimulators 
and sensors for closed-loop control with percutaneous electrodes. Here we describe our system 
and the clinical use in two complete paraplegic patients. 

MATERIALS AND METHODS 

The indwelling electrode was formed from 19 strands of a helically wound Teflon-coated stain­
less steel (Nippon Seisen Co.Ltd.). Electrodes were percutaneously implanted into the motor 
point of muscles. Two stimulators were developed for the percutaneous electrodes. Akita stimu­
lator I had 16 channels, including two channels for swinging the leg by stimulating the iliopsoas 
muscles and two for the continuous stimulation. Rectangular pulse trains consisted of a pulse 
width of 200 microsecond, a pulse interval of 50ms, and a pulse amplitude from 0 to -15 V. This 
stimulator equipped an interlocking circuit to prevent simultaneous reactions in both legs (Fig 1). 
Akita stimulator II had 32 channels and could vary pulse frequency from 20 Hz to 100 Hz to apply 
high frequency stimulation to achieve quick response to knee buckling. Akita stimulator II can be 
used for not only FES but also therapeutic electrical stimulation (TES) in training paralyzed 
muscles to achieve sufficient muscle strength for standing and walking (Fig 2). 

Pressure sensors on the grip of the walker were connected with a stimulator for initiating 
standing-up or swinging the leg. In restoration of standing, a pressure sensor (Click BP) on the 
anterolateral site of the proximal shank, flexible goniometer (P&G) attached on the axis of the 
femur and tibia, and stretch sensor (Biotech) attached at the posterior of the knee were used to 
detect knee buckling caused when the floor reaction vector shifts behind the knee joint. Since the 
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command algorithm includes some time delays, we compared three sensors with the response to 
the time delay under 20Hz stimulation. Two completely paraplegic patients were requested to 
remain standing with the hybrid FES system. Then electrical stimulation was cut to induce knee 
buckling artificially or they were requested to voluntarily buckle the knee. When knee buckling 
was detected with a knee sensor, hip and knee extensor muscles were stimulated for 2 seconds 
to recover from knee buckling . We measured accuracy of response to knee buckling in each 
sensors and time delay from knee buckling to the start of recovery stimulation in the flexible 
goniometer and stretch sensor. Time delays were measured ten times in each sensor. 

The algorithm for control during walking was as follows: when the grip sensor was on, the 
iliopsoas muscle was stimulated to swing the leg and the ipsilateral hip and knee extensor 
muscles were not stimulated but the contralateral hip and knee extensor muscles were stimu­
lated for limb support. When the grip sensor was off, the hip and knee extensor muscles were 
stimulated to maintain limb support but the iliopsoas muscle was not stimulated. The hip and 
knee extensor muscles were stimulated when the knee sensor was off and not stimulated when 
the knee sensor was on. The grip sensor always had priority over the knee sensor to prevent the 
falling. 

This closed-loop control system using Akita system I was implanted in a T6 completely 
paraplegic patient (case 1) and that using Akita system II in a T8 completely paraplegic patient 
(case 2) to restore the function of standing and walking. Both cases involved spinal cord injury. 
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RESULTS 

Both complete paraplegic patients could stand and walk stably with this closed-loop control 
system. Maximal duration of standing by electrical stimulation with closed-loop control was 25 
minutes in each patient. Maximal distance of walking was 25 meters in case 1 and 30 meters in 
case 2. No complications such as falling occurred in either case. 
To detect knee buckling during standing, the pressure sensor sometimes presented false-nega­

tive response due to the incompatibility between sensors and orthosis. The accuracy of response 
by the pressure sensor was not reliable in detecting knee buckling. Although the flexible goniom­
eter could set the threshold of knee angle for detecting knee buckling precisely, it needed to be 
set each time and determining the appropriate threshold was difficult. The appropriate threshold 
of knee angle for the flexible goniometer to control standing efficiently was 12 degrees. The 
stretch sensor had an advantage in that threshold did not need to be determined each time 
because of active current control. The threshold was automatically determined when stretch 
strength became fixed each time. The average time delay from the start of knee buckling until 
initiation of recovery electrical stimulation was 0.53±0.17 sec (Mean±SD) in the flexible goniom­
eter and 0.18±0.04 sec in the stretch sensor. There was a 0.35 sec difference in time delay on 
average between the two sensors. The maximal time delay was 0.8 sec in the flexible goniometer 
and 0.23 sec in the stretch sensor. The stretch sensor was superior to pressure sensor and 
flexible goniometer in both ease of use and response. 

DISCUSSION 

For paraplegics, FES-induced muscle fatigue and withdrawal reflex habituation are two of the 
factors that limit control and endurance of standing and ambulatory activities. The presently avail­
able clinical FES standing systems involve continued activation of the lower limb extensors re­
sulting in rapid muscle fatigue. The amount of muscle fatigue can be reduced using the closed­
loop control. It is possible for the paraplegic patient to remain standing without muscle activity of 
the lower limb as long as the floor reaction vector is in front of the knee joint, with hip hyperexten­
sion. This "en-posture allows the patient to stand stably using a hybrid FES. When the floor 
reaction vector shifts behind the knee joint, knee buckling occurs. In case of buckling, the knee 
sensor detects it, and knee extensor muscle is stimulated. This closed-loop control reduces 
muscle fatigue and prevents falling due to knee buckling. To reduce knee motion during buckling, 
it is necessary to shorten the time delay by detecting knee buckling as soon as possible and 
stimulating the muscle immediately to induce rapid muscle contraction. Although a pressure sen­
sor has been commonly used to detect knee buckling, the accuracy of its response was not 
reliable. The stretch sensor was most useful for closed-loop control of knee buckling during 
standing bot~1 in ease of use due to active current control and in response. In addition, it was 
cheap and durable. 

Although the sequential phases of locomotion in the 4-point gait pattern with the hybrid FES 
were described by Andrews /4/, it was difficult to reproduce these phases in complete paraplegia. 
Problems with high energy requirements, lack of trunk and hip stability requiring the use of a 
walker and complexity of care and maintenance of the system remain to be resolved. We have 
restored the reciprocal gait pattern in the swing of the leg by stimulating the iliopsoas muscle and 
providing limb support by stimulating hip and knee extensor muscles. The stride length has been 
regulated by the stimulation time of the iliopsoas muscle. This simple control restores stable 
walking without falling and reduces muscle fatigue in complete paraplegic patients. However, 
more complex systems are needed to prolong the walking distance and completely prevent fail­
ing. Further expansion of these systems would facilitate the independence of complete paraple­
giC patients in daily living. 
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SUMMARY 
Preliminary results are !!.resented oj recent studies using machine leaming to extract data frOI1l SI!!S (?f 
sensor.s jor lise with FES controllers. These methods allow flexibili(V in choosing alld locating sensors. 
Examples oj suitable external sensors suitable jor FES are presel/led. Allhough the examples inl'oll'e: the 
10IVer limb with external sensors alld electrodes the techniques are gelleral ill scope. 

Keywortls: Sensors, FES Control, Machine Learning, Paraplegic Locomotion 

BACKGROUND 
Sensors are often selected for FES on the basis of experiential knowledge or intuition as to how the signal 
could be processed to give the desired gait control variable or, in the case of event or intention detectors, 
how discrimination algorithms can be formulated . Such heuristic knowledge is deep and can be vel)' 
robust however, the approach is limited by the availability of sensors and the ability to formulate the 
algorithm. Preliminary results illustrate new possibilities for extracting information from sensors for use in 
various components of the neuroprosthetic system including: interpretation of user commands; detection of 
user intentions; discrimination locomotor events and phases; feedback data for control loops; data for hand 
crafted rule based controllers; data for self adaptive controllers

b
' data for system diagnostics; patient 

compliance and functional outcomes' supplemental'Y sensol)' feed ack to the user. The present sensory 
system is being developed for a hybrid system (Davis et al. in these j)roceedings) to assist transfers, 
standing, obstacle negotiation and short range locomotion in paraplegia. The hybno system comprises an 
externaT sensory system, control computer, implanted electrodes and ankle foot orthoses. 

METHODS 
Modular General Purpose Sensor System In order to minimize encumbrance and improve reliability 
cosmesis and ease of use the sensory system comprises external artificial sensors that are restricted to and 
integrated within the AFO's and a low profile waistband. The robust, miniature and low cost sensors 
Qresently being investigated are: single chip accelerometers with a dc response type ADXLOS, Analog 
Devices, force sensin.£ resistors (FSR's, Interlink Electronics Inc.), strain gauges and a simple, purpose 
designed, magnetic field transceiver position and relative an~le sensor. (Jp to six accelerometers are 
distnbuted in the waistband and three in each AFO. The FSR s are integrated into the footplate of the 
AFO's and the strain gauges attached to the anterior surface (to estimate the ankle dorsiflexion restraining 
force actions) . The accelerometers are rich in information on inclination with respect to the gravity ana 
inertial components up to +/-S~ . The device is sensitive at O.SV/g, with good resolution at Smg, low drift 
'at +/-0.5%, highly linear at 0.2 Yo full scale, 0-1.6 kHz bandwidth, robust up to 1000g shocks, fow we.ight 
Sgm and low power. A simple, low cost, non-inertial magnetic position sensor comprises three 12kHz 
transmitters in the waistband and three receivers in each AFO. Each transmitter coil is activated in turn and 
the corresponding signal strengths from each receiver are sampled to p'rovide information on relative angle 
and p'osition of tfie relative motions between the transmitters and receivers. The transmitters and receivers 
also incorporate magneto resistors that ~rovide inclination signals relative to the earth's magnetic field . 
Single multicore cabTe connects each AFO sensor cluster to tile waistband cluster. The methods described 
below do not require precise alignment of these sensors. The set is overdetermined and can be reduced 
depending on the FES control tasKS. 
Sldll Grafting, Detecting Gait Events & User 1ntentiolls In many learned motor tasks involving there 
are associatecf preparatory movements or postural changes. These are often subcognitive (as opposed to 
those process of which the subject can give an explicit account) and a comp'uter can learn by Imitation 
from oehavioral recordings from a trained p'atient (or clinician), then reproouce the learned skill when 
subsequently Qerforming on its own, and fmally deliver an articulate account of the given acquired skill in 
the form of rule-structured expressions. For example, in the simplest manual handswltch control of FES as 
described by Kralj & Bajd the patient (or clinician) is often observed to progressively imp-rove the gait by 
learning exactly when to press the control switch during late stance to evoke the flexor reflex. Patients can 
become skilled in leaminK when to press the switch to accommodate for delays such as those associated 
with the flexion reflex. This learned sub cognitive skill can be ap'proximately modeled in the form of 
production rules from reQeated instances of Its use. In this waycl, SKill is cloned since these rules logically 
mimic the skill of the CNS and can be readily transferred or graned to a computer. During these examples 
behavioral and system signals are recorded . -In this case, the-handswitchs together with tIie sensor signals 
such as : insole pressures and crutch force sensor signals. In principle, if there is a strong coupling between 
volitional motions and control signals then there is the opporturuty for an improved cybernetic interface 
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the machine (FES controller) also has the ability to adapt, for example by usin.,g reinforcement learning /1/, 
then mutually adaptive learrung occurs the interface may be further improved~ For this reason the system 
sensors are selected to be rich m information on the related volitional preparatory movements and postural 
changes such as body weight shifts and crutch advancement and loading. 

Machine learning for FES control was first described in 1988 by Kirkwood & Andrews 121. Skill grafting 
for FES contror was subsequently presented at the 3rd Vienna workshop using the Disciple algorithm 
based on Quinlan's ID3 rule induction algorithm 13/. The method allowed the designer freeaom to chose 
sensors and position them without a prion reasoning on how to extract rules or be concerned about precise 
anatomical alignment. Also the contribution from each attribute is quantified in information theoretic 
terms. Indeed it has been found that human experts do not do as weI! when asked to select or rank the 
importance of sensors 14,71. The method is more fully described by Kostov et aL in these proceedings. In 
supervised learning, a major concern is how well the model (rules, neural nets etc.) .,generalizes. Here the 
handswitch is usea not only to initiate flexion but also the degree of flexion by how long the switch 
re.rl}ai!1s pressed (pres~t stirl}ulus int~nsity). This control is usecf ~y the p'atient in many suotle ways: to 
mltlatlng and tenrunatmg galt; negotiate obstacles or uneven terrain; turning on the spot; back stepping; 
negotiatmg a stair or step. The patient also introduces inconsistent time lags and errors due, for example). 
to distractions or lack of concentration. These inconsistencies will confUse and degrade the quality OI 
learning. Since the trained model only represent shallow knowledge of the system) one can only reasonably 
expect It to correctly' extrapolate or interpolate situations that are close to or within the hyperspace clusters 
formed by the training examples. The other regions of the hyperspace being essentialfy unknown i.e. 
shallow models are not endowed with common sense! These uncharted regions of the hYRerspace could be 
patched or locked out by integrating other information such as hand crafted rules and, for given training 
examples, the model's prediction accuracy can be optimized by trial and error selection of sensor 
attributes. However, this cannot improve the detectors generalization for events that are underr~resented 
in training, especially if these events are absent or only weakly represented in the sensor signals. Therefore, 
generalization perforinance of a model is influenced by the quality of training data and breadth of the 
training experience i.e. the correlation of attributes with teacher signals and the statistical significance of 
the traming examples to the population of possible instances .. 

To illustrate the issue, Table 1 presents data from for the spinal cord injured person (male born 1963, 
height 1.9m, C6 incomplete ASIA grade C.". Brown~Sequard, injured 1981 h teft unilateral 2. ch FES, muscle 
graaes less than ASIA 1) using the same l' ES system with forearm crutc es and handswitch mounted on 
the left hand grip . as described in the original reports. These data were recorded in Oct. 1991 in five 
consecutive walking trials in a single 2 hr session, each time starting from standing at rest and with rest 
periods between each trial /5/. In four of the trials he was asked to walk at his preferred rate and in the fifth 
at a faster rate. The sensors were:~ FSR's, four per insole, heel, med. & lat. metatarsal and big toe 
described in 16/; strain gauges measuring axial crutch forces; goniometers (Penny & Giles M 180) 
positioned to me~ure flexion and e~tension of the hips and ~nees .. The amplitudes of these 14 sens9rs 
were (SOliz, 12 bit AID) used as attnbutes to the EmpIric rule mductlon algonthm 171. The corres.Qondmg 
handswitch signals were also recorded and used to tram the decision tree usmg the data of trial C. Training 
was repeated at for preset error rates 5 10 and 15% (used with the number oT classes, output levels ~ here 
2 to calculate the required information'levell7!) and the corresponding number of decision tree nodes are 
also indicated. Figure 1 shows the decision tree (10%) and the il attrioutes selected by the algorithm. The 
top to bottom pOSition of an attribute ranks the relative importance. 

Error #0/ Misclassifications (%) 
Rate (%) Nodes A B C D E 

5 37 18.4 14 .5 0.2 8.0 24.6 
10 9 7.0 14.8 5.4 8.2 45 .1 
15 5 9.5 10.5 6.4 8.5 45 .1 

Table 1. Results from FES walking trials: A~D are 
the slow walking trials, C is the training dora and 
E faster walking trial. 

True 

R.I~I\I LJ1~!J1 Met:JlaIs:.11 

I Lell Switch Off 

Figure 1. Decision tree produced by Empiric. Note 
01l7y 4 out of 14 affributes were used. 
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the training set and, as expected, larger oI.1 the pther trials !it s!milar speed A-D. However. the errors are 
unaccepta51e at 45.1 % for the faster walking trial E. ExaminatIOn of the actual data for tnal D shown in 
figure 2 reveals that the errors occurred mairily during the start up phase. Tills example serves to make the 
point that a decision tree trained with the attributes of one speed of walking did not generalize well to 
other speeds by the same subject. Further study is re~uired to discover the limits to generalization of this 
technique in terms of combinations of sensors, attributes and models (the number of combinations can 
readily become large and is best optimized uSing algorithms like Predict that uses genetic algorithm to 
expedite the process). . 
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Figure 2. Generalization errors for walking trial D. 
Top trace the error. Bottom trace actual switch data. 
Middle trace Empiric prediction 

Figure 3. Top: video derived fonvard velocity 
(dolled) & superimposed Predict output (solt"d 
line). Bottom: the iiifference. 

Sensor Simulation using Gait Analysis The actual choice and location of sensors in the above scheme is 
limited by availability ana the need to conduct repeated clinical tests. An alternative ap'proach is to perform 
a comprehensive galt analysis in which the segmental kinematics (and kinetics) are aetermined. It is then 
possible to recalculate the data to determine the kinematics for any point on the body. In this way a 
hypothetical set of sensor signals can be quickly and conveniently ootained that can then be input to 
trainable networks. This enables candidate sensors to be examined and assessed before a commitment is 
made to specific sensors and the effort and resources needed to conduct clinical tests. This method was 
used to explore the required sensors for control of swing-through FES synthesized gait /7/. Using this 
method discovered the Importance of a new sensor, one tnat woufd detect the instant the swinging shanks 
cross the crutches. This sensor has yet to be developed but could be implemented optoelectronically, 
however, tltis example serves to illustrate the power of the technique. 
Intelligent state variable "Observer" There is the requirement for specific biomechanical variables that 
are not directly monitored. These "hidden" variables may be observed by the use of a trained neural 
network that maps sensor derived features onto the required variables. During training the desired 
variables must be directly monitored (using specific transducers such as goniometers of £eneral purpose 
motion analysis equipment) and used as examp'les for the supervised learnmg. The trained-neural network 
may be regarded as an intelligent observer (In some ways this has some similarities to the observer 
technique u~ed in modern contr91 the9TY tq estimate state vari.ables that are not available from the actual 
system. Unlike the above modeling thiS IS Simply a transformatIOn of one set of system outputs to another 
and thus should be less affected by the time varying inconsistencies in the eNS and neuromuscular system 
and higher level planning. To illustrate the method consider the following task to determine the forward 
velocity of the foot of an able bodied subject from two accelerometers (ADX05, Analog Devices, sampled 
at 1 kHz 12 bit AID) attached to the shoe of an able bodied subject one approximately aligneo with the 
heel and' toe with the other approximately radial. The forward velocity teaching data was determined by 
numerical differentiation the d~lacement of a reflective marker positioned on the toe using a 60Hz video 
based motion analysis system. Each acceleration signal was low pass filtered (IOHz, 8th oraer Butterworth 
double pass to cancel phase) to a similar bandwidtb as the teadier signal. The filtered acceleration signals 
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one accelerometer to indicate stance and swing phase. The Kalman filter learning rule option was selected 
and the five signals were input to the Predict program which automatically app'Iied a number of potential 
data transformations, to improve the correlation with the teacher signal, to each feature signal. A genetic 
algorithm is used by Predict to select the oI?timal feature set most suitable data transfOrmations. The 
algorithm was thus trained using 70% of the first 1900 data points and the generalization error tested on 
the remaining unseen data !Joints. Predict selected four of tbe five features and applied either Tanh or 
linear data transformations, the results were encouraging and are shown in figure 3. 

DISCUSSION 
The development of techniques to improve the generalization of models derived from supervised learning 
is now a pnority, no matter if they are implemented as various paradigms of artificial neural networks or 
various rule induction schemes. This is a largely a matter of improving the quality and degree of trainin..g. 
Once trained, the generalization should be eXhaustively tested. Regarding the training of static models Hie 
following techniques may' be considered: Optimizing Sensors ana Attributes This can only be achieved 
on a trial and error basis. As a guide, training dala should be as clean as possible and have a high 
correlation with the teaching data . To further Improve these correlation's the data can be scaled and 
transformed. This can rapidly lead to an enormous number of possibilities to try out which can be very time 
consuming· and tedious. Programs like Predict have largely. automated this process by using a genetic 
algorithm to .search for s}'!lergistic set~ of.input variaqles which are good preaictors qrthe outpu.t. Once 
learned Predict produces C code that aids' Implementation of the FES controller._Locahzed Modelmg The 
dynamics of the locomotor system changes with the phase of the gait cycle e.g. in sin,gle support tI1e leg 
resembles an inverted pendulum whereas during swing it is a compound pendufum. This is expecting a lot 
from a single model. Intuitively it would seem more appropriate to restrict the hyperspace by havmg at 
least two models trained on data localized around specific events or phases. Sequential Ordering In many 
motor tasks, events and phases are normally sequential ordered. This knowledge can be inCluded by 
implementing the models as a sequential state machine to lock out or trap abnormal state transitions. In 
adaition, the probability of occurrence of the next events can be statistically determined based on the 
historical pattern of occurrence in recent cycles. For example, the "probability of occurrence" function can 
be used to window or welght out false detection's. Integration of Hand Crafted Rules_A priori 
knowledge of the biomecharucs of neuromuscular system and movements during gait may be articulated or 
extractecf by an expert and embodied in the form of hand crafted rules (Boofean, fuzzy or rough) . This 
human reasoning or "common sense" is deep as opP'osed to the shallow knowled~e extracted from input 
output data. A number of machine learning algorithms allow these hand craffed rules to be readily 
incorporated into the trained model. 

CONCLUSIONS 
These neurocomputing and AI methods allow flexibility in selecting and locating sensors and removes the 
need to know expliCitly how the sensor signals relate to control variables. Learning algorithms that 
incorporate genetic algorithms can expedite tne process of optimizing attributes/features.-Machine learning 
raises issues of Generalization ana Overfittmg (not dlscussed- here). There are concerns about 
generalization for these methods that require furtner work to resolve. Many machine learning algorithms 
allow for incremental learning i.e. additional training examples can be taught without having to start the 
learning process from the begmning. It is perhaps aSKing too much of the technique to successfully learn a 
statistically representative selection of an the various control situations encountered in everyday FES 
usage. An intuitively more attractive approach is to use a self adaptive approach such as reinforcement 
learning to implement a continuously self adapting fuzzy controller as descnoed in Ill. This latter approach 
offers the potential to supply partially trained (using a computer model, hand crafted or supervised 
learning) controllers that can tben continuously adapt to an indiVidual patient. 
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A FES Controller with Artificial CPG for Biological Systems 

SANKAI Y. 

Institute of Engineering Mechanics, 
University of Tsukuba, Tsukuba, 305, JAPAN 

SUMMARY 
A central pattern generator (CPG) of biological systems has excellent characteristics such as adaptivity or 

generation of various motion patterns. The purpose of this research is to propose and develop a new 
control method configured by the biological simulator, sensory feedback and the artificial CPG which is 
constructed by recurrent neural network (RNN) and genetic algorithm (GA). This FES control system 
would have a possibility to realize more effective and emergent motion control for severely physically 
handicapped persons such as the quadriplegics or paraplegics. A recurrent neural network (RNN) is used 
to construct the artificial CPG. The synaptic weights of this RNN are modified/changed by the genetic 
algorithm (GA) to achieve more adaptive and effective learning. This FES controller which has genetic 
algorithm and sensory feedback to the artificial CPG enables to realize emergent learning under various 
circumstances. By the actual experiments using animals with sensory feedback (in this case, angular 
displacement and angular velocity) and the computer simulations considering circumstances and biological 
aspects, we could confmn the excellent adaptivity and emergence for the motion control. This FES control 
concept might be regarded as essential for the total motion control. 
Keywords FES, CPG, Genetic Algorithm, Recurrent Neural Network. Self-Organization, Adaptivity 

STA TE OF THE ART 

FES technology might be essential methods to control or manipulate the muscle of biological systems. 
Most of FES controllers would be "feedforward manipulation" or "visual feedback control". These 
traditional ways can realize to move or manipulate the human's arms or legs etc. But, we need more 
suitable and adaptive feedback control. On a posture control of patients, I propose a decentralized sub 
posture control system which controls the patient's posture by itself. The special mark of this research 
shown in Fig.I is cybernic FES controller which consists of self-organized artificial CPG = Recurrent 
Neural Network(RNN) + Genetic Algorithm(GA). It would have an excellent and emergent adaptivity. 
The basic concept of this research is illustrated in Fig.I. Motion pattern or trajectory or adaptive controller 
are obtained according to the performance indices in the uncertain circumstances including systems. 

Carrnond I 

ArliticIaJ Motion 
Controt SyatlllTl 

<Cybemic FES ControlleD 

<Concept of this Research> 

How to prepare the motion pattern or desired 
trajectory ? 
How to prepare the adaptive controller for 
each person or different circumstances? 

adaptive I decentralized 
emergent t 

Cybernic FES Control/er 
= Recurrent Neural Network(RNN) 

+ Genetic Algorlthm(GA) 

Fig. 1 Concept of this research 
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MA TERIAL AND METHOD 

The configuration of the cyberniclbiocybernetic FES controller is shown in Fig.2. Artificial central pattern 
generator (CPG) or pattern generators (PGs) are main part of this FES control system. Sensory signal 
such as displacement, velocity, acceleration, tactile information etc are fed back to the CPGIPGs to 
perform the self-organization. In this level, we can chose the status in the CPGIPGs, i.e .. we can use the 
plain CPG (no learning) or pre-learned CPG by use of the bio-simulator of the human body described as 
virtual human or biological system. The purpose of this virtual biosimulator is to realize pre-learning and 
to reduce the actual repetition. It is very similar to the image training. 

DioplaoocIDCU' 
Vdool.y 
Acederalioa 
T.:Uk IDlomaUoa 

I Command System I , 

•• 
.11 supm~'Controlle3 i ··· ··.· 1 

Bio<ybentctlc Kcmd 
(BlologylPhyslolO&)') 

IVlrtual Human I , 

I Environment I 

Sensory Feedback 

DiI.,a-u. 
VdooIly 
Accclcralioa 
T_ Jalo .... llo. 
cle. 

· virtual circumstances 
· virtual motion training 

for leming of CPGIPGs 
· etc 

Fig.2 Configuration of cybernic FES control system 

The neuron model adopted here is recurrent neural network (RNN). Furthermore. each neuron has a time 
constant and mutual linkages. Therefore, this network can learn the dynamic motion pattern. The state 
equation of irh neuron is shown in Fig.3. The synaptic weights and time constant are modified by using 
genetic algorithm (GA). Genetic algorithm is a stochastic optimization search method based on the 
principle of biological evolution. Many theoretical foundation of genetic algorithm is based on a binary 
string representation of genetic pattern. In this research, RNN weight matrix as the gene is not integer but 
real number. Therefore, number of combination is countless and there would be few possibility to fall into 
local minimum. Fig.4 is GA calculation and the algorithm in this research. 

Inp'" 

State Equation of i th Neuron: 

dx · 
'ti-' = -Xj(t) + 

dr 

Yj(t) = j(Xj(t» 

n 

L WijYj(t) + Uj(t) 
j=l 

1 
fix) = 1+ e x 

Xi(l): Siale of; Ih neuron, Ui (I): inpul sigllallo; Iii neuron, 

Yi (I): oUIPUlfromj II! neuron 10; Iii neuron 

1i : lime cons Ian I of i Ih neuron, Wij: synaplic weiglll coe! of i Iii neuron 

[(x) : sigmoidfunclion, n: numbtrofneurons 

Fig.3 State equation and neuron architecture 
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Pre-learning by 
BioSimulator 

. Construction of 
new structure 

.....,.,~"."~- value 

Actual FES usage 
. Adjustment of 

constructed 
structure 

~) 
..... .1" ... 

For one row one column: 
Turning over of sign 
Replacement to random value 
Addition of random value 
Replacement to 0.0 

FigA Genetic Algorithm in this research 

RESULTS 

Experiments have been performed for twenty frogs as shown in Fig.5. Every spinal cord of frog's lower 
back was cut and every leg below knee was connected to FES controller. In these experiment, the degree 
of freedom is one. Parameters and conditions in these experiments are set as follows; RNN[nulllber of 
neuron unit=8, reset inner states of CPG=O), GA[number of pieces=64, mutation rate in pre-Iearning= 
O.lS(cf. le11'0rl>1O% then 0.3), mutation rate in after-learning=O.OS(d. lerrori> 10% then 0.3), performance 
index of fitness=only regulation(desired value=SO degree)]. Example results are shown in Fig.6. In this 
case, pre-learning of the artificial CPG by use of the simulator was performed previously before the actual 
experiment. 

Fig.S Ex periment 
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Fig.6 Example of control results by use of this cybernic FES controller 
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In the simulation, we confinn the advantage of this method for parameter perturbation (e.g.30%). 
Therefore, relatively fine results are obtained only several trails (19 generation = 19 trials) as shown in 
Fig.6. In the left figure(FIg.6), we can find a overshoot, but amplitudes of input signals are relatively 
small. In the right figure(Fig .6), there is no overshoot, but amplitudes of input signals are relatively large. 
In this experiment, perfonnance index is only regulation value. If we need other indices, we can prepare 
some indices for judgment of fitness, e.g., "regulation, overshoot, input amplitude". 

DISCUSSION 

We could confinn the excellent adaptivity and emergence for the motion control by using this cybemic 
FES controller. Especially, pre-learning by use of the simulator is effective method. If the artificial CPG 
is plain, we need many trials as shown in Fig.7. Of course, parameters of living frogs are different from 
parameters of virtual frog simulator. So, the system structure in Fig.2 would be suitable structure. But it is 
not clear which structure is better for more complex systems, i.e., centralized CPG structure or 
decentralized structure. We must get the working of the structure uncovered. 

fittness 

1.5 

Start from the Initial plain CPG(140 trials) 
0.5 

iT-~S:==-__ ",",,=,= .. == 
Start-alter re-Ioameet CPG(19 .. triais,.······· .. ··· ~· · · .................. -
O~~~~~~--~~--~~--~~ 

o 100 200 300 400 500 600 700 800 goo 1000 
trials I generation 

Fig.7 Advantage of pre-learning by use of biosimulator 

This FES control concept might be regarded as essential for the total motion control. And in the near 
future, we would like to apply this control method to the paraplegics. Stable and adaptive posture control 
will be expected. 
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AN ARTIFICIAL NEURAL NETWORK BASED SYSTEM 
FOR NMES-INDUCED GAIT 

F. Sepulveda., A. Cliquet Jr. 

Biomedical Engineering Dept., FEE-VniCamp, Campinas, Brazil 

SUMMARY 

An intelligent algorithm was used for controlling stimulation signal 
amplitude and pulse width. The control algorithm consisted of an artificial 
neural network trained on data from the subject for whom each device was 
made. 

One version of the system used feedback infonnation from a knee 
goniometer, while an improved version read signals from an ankle goniometer 
as well. Controller output for the former consisted of percent changes in signal 
amplitude, while the latter produced pulse width changes. Both systems were 
designed to induce swing only. 

Results suggest that an artificial neural network can be trained for adequate 
control of electrical stimulation-induced swing. 

STATE OF THE ART 

In spinal cord injured (SCI) patients, communication between the brain and 
muscle tissue below the injury level may be completely absent. However, 
supraspinal centers do not need to intervene in the generation of level, rhythmic 
walking: There exists an internal representation of the motion. Such internal 
representation consists of neural circuitry acquired mainly through the process 
of phylogeny, and throughout the early stages of individual motor learning. 
The latter process can be simulated, at least in part. This work relies on this 
fact and introduces an artificial neural prototype based on supervised learning 
for closed loop control of gait generated via neuromuscular electrical 
stimulation (NMES). Input comes from a single knee electrogoniometer for 
one device (S 1), while a second system (S2) also uses an ankle goniometer. In 
S 1 output for the system is the amplitude control signal for a portable 
stimulator unit /1/. The output for S2 produces changes in the stimulation 
pulse width (PW) . 

Supervised learning schemes, such as Backpropagation 12/, and other 
neural algorithms 13,41 have been employed with some success in the study of 
sensorimotor phenomena. None of the latter, however, have so far presented a 
control system for human gait whose simplicity and required computation time 
would allow real time control of locomotion in SCI patients. In addition, 
existing closed-loop NMES control systems /5/ fail to meet the needs of 
individual patients. These systems also fail to accommodate for non-stationary 
input-output relationships between monitored biomechanical variables and 
NMES signal characteristics. 
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MATERIALS AND METHODS 

The first functional version of the system is illustrated in Figure 1. A 
computer-based neural network uses signals from a knee electrogoniometer (an 
earlier version included data from FSR foot reaction force sensors, but they 
were found to interfere with stance in ways that compromised the patient's 
safety). The output signal consists of percentage amplitude changes in the 
control signal leading to a portable NMES unit. 

EXAMPLE GATHERING 

-, 
I 

I Gait I 
T 
I 

--.J 

READY TO USE 

l 
I 
I 

I Gait I 
""'""--,.....-----' T 

J 

EXAMPLES N.N. TRAINING 

FIGURE 1 - Functional schematic of the artificial neural system for closed­
loop control ofNMES-generated gait. N.N. stands for a three layer artificial 

neural network. 

In this work, the femoral and peroneal nerves are stimulated. For testing 
purposes, the swing phase in the left leg is controlled by the neural prototype, 
while the right leg uses a traditional portable, stand-alone NMES unit. 

During the "Example Gathering" phase (Figure 1), a swing cycle is 
produced with an untrained neural network. In this phase, an observer makes 
the desired changes in NMES amplitude via computer keyboard based on gait 
cycle-to-gait cycle observations. The history of sensor inputs and the 
corresponding NMES signal changes for many gait cycles are recorded. This 
information is then used for training the neural network. The "Ready to Use," 
trained network is later employed in automatic control of NMES signal output. 
It is important to note that each trained network is unique to each patient. 
Also, the "example gathering" process needs to be repeated only if the trained 
network is found to malfunction. Otherwise, a single session for gathering 
examples should be enough (on-line learning is now being added to the 
system). 

RESULTS 

Preliminary clinical tests have been run with system S 1. A complete (C6 
level) SCI subject underwent NMES on the peroneal and femoral nerves, 
respectively. Swing of the left leg was effected by production of the triple 
withdrawal reflex followed by knee extension. The swing phase ended when 
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peroneal stimulus was turned off. Amplitude values for both stimulation 
channels were initially preset to arbitrary values. The produced swing motion 
was analyzed by an experienced observer. Then, the latter adjusted the 
stimulation amplitudes in both channels until a suitable motion was observed. 
Meanwhile, four cycles of angle data and NMES amplitudes were recorded and 
used for posterior training of a neural network. Ideal swing for this subject 
was observed when NMES amplitudes were as follows: 60V at the femoral 
nerve; 30V at the peroneal nerve. 

Later, the same subject underwent NMES as described above. This time, 
however, stimulation amplitudes were adjusted by an artificial neural network. 
Beginning with amplitude values of 20V and OV for the femoral and peroneal 
nerves, respectively, predictions were made for ideal NMES amplitudes. An 
untrained network suggested values of 120V (the maximum output for the 
stimulation hardware) for both the femoral and peroneal channels, whereas a 
network trained on the four recorded examples above suggested values of 58V 
(femoral) and 6V (peroneal). 

In a second test, system S2 was used in similar fashion to produce 
swing in the left leg of an incomplete C6-level SCI subject. Fifteen example 
files were gathered. Of those, twelve were selected for network training. The 
remaining three files were arbitrarily chosen for network performance 
evaluation. This was of necessity as no stimulation was produced with a 
trained network for the reasons listed above. The best cycle was produced for 
a stimulation PW of 300 ~s for the quadriceps, and 650 ~s for the peroneal 
nerve. Network training took 21800 iteration cycles ( 30 min in a DX2/66 
MHz machine). The trained network was then presented with data points 
from the three example files not used for training. Results are shown in Table 
1. 

TABLE 1 - PW changes produced by a neural network trained off-line. Per 
denotes stimulation to the common peroneal nerve, while Quad refers to 

quadriceps contraction produced by femoral nerve stimulation. Updated values 
are the sum of pre-set and change values. 

TEST PRE-SETPW PWCHANGP UPDATED 
CYCLE {~) (!:!s) PW {!:!s) 

Quad Per Quad Per Quad Per 
50 50 200 747 250 797 

2 250 100 67 653 267 753 
3 300 400 16 283 316 683 

• Given by trained network based on goniometer history resulting from Pre-set PW 

DISCUSSION 

This work introduces the use of an auto adaptive, intelligent system for 
control of locomotion produced by NMES. Preliminary results show that an 
artificial neural network is capable of learning to make appropriate NMES 
amplitude changes. However, predictions for the peroneal nerve stimulation 
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with S 1, as compared to ideal values (6V versus 30V), suggest that network 
training on four examples only is inadequate. 

Results for S2 are more encouraging. A look at pre-set and updated PW s 
in Table 1, as compared to best cycle values (Quad= 300 Ils, Per = 650 IlS), 
suggests that corrections made by the trained neural network are reasonable. 
Best results were obtained from test cycle 3. This may be related to the fact 
that pre-set values for this cycle were closer to best cycle values than pre-set 
values for cycles 1 and 2. 

Better results obtained from system S2 (as compared to S 1) can be 
attributed to the use of an extra goniometer feedback and to a larger number of 
training sets. It does not appear that changing the controller output from 
amplitude changes to PW changes was a significant factor. 
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PREDICTED AND MEASURED MUSCLE FORCES AFTER RECOVERY OF DIFFERING 
DURATIONS FOLLOWING FATIGUE IN FES 
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* Dept. Biomedical Engineering, Technion-Israel Institute of Technology, Haifa 
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SUMMARY 
Using 31 p NMR spectroscopy, the bioenergetics of paralyzed muscles activated by FES were 
studied in vivo during fatigue and recovery on paraplegic subjects. During the activation phase 
of the muscle, the muscle force was also monitored. The phosphorus metabolites were found to 
vary systematically during fatigue and to slowly recover to their rest state values after cessation 
of FES. During fatigue a good correlation was found between the decaying force and each of the 
profiles of phospho-creatine, inorganic phosphorus and intracellular pH. A musculo-tendon five 
element model_was proposed for the activated muscle to predict its force generation capacity. 
A fatigue recovery function, based on the metabolic profiles, was introduced into the model. This 
model allowed to predict the force expected to be developed as a function of time after recovery 
of given time durations. Validation experimental measurements of force were carried out and 
included recurrent fatigue tests, both in the initially unfatigued state and at various times in the 
post-fatigue stage of the muscle. Comparison of the predicted and measured forces indicated 
satisfactory agreement of the results. It is believed that the developed model of muscle dynamics 
will help to design a strategy for reducing muscle fatigue under FES. 

STATE OF THE ART 

Two major issues are associated with Functional Electrical Stimulation (FES) of a muscle; the 
mechanism of force generation by the recruitment of the muscle fibers, and the decay of muscle 
force with time as a result of muscle fatigue /6,8/. 

The musculo-skeletal system of the human limbs is normally treated as dynamically 
indeterminate, if the forces in the individual muscles are to be determined, due to the larger 
number of unknowns as compared to equations. In a paralyzed limb activated by electrical 
stimulation the degree of mechanical indeterminacy can be reduced, since the muscles of this 
limb are isolated from voluntary control and the number of activated muscles and the level of 
excitation can be controlled /3/. This is a unique situation since it allows the calculation of the 
actual muscle force from the externally measured torques, and the correlation of this direct 
muscle output to parameters of other nature, such as metabolic or myoelectric. 

Metabolic parameters monitored by 31 P magnetic resonance spectroscopy and including 
phosphocreatine (PCr), inorganic phosphorus (Pi) and intracellular pH were shown to indicate 
muscle force capacity in FES /2,3,5/. The decaying force and pH level were found to correl8te 
to each other and this correlation /5/ was used as a basis for the incorporation of a fatig; Ie 
function into a musculo-tendon model of the activated muscle /3/. 

In the present study the relations between muscle force in FES and metabolic parameters are 
studied to enable the development of a model of the activated limb, by which the force output can 
be predicted. 
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MATERIALS AND METHODS 

The set of measurements in this study were made on five paraplegic subjects. Transcutaneous 
electrical stimulation of the paralyzed muscles of paraplegic subjects was of tetanic form, given 
by a microprocessor controlled current-output stimulator /7/. The stimuli were rectangular with 
0.25 ms duration and frequency of 20 Hz /10/. The stimulation intensity was supramaximal and 
was obtained in each subject from the recruitment curves. Thus, it could be expected that all the 
muscle fibers became activated at the onset of stimulation, producing, within a time period of 
seconds, maximum muscle activation. From this initial condition, a gradual decay of the muscle 
output followed as a result of fatigue. 

Mechanical Measurements 

With the thigh attached to the seat, t,he lower leg was attached, by hinging the foot at the level 
of the ankle joint, to a load cell. The torque about the knee joint was measured isometrically 
versus time at 30° of knee flexion angle. The torque was on-line digitized at a sampling rate of 
2000 samples/sec. To ensure 'unfatigued conditions of the muscle, each test was made at the 
beginning of the training day, before any electrically induced activity took place. Each test 
included two contractions, one of 3 min and one of 100 s, separated by rest periods of differing 
durations: 3,6,9,12,15 and 30 min. 

~P NMR Measurements 

A detailed description of the metabolic measurements is given elsewhere /5/. Briefly, these 
measurements included metabolic spectra and force measurements. The continuous stimulaticn, 
the force recording and the 31 P NMR measurements were sampled simultaneously within the MR 
clinical 1.9T instrument operating at 32.9 MHz for 31 P spectroscopy and at 81.3 MHz for .; H 
imaging. A hydrogen/phosphorus, doubled tuned, surface coil served for both imaging and 
spectroscopy. The coil operated in a transmit/receive mode. Field shimming was performed on 
the 1 H signal. 

MUSCLE MODEL 

By solving the dynamic equations for the lower leg, it is possible to obtain the quadriceps tendon 
force, given the external loads and the anatomical and anthroprometic data. The musculo-tendon 
model which was used for this study is shown in Fig. 1. The muscle's active element is 
represented by the muscle contractile element (CE). The passive elements in the muscle fiber 
are represented by the passive parallel-elastic component (PE) /4/. The muscle viscosity caused 
by the presence of the fiber fluids is represented by the viscous element (VE) /1/. The variable 
1m represents the average muscle fiber length. The tension present in the parallel muscle element 
(PE) depends on the muscle length 1m' This tension, when combined with the tension produced 
by the contractile element (CE). yields the total muscle force for a particular level of activation /9/. 
The forces in the tendon (Ft) , the PE (F p) and the VE (F d) elements were analytically represented 
by the following relations: 

(1) 

The variables It and Imt indicate the tendon length and the length of the musculo-tendon, 
respectively. The force in the CE element was represented by the products of the followi'lg 
length-tension, velocity-tension, fatigue-recovery (normalized) and activation functions (a): 
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Fig. 1: Musculo-Tendon model of the system. Fig. 2: Typical fatigue curves 

(2) 

The intracellular pH level was designated to represent fatigue within the active contractile element. 
The procedure used included least square curve fitting of the pH decay with respect to time t 
during electrical stimulation and recovery, respectively, 

with constant parameters c" c2' c3 and c4 for fatigue and d" d2, d3 and d4 for recovery. 
The balance equation yields the following musculo-tendon mOdel: 

(3) 

(4) 

It should be noted that the musculo-tendon length Imt is treated here as a measurable constant 
since the experimental trials analyzed in this study were performed isometrically. 

RESULTS AND DISCUSSION 

Typical fatigue curves of force are shown in Fig. 2, in two conditions: the initially unfatigued and 
after a rest period of 6 min. The metabolic results of 5-6 measurements performed on each of 
the tested patients are demonstrated in Fig . 3. The tetanic stimulation induced very prominent 
changes in the steady state levels of the phosphorous metabolites. There was a decrease in the 
intracellular pH to about pH=6.2, which was found to correlate to the decay in the quadriceps 
force during stimulation. 
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Fig. 4: Model and Measured Results 
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The recovery process is also illustrated in Fig. 3. The pH values returned gradually to their steady 
state levels after about 35-40 minutes of recovery. There was a similarity in the behavior of the 
quadriceps muscles of all the patients. 

The model was run for two FES contractions, one of 3 min and one of , min, separated by rest 
periods of 3,6,9,12,15 and 30 min. A predicted maximal force trajectory was obtained indicating 
a steady increase of the force with recovery time (Fig. 4). The results of parallel experiments are 
also indicated in the figure and show that there exists a good correspondence between the 
predicted and measured maximal forces. 

The comprehensive approach combining mechanical and metabolic parameters has been 
presented to identify and resolve the major difficulties associated with artificial muscle activation. 
The proposed mechanical model provided means to predict the force production capability of the 
muscle under different stimulation conditions. It is believed that learning the dynamic model of 
the muscle will enable to design a strategy for reducing the muscle fatigue during FES. 
Additionally, the task of a feedback controller becomes simplified, since the feedback errors can 
be reduced and the stability of the system can be increased. 
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GLYCOGEN DEPLETION IN FAST AND SLOW MUSCLES OF RAT DURING 
ELECTROSTIMOLATION 

O.L.Vinogradova, R.S.Medvednik 
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Russian State academy of Physical Education, Moscow, Russia 

SUMMARY 

We studied the effect of electrostimulator "Stimul-1", widely used for 
treatment of neuro-muscular diseases and trauma, on glycogen content in 
fast m.tibialis anterior and slow m.soleus of rat. The direct muscle 
stimulation was performed with alternating 2000 Hz sinusoidal current 
interrupted 50 times "s-l for 10-40 min in regimen: 5 s maximal intensity 
stimulation - 5 s rest. To increase muscle glycogen level at rest, some 
animals were injected with glucose and insulin 24 hours before the 
study. As rest, glycogen content in m.tibialis anterior was higher, than 
in m.soleus: 40.1 ± 1.9 and 33.3 ± 1.8 rnrnol"kg w.w- l , respectively. 
The rate of glycogen depletion in both muscles was maximal during 
the first 1~ min of electrostimulation, than it declined and was 
approximately constant for the further 20 min. Regardless of initial 
glycogen content, the glycogen depletion rate was higher in m.tibialis 
anterior, than in m.soleus: for example, during the first 10 min 70% and 
50%, respectively. The rate of glycogen depletion in each muscle was 
positively correlated with the initial glycogen content. 

INTRODUCTION 

Besides its practical application, such as treatment of the neuro­
muscular disorders and trauma /1/, electrostimulation is a useful 
research method. It can activate simultaneously all the fibers in 
a muscle, thus allowing to standardize the conditions of contraction in 
the fibers of the various types by eliminating the recruitment pattern 
effect. Therefore, the intrinsic properties of the muscle fibers can be 
studied under the stimulation conditions. 

It was shown previously, that the muscle glycogen depletion during 
exercise is positively correlated with the initial glycogen content 
/2,3/. The aim of our investigation was to study this relation in 
muscles of various composition (slow m.soleus and fast m.tibialis 
anterior) in rat during maximal evoked contractions. 

MATERIALS AND METHODS 

Male Wistar rats (160-230 g) were anaesthetized i.p. with pentobarbital 
(50 mg"kg- l b.w.). Calf muscles of one extremity were stimulated through 
the surface circular electrodes. Proximal electrode was on poples. 
Alternating 2000 Hz sinusoidal current interrupted 50 times"s-l from 
stimulator "Stimul-1" was used in regime 5 s maximal intensity 
stimulation - 5 s rest for 10-40 min. To increase muscle glycogen level 
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at rest, some animals were injected i.p. with insulin (10 mE ' 100 g 
b.w.- i

) and glucose (0.5 g ' 100 g b.w.- i
) 24 hours before the study. 

Immediately after cessation of stimulation, muscles of both extremities 
were excised and frozen in liquid nitrogen. Glycogen was assayed in a 
muscle sample of 3-5 mg by anthrone method /4/. The remaining part of 
muscle was grinned to powder and deproteinized with perchloric acid. 
Glucose-6-P and lactate were assayed in supernatant enzymatically /5/. 

RESULTS 

At rest, glycogen content in m.tibialis anterior was higher than in 
m.soleus: 40.1 ± 1.9 and 33.3 ± 1.8 mmo1'kg w.w- i

, respectively. The rate 
of glycogen depletion in both muscles was maximal during the first 10 
min. of stimulation, than it declined and was approximately constant for 
the further 20 min. 

The analysis of changes of glucose-6 phosphate and lactate allow to 
conclude, that the decrease in glycogen depletion rate was not due to 
their inhibiting effect on glycogenolysis enzymes. Indeed, although 
the lactate ac~umulation was higher in m.tibialis, than in m. soleus -
14.0 and 5.1 mmol' kg -1, respectively, - the rate of glycogen depletion 
in the former was higher, than in the latter. We didn't register any 
considerable accumulation of glucose-6-phosphate: 0.5 and 0.3 mmol'kg- 1 

in m.tibialis and m.soleus, respectively. The fact infers, that 
the inhibition of phosphofructokinase reaction was hardly probable. 

The effect of initial glycogen content upon the rate of its depletion 
was investigated on a mixed group of animals. Rats of various age and 
size were used to broaden the range of muscle glycogen content at rest. 
Besides, 10 animals were injected with glucose and insulin, that led to 
some increase of glycogen content: in m.tibialis anterior of rats 
without injection it ranged from 24.8 to 64.0 mmol 'kg w.w.- 1

, and after 
injection - from 45.8 to 84.8; in m. soleus the corresponding values 
ranged from 8.5 to 45.3 mmol ' kg w.w.- 1 without injection and from 25.9 
to 51.9 after injection. According to glycogen content, the muscles were 
divided into two groups: glycogen-rich and glycogen-poor. For 
m.tibialis anterior the border was 43 mmol ' kg- 1

, and for m.soleus -
31 mmol·kg- 1

• 

The rate of glycogen depletion was found to be positively correlated 
with the initial glycogen content both in slow and fast muscles: r = 
0.656 and 0.863, accordingly. The same relation was clearly seen when 
comparing glycogen-rich and glycogen-poor muscles (see table 1): 
the mean rate of depletion was higher for former, than for the latter 
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Table 1. Glycogen content (rnmol·kg-1
) and depletion rate (rnmol·kg-l.min-1

) 

in m.tibialis anterior and m.soleus during 10 min. and 30 min. evoked 
contractions (n=ll) 

Indices 

1. At rest glycogen 
content 
2. Glycogen content 
after 10 min 
of contractions 
3. Depletion rate 
for 10 min 

1. At rest glycogen 
content 
2. Glycogen content 
after 30 min 
of contractions 
3. Depletion rate 
for 30 min 

M.tibialis anterior 

glycogen- glycogen-
rich poor 

53±2.4 33.7±1.1 

19. 2±2 . 4"" 9. 9±1. 4" 

4.02±0.17 2.38±0.17 

55.2±4.0 33.7±1.8 

9.2±2.0""" 3.8±0.5""" 

1.54±0.09 0.99±0.06 

M.soleus 

glycogen- glycogen-
rich poor 

40.6+2.2 19.6±1.9 

28. 4±1. 3'" 9. 9±1 . 7 

1.72±0.17 0.99±0.14 

36.4±1.7 24.9±1.3 

16. 7±2 .2" 11.3±1.7 

0.66±0.07 0.44±0.06 

Significances for the glycogen content values (in one group) : 
- p< O. 0 5 , , " - p< 0 . 0 1 , " " " - p< O. 0 0 1 . 

On the other hand, the glycogen depletion rate in m.tibialis anterior 
was higher than in m.soleus. The difference can't entirely be attributed 
to the higher glycogen content in m.tibialis anterior than in m. soleus. 
Indeed, in glycogen-poor m.tibialis anterior the depletion rate was 
higher than in glycogen-rich m.soleus, although the initial glycogen 
content in the former was less, than in the latter (see 
table 1). That means, that the difference in glycogen depletion rate 
depends both on metabolic pattern and initial glycogen content. 
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SUMMARY 

The rat soleus muscle was maintained in an extended or in a shortened position and 
simultaneously electrically stimulated at low frequency for some hours to 3 days. The 
ultrastructure of those muscles was examined. More satellite cells were recognizable in all 
stimulated muscles (particularly in the muscle stimulated in extension) while compared to the 
controls, as soon as after 6h of experiment. The possible reasons of this phenomenon are 
discussed. 

STATE OF THE ART 

Satellite cells, identified by an electron microscope, are mononucleated fusiform cells lying 
beneath the external laminae of muscle fibres. The satellite cells are postulated to be the sole 
source of myonuclei added during the postnatal growth /1/. In the work-overloaded skeletal 
muscle the anabolic processes are accelerated and the number of muscle nuclei and of satellite 
cells increases /2/. In the muscle maintained in a shortened or in an extended position some 
reorgan ization of the contractile structure takes place /3,4/, while by work-overloading those 
processes are accelerated /5,6/. However, work-overloading in extension is a condition of 
muscle damage /2,7/. In the present work the number of satellite cells was evaluated in a 
muscle that has been electrically stimulated for some hours up to some days, and 
simultaneously maintained in an extended or in a shortened position. 

MATERIAL AND METHODS 

Adult female albino Wistar rats (160-180 g of body weight) were used. The soleus muscle was 
maintained in an extended or in a shortened position by immobilization of the ankle joint at an 
angle of about 90 or 160 degrees, respectively. Simultaneously the sciatic nerve was stimulated 
for some hours to 3 days by pulses of 0.3 msec of duration at a frequency of 20 Hz. In some 
experiments overloading of the soleus muscle in extension was also obtained by partial 
tenotomy of the synergistic muscle, gastrocnemius and by stimulation of the sciatic nerve. The 
following muscles served as controls: the soleus of the contralateral leg, the soleus of 
nonexperimental animals of the same group (intact) and the soleus stimulated at a free position. 
Immediately after the rats were decapitated, their complete soleus muscles were excised, while 
their length was maintained. The muscles were attached to plastic rods, fixed in 
glutaraldehyde-paraformaldehyde and embedded in Epon. All procedures were described in 
detail previously /4,6/. The ultrathin sections were inspected in a JEM 100B or a JEM 1200EX 
electron microscopes. 
For quantitative evaluation of the satellite cells all muscle nuclei seen in the section were 
examined and counted. The number of the satellite cells was related to the number of muscle 
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fibre nuclei. It was expressed in per cent of the total muscle nuclei, i.e. those present within the 
external laminae of muscle fibres (muscle nuclei and satellite cells together). 

RESULTS 

The length of the control soleus (contralateral and intact) was about 20 mm. The length of the 
experimental muscles changed to 110 ± 2% and 82 ± 5% of the contralateral value for the muscle 
stimulated in extension and in shortening, respectively. The length of the muscles stimulated at 
free position was within the range of the contralaterals. 
In all the stimulated muscles signs of the increased biosynthetic activity were found. Muscle 
nuclei were enlarged and made round with decondensed heterochromatin and prominent 
nucleoli, i.e. the so-called 'activated' nuclei (Fig.1). They were still situated in the 
subsarcolemmal space or sometimes translocated to central areas of the muscle fibres . Golgi 
apparatus and rough sarcoplasm ic reticulum were frequently seen. Numerous polysomes were 
located both in the region of nuclei and among myofibrils (Figs.1 ,2). These characteristic 
features suggested the increased both transcriptional and translational actiVity. Numerous 
Iysosomes were present showning the increased katabolic processes. 
More satellite cells were recognizable (Fig.3) in all stimulated muscles while compared to the 
controls. They were, as a rule, larger and more round, and contained more cytoplasm 
compareing with the satellite cells of controls. The space between satellite cells and muscle 
fibres was often enlarged and it contained some material (Fig.4). The increased number of 
satellite cells was found as soon as after 6h of stimulation and remained at a similar level after 
3 days of stimulation. The highest increase of the satellite cells number was observed in the 
muscle stimulated in an extended position (Table 1). Several irregularities of the contractile 
structure were observed, as previously described /4,6/. 

TABLE 1 

Number of satellite cells in the stimulated muscles 

Treatment % of satellite cells 

- 6h 2-3 days 

Control 3 
(intact) 

Stimulated 9 7 
natural 

Stimulated 11 10 
extension 

Stimulated 4.5 6 
shortened 

'Total number of muscle nuclei (present within the extemal lamina) was taken as 100% 

DISCUSSION 

The increased number of the satellite cells in overloaded muscle is a well-known phenomenon 
/2/. However, such a quick increase, after 6h, is very surprising and difficult to explain. In 

- 284-



Fig.1. 
Muscle stimulated in shortening for 4h; longitudina I section. Two 'activated' nuclei with 
decondensed heterochromatin and prominent nucleoli; the contractile structure irregu lar. X 6.000 

Fig.2. 
Muscle stimulated for 2 days; longitudinal section. Subsarcolemmal area. "Activated" nucleus 
(left-hand side); cisternae of Golgi apparatus (arrow); Iysosomes (right-hand-upper corner); 
granular material, resembling polysomes in the subsarcolemmal space and between myofibrils. 
X 17.000 

Fig.3. 
Muscle stimulated in a natural position for 6h; transverse section. The satellite cell (central 
region); numerous collagen fibres in the intracellular space. X 12.000 

Fig.4. 
Muscle stimulated in extension for 6h; transverse section. The satellite cell ; space between it 
and the muscle fibre enlarged, containing some material. X 13.000 

- 285 -



literature /1,2,8/ some suggestions could be found, but no explanation of this phenomenon. 
Several alternatives might be considered here . 
1) Satellite cells are much easier to get rcognized in the stimulated muscle than in any normal 
muscle. That could occur, for example, because of the enlarged space between the satellite 
cells and the muscle fibres. However, such enlarged space was also sometimes obseNed in 
the intact muscles. 
2) It is likely that the increased volume of the satellite cells in the stimulated muscles, causes 
the presence of one satellite cell in the more numerous slides obseNed under electron 
microscope. However, the volume of muscle nuclei (to which satellite cells were related) 
seems to be increased as well. . 
3) Mitotic division of satellite cells. It is rather impossible: according to the present knowladge 
6h is much too short for a mitotic division. 
4) Not all the satellite cells, identified in this work according to the ultrastructural criteria, are 
the genuine satellite cells. For example, some cells of blood or blood vessels or of connective 
tissue could turn into satellite cells. Such possibility was suggested in the past; however, there 
is no evidence so far. 
5) Another possibility is that some small split fragments of muscle fibres, containing nucleus, 
resemble the satellite cell. 
Considering the above, we believe that the question is still open and under study. 
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SUMMARY 

Many studies have been made to answer a polemical question - how do muscles work. One of 
the aspects is to study the muscle 'response - but how to measure it? Our main aim was to build a 
measuring system that would be simple to use, non-invasive, and would measure the muscle 
response direct to the muscle. 

The measuring rpethod that was used is based on a magnetic displacement sensor measuring the 
muscle belly radial displacement. The sensor is placed adjacent to the skin over the muscle and 
measures radial movements of the muscle belly. We observed the muscle response to electrical 
stimulation. 

Different muscles or muscle groups have different responses. The parameter that was found to be 
interesting for studying was the rise time of the muscle belly response. Comparison of muscles' 
responses due to normalized rise time parameter confIrms known division to 'slow' and 'fast' 
muscles. The parameter of a 'fast' muscle was four times greater than the parameter of a 'slow' 
muscle. 

The aim of the study is to estimate how the measured data obtained with recent knowledge about 
skeletal muscles dynamics. 

The proposed measuring method contributes to a better understanding of skeletal muscles' 
dynamic properties. It offers a possible way of studying the muscle structure from the muscle's 
response to electrical stimulation. 

STATE OF THE ART 

Skeletal muscles move the body and produce a force by shortening the muscle fIbres. There are 
some methods for measuring a muscle force itself but these methods are invasive methods. Many 
different methods have been proposed and tested to measure muscle force indirectly. In 
dystrophic patients muscle responses have been measured by measuring the torque around a 
specifIc joint Ill. The early muscle changes in such patients are notifIed in tibialis anterior 
muscle. When the muscle response on electrical stimulation is measured, also an antagonistic 
group of muscles is activated. Therefor the torque around the ankle joint is a result of many 
muscles' responses. In standard procedure a doctor detects a muscle response visually and by 
touching the muscle belly with fmgers. 

This is also the idea of the measuring method based on a displacement sensor. The sensor is 
placed radial to the measured muscle directly to the skin over a muscle belly. 
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The advantages of this method over the torque measuring method are selectivity of measured 
muscles' responses and also general usage of the same equipment for all skeletal muscles laying 
close enough to the skin. The sensor measures muscle responses very near where the muscle 
contraction takes a place. 

Previous measurements were made in muscle tibialis anterior in healthy subjects 12.3/ and in 
muscle gluteus maximus in persons after above-knee amputation 14/. In Rehabilitation Institute 
of Slovenia the measuring method is used in standard procedure in persons after above-knee 
amputation 14/. 

MA TERIALS AND METHODS 

In our study, muscles' responses of one subject were measured. Responses of five different 
muscles were compared. The subject was male, 25 years old. 

Electrical stimulation was provided by a single DC stimulus of 100 V and 1 ms duration. The 
two surface electrodes (self-adhesive rectangular 4 x 9 cm) were fixed to the skin 5 cm distal 
from measuring point toward both muscle insertions. The joint that specific muscle moves was 
left loose. 

The measuring sensor was pressed to the skin above the measured muscle with the pressure of 
about 0.2 N/cm2

• The sensor was fixed to the bed on which the subject was laying during the 
measurement. The sensor was placed radial to the skin surface onto the measuring point. In the 
previous studies 121 the position of a measuring point has been studied. The best results in long 
slim muscles were noticed on the point where the highest muscle belly displacement was 
detected. Measuring point of the measured muscles was on the proximal third of the specific 
muscle length. 

The measured muscles were chosen by their muscle-fibres characteristics. Muscles quadriceps 
and brachioradialis have more 'fast' muscle fibres, muscle soleus is known as a 'slow' muscle. 
For comparison muscles gastrocnemius and tibialis anterior were also chosen. 

The muscle belly response has been analysed by means of time parameters. The most interesting 
parameter for our study is rise-time of the muscle-response. The rise-time (~tr) is the time 
between 10 % and 90 % of maximum value of the muscle response (Figure 1). 

(1) 

where Vb is a velocity of a muscle belly response, ~tr is the rise time and ~dr is a value of a 
muscle belly displacement during a rise time; it is 80% of a maximum value of the muscle belly 
displacement. 

To compare rise time of different muscles it has to be normalized to a maximum value of a 
certain response (Equation 1). Normalized rise time ~tr is connected with tangens of a response 
rise angle and estimates a velocity of a muscle belly response. 
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Figure 1: Muscle belly response to an electrical stimulus of 1 ms duration. The two parameters 
used for analysis are ~tr- rise time and ~dr - displacement during a rise time. 

RESULTS 

The results of the measurements were printed on the paper. The resolution error was estimated to 
be less than 5 ms on the time axis and less than 5 % full scale on the displacement axis. 

Velocity parameter has been measured in five muscles (Figure 2, Table 1). 
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Figure 2: Velocity parameter Vb in five muscles. 
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MUSCLE quadriceps brachioradialis gastrocnemius tibialis soleus 
anterior 

Vb (nunls) 41 40 21 17.5 8.2 

Table I: Velocity parameter Vb in five muscles. 

DISCUSSION 

Measurements of the muscle belly responses to an electrical stimulus revealed a difference 
between muscles. Most significant difference between muscles' responses is due to different 
muscle structure. In muscles quadriceps and brachioradialis we found velocity parameter Vh to be 
four times higher than in muscle soleus. Both, muscle quadriceps and muscle brachioradialis are 
known as fast muscles with more fast muscle fibres. Muscle soleus on the other hand is a slow 
muscle with a higher portion of slow muscle fibres. In muscles gastrocnemius and tibialis 
anterior the value of velocity parameter was in-between. 

We believe measuring the muscle belly response with displacement sensor can be a valuable 
infonnation of muscle structure in means of muscle fibres. 

In this particular study it has been shown that the measured values of a velocity parameter Vb 

agree with recent knowledge about skeletal muscles dynamics. 
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INTRODUCTION 

FES (functional electrical stimulation) is used to restore lost muscle or organ functions. One of 
the major problem in FES is muscle fatigue during chronic or prolonged stimUlation . Single 
channel stimulation is commonly used in most of the stimulation devices 12/. In single-channel 
applications controllability of the electrical field is limited to variation of electrical intensity 
(impulse parameters). Four to five electrodes are used in multi-channel stimulation, which 
enables the position and the extension of the electrical field within the nerve to be varied 15/. 
Therefore we evaluated an experimental model in sheep to compare the effect of single- and 
multi-channel stimulation on muscle force and fatigue. 

MATERIALS AND METHOPS 

Experiments were carried out in 7 adult female sheeps. Anesthesia was induced by Thiopental 
and maintained by Halothane. The rectus femoris muscle was exposed on both hindlimbs and 
its distal tendon was attached to a strain gauge. Temperature was kept constant at 37°C. The 
femoral nerve was dissected on both sides. The branch to the rectus femoris muscle was 
localized and all other branches were transected. A cuff carrying 4 electrodes was positioned to 
the surface of the nerves. In case of single-channel stimulation only one pair of electrodes was 
used. For multi-channel stimulation four bipolar electrode combinations were selected to be 
changed from stimulation burst to stimulation burst 14, 6/. Stimulation parameters were identical 
for both configurations except the current amplitude (Tab. 1). At the beginning of each 
experiment maximal tetanic tension was detected for both muscles by varying the current 
amplitude. After 30 minutes pause for muscle recovery for both muscles the fatigue index 
according to Burke 111 was determined in a two minutes stimulation sequence with maximum 
force contractions. For both nerves 4 electrode combinations with similar maximum force were 
selected and current amplitudes to evoke 25 to 50% of maximum force were determined. After 
another 30 minute pause a stimulation sequence over a period of one hour with registration of 
stimulation current and isometric contraction forces of both hindlimbs was performed. Data 
were scanned with a frequency of 300 Hz and stored for later analysis. 

Table 1. Stimulation parameters. 

Stimulation frequency 
Pulse width 
Duration ot'stimulation 
Pauses between stimulations 
Stimulation current amplitude range 
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40 Hz 
0.8 ms 
475 ms 
1025 ms 

0.5 - 4 mA 



Mean force of one stimulus was evaluated every minute for the first 20 minutes of the 
experiment and later on every 5 minutes (FIG. 1). Fatigue indices were calculated using the 
following equation 11 I: 

where 

-

FI(t) = F(t) 
F(O) 

FI(t) fatigue index at time t, 
F (t) force at time t, 
F(O) initial force. 
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FIGURE 1 
Stimulation (bottom) and evoked contraction forces (top) during multi-channel (normal line) and 
single-channel (dash-lined) stimulation (C1 - C4 indicate the different electrode combinations). 

The mean value out of four subsequent contractions (4 electrode combinations) in multi­
channel mode were compared to the samples from the single-channel side. Statistical 
comparison of fatigue index at different points of time was done with student's t-test. A 
probability of less than 5% (p=0.05) was considered to be significant. 

RESULTS 

Mean muscle force was higher in all cases at the multi-channel side compared to the 
contralateral side with single-channel stimulation. Therefore also the fatigue indices of the multi­
channel stimulation were significantly (p<0.05) higher for all investigated time intervals (see 
Table 2) . 
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Table 2. Fatigue indices of single- and multi-channel stimulation after different time 
intervals. 

time / min 
o 
5 
10 
20 
60 

fatigue indices 
single-channel stimulation multi-channel stimulation 

1 1 
0.54±0.26 0.75±0.11 
0.47±0.19 0.67±0.11 
0.35±0.17 0.54±0.15 
0.21±0.10 0.41±0.21 
(values: mean±SD, *: p<0.05) 

* 
* 
* 

Mean fatigue indices of multi-char:mel stimulation stayed approximately 20% higher beginning 
with the 5 minutes sample till the end of the sequence (60 minutes). The fatigue curves for both 
stimulation modes showed a saturation effect after 20 minutes (FIG. 2). 

x 
Q) 

"0 

1 

.~ 0.6 -
Q) 
:::l 
C> 

~0.4 -
0.2 

0 -

o 10 

multi-channel stimulation 

00 
0 - - - 0 . . 

. .... -0 ... . _ - ' 0 

-0 _ 
---0 .. -" -' 0 

8 -
:..:8- - --.-0 

-1) . 

single-channel stimulation 

20 30 

time I min 

40 50 

FIGURE 2 
Example of fatigue curves: single-channel stimulation (.), 
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DISCUSSION 

Multi-channel FES leads to persisting higher muscle force and less muscle fatigue compared to 
single-channel stimulation at submaximal force levels /3/. Single-channel stimulation is still used 
for several chronic applications /21. In clinical practice of chronic diaphragm pacing single­
channel stimulation limits stimulation frequency to 8 to 10Hz and respiration frequency to 8 to 
10 per minute, whereas multi-channel pacing can provide physiological stimulation and 
respiration frequency /41. We expect even greater differences between the two methods by 
optimizing the electrode combinations and impulse parameters. 

The presented data show, that under our experimental conditions 20 minutes after the onset of 
stimulation no further fatigue occurs and that the remaining force level stays significantly higher 
for the multi-channel method . Considering also the clinical data of phrenic pacing we conclude, 
that multi-channel stimulation shows clear advantages compared to single-channel stimulation 
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EFFECT OF MONOPHASIC AND BIPHASIC CURRENT TYPES ON TONIC 
AND PHASIC MUSCLE FIBRES. A COMPARATIVE IN VITRO STUDY 

F. Lefevere, K. Blom, G. Vanderstraeten 

University Hospital Ghent, Department of Physical Medicine 
and Rehabilitation 

SUMMARY 

Several types of current (T.C.) can stimulate innervated striated muscle fibres. We used 
mainly mono- and biphasic rectangular currents for functional electrical stimulation (F.E.S.). 
The two types were compared for tonic and phasic muscles at several durations, varying 
between 50 and 600 Ilsec. 
At the same intensity and pulse duration, a highly significant isometric contraction was 
obtained for phC!sic muscle with the biphasic T.C. when compared with the monophasic T.C. 

INTRODUCTION 

By definition transcutaneous electrostimulation of innervated striated muscle fibres in F.E.S. 
is an indirect stimulation. The influence of the T.C. on the depolarisation of a., and ~ motor 
neurons has hitherto not been investigated. 
So far, a monophasic rectangular type of current has been used for stimulating the peroneus 
nerve. 
The purposed aim of our in vitro study was to determine possible differences in effect 
between monophasic and biphasic T.C. at the same pulse duration and intensity. 

MATERIAL AND METHODS 

The soleus (a 99.9% tonic muscle) and the extensor digitorum (a > 90 % phasic muscle) 
were dissected in toto from the right hind leg of ten guinea pigs (8 ± 2 weeks old). 
The muscle preparations were suspended in toto between two parallel platinum electrodes 
in Krebs' solution (95 % O2 , 25°C). 
Prior to stimulation, the optimal tension of the preparation was determined. Afterwards the 
preparation was calibrated during one hour. Each preparation underwent at random 24 
stimulation sessions of 10 sec. each. The intensity of the current was fixed at four times the 
rheobase of the preparation; frequency of current was 50 Hz. The pulse duration varied from 
50 to 600 Ilsec. as well for the monophasic as for the biphasic rectangular T.C .. 
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VISUALISATION OF THE CURRENT TYPES USED 
Biphasic and monophasic: c:urrent type 
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([he pulse-duration (P.D.) in the experiment rangedfrom 50 to 600~ (50. 100. 150 . 
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Stimulation was done with a constant current stimulator. The electrically induced isometric 
contraction force was recorded on a linear graphic recorder. The isometric force was 
expressed in miliinewton/surface x sec. The two tailed Wilcoxon test was used for statistical 
analysis. 

RESULTS 

The mean rheobase for the soleus muscle was 6.45 ± 2.2 mA (n = 10) and 6.33 ± 2.1 mA 
(n = 10) for the extensor digitorum muscle. 
The same isometric contraction force was obtained with both T.C. forthe tonic soleus muscle. 
However, a significantly higher isometric contraction force was recorded for the phasic 
extensor digitorum muscle after stimulation with the biphasic T.C., and this at ali pulse 
durations tested. 

DISCUSSION 

It has been suggested in the literature that the inversed phase in the pulse current does not 
led to contraction, but it is important to simulate an apolar T.C .. 
Our study, however, shows that the inversed phase induces a contraction in both types of 
muscle fibres. The greater isometric contraction force recorded for the biphasic T.C. applied 
to the phasic muscle suggests that the abrupt reversion of polarity leads to an increased 
depolarisation of 0.1 motor neurons. 

In conclusion 

With the same intensity and pulse duration a higher isometric contraction force is obtained 
for phasic muscle with a biphasic rectangular type of current than with a monophasic one. 

F. LEFEVERE, M.D. 
University Hospital Ghent 
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EFFECTS OF SURF ACE ELECTROSTIMULA TION ON HUMAN SKELETAL MUSCLE 

Y. Koryak. Ph.D. 

Department of Neurophysiology 
Institute of Biomedical Problems 

SUMMARE 

Adaptative changes in skeletal muscle following surface electrical stimulation (SES) were investigated in 
the group male (n=S) volunteers between the ages of 25-33 years. SES was performed on the tibialis 
anterior (T A) muscle. The procedure was carried out for 7 -weeks, using his technique of high frequency 
electrical stimulation (2500 Hz). A 7-weeks SES training was held every day for days with 2 days of rest. 
The effect a long-lerm frequency of SES on the force production and cross-sectional area (CSA) of the 
T A were investigated. Contracile properties of T A were tested before every week cycle. Maximal 
voluntary contraction (MVC) and electrically evoked contraction (EEC) at 100 Hz were increased by 
IS .6% and 27.6%, respectively (p<0.05). The highest increase ofMVC and EEC is noted in 24 trainings 
and the effect maintains for 4.5 months. CSA ofTA increased by 10% (p<0.05) and the highest increase is 
achieved after 20 trainings. A positive correlation . (r=0.90) between MVC and CSA has been detected. 
After 7-week of SES procedure absolute voluntary force muscle made up by 40.6 N/cm2 vs. 35.0 N/cm2 

before training and the highest value was detected in post-SES period 43 .S N/cm2 (p<O.OI) . In post-SES 
period 165 days of MVC continues to increase With some decrease of EEC. During this period of CSA of 
TA decreases and reaches its initial value, that is, 6.95±O.68 cm2. 

STATE OF THE ART 

In recent years a lot of works investigating of SES effrect on muscles both in clinical 11/ and actually 
healthy subjects have been published 121. It is known that muscular loading 131 is required to achieve 
optimal muscular force increase. In this case SES is considered to be a more effective than voluntary 
contractions to highten muscular contraction force 14/. Previosly developed method of SES included 15-19 
trainings 15/. The purpose of this in investigation was to evalute the adaptative changes taking place in 
skeletal muscle following of more prolonged an SES program. 

MATERIAL AND .METHODS 

A group ofS healthy men aged 25-33 years were examined. Each subject was tested once before and after 
each exerimental condition. 
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SES consisted of isometric contractions of the T A of one of the limbs of the tested subject in response to 
the direct electrical stimulation induced by the device" Stimulus-O 1" . Subjects were stimulated with a 2500 
Hz alternating sinusoidal current surged at a frequency of 50 Hz with a 10-ms interval between each train 
IS/. The electrodes (7 cm x 2 cm x 2 mm) were placed at the proximal and distal margins of the belly of the 
T A. using a bipolar technique. The subjects trained while in the sitting position with the knee held in 90° 
flexion. The SES period encompasses ten sessions of electrical stimulation with one training session per 
day over a period of 7-weeks during which stimulation procedure was held daily for 5 days in succesion 
(from Monday till Friday inclusive). Then two days rest (Staturday and Sunday). Ten electrical stimulation 
induced maximum isometric contractions each lasting lOs with a 50 s rest period, were perfonned Every 
tested subject had 32 trainings. 

The contractile properties of the TA were tested every week cycle (on Monday) . Bipolar electrodes (their 
centres 18 mm apart) were placed on the skin abone the peroneus (fubularis) communis nerve, active 
electrode at the point of the lowers level"' near the of the fibula . Rectangular pulses of 1 ms duration and 
supramaximal voltage with of 100 Hz were used to irritate the nerve, The recording two of Ag-AgCl 
surface electrodes (8 mm diameter) were placed on the lower part of the TA belly. The muscle surface 
action potentials were recorded and for measurement on a storage oscilloscope. 

Maximum voluntary contraction was determined during three contractions of 2-3 s duration separated by 
3 min. The largest of three contractions was cousidered as the MVC. 

Method of ultrasonic -echolocation was used to measure cross-sectional area (CSA) ofthe TA muscle 16/. 
For the analysis, a paired Student's I-test was used . 

RESULTS 

After 10 of SES procedures the MVC increase more by 10%, and after 20 procedures more than 20% 
(p<O.05). Major MVC increase is achieved after 5 weeks (24 SES procedures) by 18.6% (243 .3±37.3 N vs 
289.4±51.0 N, respectively; p<0.05). Subsequent SES period don't cause substantial muscular force 
increase - MVC growth value has increased only by 2.9% (p>0.5). For the total SES training period MVC 
has increased up to 296.3±53.0 N (p<0.05). The absolute voluntary muscle force during the whole period 
of SES training was increasing and after 7-weeks of SES procedures and made up an average 40.6±1.2 
N/cm2 vs 35 .0±1.5 N/cm2 before the training. The greatest value of absolute voluntary force by 43.8±1.5 
N/cm2 was noticed ofpost-SES period (p<O.OI). 

After 24 of SES procedures (the 5h week) the EEC increase from 159.9±18.6 N to 204.0±41.l N 
(p<0.05) . Our results indicated that the EEC increases even to a more extent as compared to MVC by 27.6 
% (p<0.05). 

CSA of the muscle after 1-2 weeks of SES procedures increases by 10% from the initial value 6.95 cm2 to 
7.55 cm2 (p<0.05). Moreover, the dynamics increase ofCSA during the first 29 SES with the dynamics of 
muscular force growth. After 24 of SES procedures muscular CSA gradually decreases and by the end of 
the 32nd SES procedure (the 7th the week) amounts by 5.8% of the initial value. 

When SES of the muscle ends the achieved effect of the MVC increase maintains during rather a long 
period for 165 days. At the same EEC somewhat decreases. Thus, for the first 32 days after the stimulation 
is over EEC growth decreases approximately twice as compared to largest growth during SES period (the 
5th week) and further maintains as this level in an average for about 4.5 months. During post-SES period 
CSA of the T A decreases and reaches its initial level. 
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DISCUSSION 

The adaptation on muscle contraction to SES training can be results of changes which occur within the 
nervoue command of muscle contraction and/or at peripheral sites. Among peripheral factor(s) , working 
hypertrophy obviously, plays the role either due to the increasing of myofibrills constituting muscular fibres 
/7/, or due to the fibre splitting and their quantity increase /8/ . Histological study showed the increase of 
myofibrills in the stimulated muscle or, in other words, muscular force increase resulted from high 
frequency stimulation is connected, first of all, with the development of intermuscular type of muscular 
hypertrophy /9J. 

Physiological data obtained by us also support the concept of the peripheral factor. First, in the process of 
SES training muscular force increase is accompanied by CSA increase of the stimulated muscle. The results 
completely agree with the previously by the observation, according to which muscular force is 
proportional to muscular CSA 11 OJ. Second, both MVC and EEC of the stimulated muscle simultaneously 
increase in response to SES. However, it should be noted that relative increase of EEC developed by the 
T A in response to the tetanic electrical irritation of the motor nerve at 100 Hz surpasses relative MVC 
increase. Suprama,amal tetanic irritation of nerve allows us to assume that increase is resulted from 
peripheral factors solely, i.e., from changes in the properties of peripheral neuromuscular system 1111. 

Morphological study reveal CSA changes in muscular fibres and, particularly, in type II fibres in case the 
training is the development of force properties 112/. In this connection from physiological point of view 
electrical training is the most effective one /9/. As in type of training larger and smaller motoneurons that 
innervate fibres type II and I, respectively, are activated according to the excitability of their axons /13/ 
while during voluntary contraction they are recruited according to the size principle /14J. Therefore, type II 
fibres are activated first and much more contribute to the general strain growth developed by the muscle 
/l5J. This, is in contrast to the normal recruitment pattern, in when the smallest motoneurons (supplying 
type I fibres) are first recruited, the larger ones being recruited with increasing voluntary force . Thus, 
these facts support the concept of the decisive role of working hypertrophy of the T A fibres in the increase 
ofMVC. 

However, the analysis of the results obtained in post-SES period indicate that, evidently, another factors 
than muscle hypertrophy alone /16/ promotes the increase of voluntary force in the process of SES /17. 
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SUMMARY 

This study describes experiments performed with an in-house, constant voltage stimulator able to deliver 
different pulse shapes applied to the muscles of normal volunteers, to indicate which types of waveforms 
would be the most comfortable. least fatiguing and most efficient in terms of the electrical power required 
to elicit a particular movement. The electrical efficiency of waveforms has been evaluated for Biceps 
using a comparison of stimulation levels required to achieve a fixed amount of elbow flexion for different 
stimuli . Further studies have been carried out on Tibialis Anterior by using a comparison of force/time 
profiles in response to different stimuli with the amplitude set each time to achieve dorsiflexion of the foot 
to a defined force level. 

STATE OF THE ART 

For successful functional electrical stimulation (FES), the stimulus waveform must be able to induce a 
smooth tetanic contraction with minimal discomfort whilst maximising the muscle torque and minimising 
fatigue[1.2J• Other studies have investigated stimulation modalities by using random tests on normal subjects 
with a range of differing stimuli[3.4.5.6J• With increasing emphasis on compact design. the electrical efficiency 
of a waveform is important especially for the development of body worn devices. It would seem logical to 
attempt to maximise battery life by improving the characteristics of the stimulation waveform. In this 
study, experiments have been performed to evaluate different shapes of stimulation waveform with respect 
to their electrical efficiency and comfort with a view to maximising design. This is part of a more broad 
EEC funded project, FESTIVAL, to develop key aspects in a closed loop FES control system. 

MA TERIALS AND METHODS 

Waveform pulse shapes were generated on an HP8904A waveform generator and act as input to a high 
voltage amplifier (constant voltage stimulator) of Bristol design. Voltage and current waveforms at the 
skin surface were rectified and sampled on an HP54505B digitising oscilloscope. These two waveforms 
were multiplied and the resulting "power" waveform averaged over one pulse width in real time. This is a 
measure of stimulation waveform efficiency. 

Stimulation of Biceps 

For biceps the subject was seated with forearm resting on the table. The skin surrounding the muscle was 
cleaned with alcohol. A pair of 5cm diameter stimulation electrodes (PALS) were placed over the 
humerus. The stimulation amplitude was then increased slowly until the forearm lifted and increased 
further until the arm continued to rise and then pushed lightly against a fixed rod, thus transcribing an arc 
of approximately 45°. At this point a power measurement was logged. The arm was allowed to rest and 
the study repeated for a range of stimuli. From this study, waveforms were chosen as a basis for further 
experiments on Tibialis Anterior and are shown in Figure I. Inspection of Figure 2 suggested that 300!!s 
pulses at 30Hz would be the most efficient waveforms for these experiments. 

Stimulation of Tibialis Anterior 

The subject was seated in a Tornville physiological measurement chair. An area of approximately 16 cm2 

of the proximal two thirds of the muscle bulk of Tibialis Anterior is cleaned with alcohol to minimise 
impedance. Two adhesive silver/silver chloride were applied over the proximal third, spaced vertically 
apart by approximately I cm. A third earth electrode is place nearby on the shin bone. These electrodes 
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are connected to a differential input EMG preamplifier and used to monitor muscle electrical responses 
during voluntary and stimulated contractions. Two stimulation electrodes of 5cm diameter are placed over 
the muscle, one near the motor point, approximately at the mid length point of the muscle and the other at 
the distal end of the muscle. 

Figure I Stimulation Waveforms selected for 
Tibialis Anterior Experiments 
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/ '\ 
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To establish the exact stimulation sites and stimulation levels the foot was first allowed to rest in the 
neutral position by placing the heel on the edge of a footplate and raising the stimulator output until 
dorsiflexion of the foot was achieved. If inversion or eversion was apparent with increasing stimulator 
output, the stimulating electrodes are repositioned such that minimal deviation was seen when the foot 
assumed dorsiflexion. The electrode sites were mapped onto an acetate sheet, marked with a Icm grid, 
for future reference. The foot was then strapped to a force sensor attached to the foot plate. The height of 
the plate was adjusted for each subject so that hips, knees and ankles were at right angles and straps were 
used to retain the hips and knees in fixed positions. The subject was asked to produce a maximum 
voluntary contraction (MVC) for 20 seconds and allowed to rest for 10 seconds and EMG and force data 
were logged on the computer. The stimulator was switched on and its output raised to a level to produce 
a contraction equal to half the maximum voluntary dorsiflexion at which point both the average electrical 
power of the stimuli and the force generated were noted. The stimulation level was kept constant until the 
force had dropped to 50% of the starting force, and was then switched off. The subject was then asked to 
produce a second MVC for 20 seconds and the muscle allowed to rest for half an hour. This was repeated 
until all waveforms had been tested. EMG and MVC data were logged on the computer during this 
experiment to provide some indication of fatigue. However this analysis is not presented in this paper. 

RESULTS 

Pulse W Idlh Bnd W Bveform Type 

Figure 2 Comparison of three waveform types for Biceps 
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Figure 6 Force Profile, Subject D 

DISCUSSION 

For BiCeps, the experiment was performed with waveforms having pulse widths of 300l-ls, 150l-ls and 
751-ls, at both 30Hz and 50Hz pulse repetition. Figure 2 shows average power dissipated at the skin 
surface for these waveform types. The average power was calculated by multiplying the power measured 
for one pulse by the pulse width and the square of the repetition frequency. All waveforms with the same 
pulse width show similar levels of average power. Waveforms showing the lowest average power are the 
more efficient. Therefore the most efficient methods of stimulation for this data were the 300l-ls pulse 
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shapes at 30Hz repetition. The average power increases for all waveforms at 50Hz repetition simply 
because there are more pulses in one second. 

Figures 3, 4, 5 and 6 show force profile plots for experiments performed on Tibialis Anterior. The force 
data has been scaled by dividing by the power per pulse. For these experiments the pulse width and 
repetition frequency was kept constant at 300fls and 30Hz respectively. A more efficient waveform would 
show up as having the highest peak force and the least fatiguing would have the longest time to 50% force 
drop. Figures 3, 4 and 5 suggest that the bi-phasic rectangular waveform was the most efficient and the 
mono phasic sine was the least. Figure 6 shows that the mono phasic sine was the least efficient and all the 
o~her waveforms displayed similar characteristics. For all volunteers in this trial it was a common feature 
that the mono phasic sine was by far the most comfortable and the bi-phasic rectangular the most 
distressing. The bi-phasic sine and mono phasic rectangular waveforms were perceived as having similar 
comfort ratings and lay somewhere between the bi-phasic rectangular and mono phasic sine. 

In conclusion, it has been shown that for biceps. different waveform shapes show similar electrical 
efficiencies, but when used to generate force using Tibialis Anterior, some force profiles show different 
responses. Further work will be to continue with experiments, to more closely define these differences 
with a wider group of normal subjects and those with Multiple Sclerosis. 
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SUMMARY 

The sustainable working capacity of fatigue-resistant muscle is a constraint of dynamic cardio-myoplasty. 
Fatigue-resistance at relatively high sustainable power output is achieved by different electrostimulation 
patterns which are implementable in clinical settings. We are testing the effects on functional and structural 
characteristics of the sheep LD of a half-day protocol which strictly mimics for any other parameter the 
clinical protocol actually tested in FDA trials. Results are encouraging, since the muscle maintains its mass 
and an intermediate state of fast to slow transformation. With the actual protocol we find only minor 
changes of power output in comparison to the standard protocol. Major result is the demonstration that the 
life-span of implantable devices is more than doubled. Resting the muscle each day for periods of several 
hours decreases risk of muscle damage. Accidental experiences demonstrate that periods of several hours 
or days of LD resting are not detrimental to patient's cardiac function, but questions remain if the new 
pattern of cardiac assistance, which open new options (muscle hypertrophy oriented, included), is 
acceptable on regular basis in clinical settings. 

STATE OF THE ART 

Fatigue resistance at moderate power output is achieved in two-three weeks and is dependent from 
increased oxidative metabolism, calcium handling. but not changes in contractile machinery / II. The level of 
sustainable power output of fatigue-resistance-converted muscle is one of the major constraint of skeletal 
muscle-cardiac assistance /2,3/. Fatigue resistance at relatively high sustainable power output could be 
achieved by different patterns of muscle stimulation, and long-term fatigue resistance is maintained in spite 
of short-term (hour or day) changes in overall muscle activity. Evidence are: 1) for long-tenD changes the 
conditioning-deconditioning experiments in rabbit /4/ and sheep /5/; 2) for short-term changes: i) anecdotes 
of clinical experience of electrostimulation disconnection without detrimental effects or major worsening of 
hemodynamic results during or after one-day of cessation of electrostimulation /6-10/; ii) animal 
experiments with 8 or 12 hrs per day electrostimulation (for review see /1/); 3) for very short-term changes: 
the data here reported and those of others during sessions of power and fatigue testing 111-13/. 
We are studying the effects on power output and on anatomical and molecular characteristics of the sheep 
latissimus dorsi (LD) of a half-day electrostimulation protocol which stlictly mimics for any other parameter 
the clinical protocol which is under FDA testing 114.15/. Preliminary data show that an intermediate state of 
muscle transformation can be maintained if muscles are activated height-ten hours per day. The results are 
interesting, since: i) the muscle maintains its mass and the half-day elecu·ostimulation prolongs the life-span 
of the devices; ii) inten·upted electrostimulation (one hour on / one hour off) is known to be less damaging 
than continuous electrostimulation 116,17/, being the slow fibres more susceptible to exercise-induced 
muscle damage /18/; and iv) pattially transfOlmed muscles are expected to be more powerful /19,20/. 

MATERIALS AND MEfHODS 

Surgical procedures and measures of dynamic characteristics of sheep LD were performed at the 
Experimental Surgery Unit, Cardiovascular Institute, University of Bologna. S. Orsola Hospital, Bologna; 
histochemical and molecular analyses on muscle specimens were accomplished at the Department of 
Biomedical Sciences, University of Padova. Methods are detailed in /211. 

RESULTS 

Three sheep were implanted and final stimulation protocol according to 114/ was achieved in two sheep. 
After four and six months of ten hours per day electrostimulation at 3 Y, l30 msec train at 30 Hz every 1.5 
sec (40 tetanic contractions per min) major results are: i) Muscle gross mass does not decrease, as is the 
obligatory results of all-day electrostimulation patterns. Myoglobin, a molecular marker of oxidative 
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Table 1. Sheep LD conditioning: 24 vs 12 hrs per day cardiac-like electrostimulation 

24 hrs per day electrostimulation 
Control unstimulated LD 
2-month stimulated LD 

12 hrs per day electrostimulation 
Sheep B094-1 
Control LD 
axilary edge biopsy 
central biopsy 
Four-month stimulated LD 
axilary edge biopsy 
central biopsy 

Sheep B094-2 
Six-month eleclrostimulated LD 
ascellar border biopsy 

Weight 
(gr) 

180 

185 

MHCl 
(%) 

14 
95 

8 
20 

68 
60 

65 

Myoglobin 
(%) 

0.72-0.59 
0.35-0.98-0.80 

0.88 
n.d. 

0.85 
n.d. 

0.27 

myofibers, only slightly increases (it remains near La 4 % of total muscle proteins. that is near to 0.6% of 
tissue weight). MHC 1 (the peculiar marker of slow-type. fatigue-resistant myofiber /22/) increase from 
20% of normal LD to 60-65%, but does not achieve the 100% transformation which usually occurs in 
continuous electrostimulation (Table 1). These results are in keeping with the rabbit 12 hr per day 
experiments discussed in Pelle and Vrbova /1/ vs the 24 hrs per day electrostimulation experiments 
performed by Salmons and collaborators /4/. The contractile characteristics are also incompletely converted: 
in the normal LD tetanic fusion was obtained at stimulation frequencies higher than 40 Hz, while after one 
month of 24 hrs per day conditioning the tetanic fusion was complete at 20 Hz /2/, after half-day 
electrostimulation the tetanus is unfused at 20 Hz /2l!. After half-day electrostimulation sustainable power 
output is similar LO that extractable from a 24 hrs per day electrostimulated LD (about 0.5 watts per LD. 
i.e., more than 2.5 watts per kg /2/). When the power output was doubled either by increasing duration of 
the tetanic contractions or the in-burst frequency. a fatigue index of about 80 (that is there was a loss of 
20% power) was present after 3 min. If the power OUlput was maintained four times higher than that 
continuously sustainable, the muscle fatigued in less than one minute. Sustainable level of power was 
obtained after short-time rest (a few minutes). that is, a moderate power OUl-put (30-50% of left venu'icle 
mean power output) is maintained in spite of shorHerm (20-30 sec) increase of work demand up to four 
times the sustainable power output During several hours of measurements the sustainable power output 
was maintained, even after manifested fatigue due to increased demands. Interestingly, the sustainable 
power was achieved with electrostimulation parameters very close to those of the final seLLing of the 
conditioning protocols. Questions worth to be tested are: could the muscle be conditioned with more 
demanding electrostimulation protocols? Could such an increased activity be imposed without long-term 
muscle damage? 

DISCUSSION 

Our results confirm that an intermediate state of muscle transformation can be maintained by half-day 
eiectrostimulation even in species, like the sheep. in which full conversion to slow type contractile 
properties and to slow myosin is achieved with tetanic cardiac-like electrostimulation or even with 2 Hz 
continuous electrostimulation. but applied all the day around. Resting the muscle each day for periods of 
several hours would decrease the risk of muscle damage. Experimental studies in rabbit show that 
substantially less muscle damage than in continuous electrostimulation had been observed in one hour on / 
one hour off electrostimulation /16/. Chekanow confirms that after dynamic cardiomyoplasty there is no 
need to stimulate the LD every heart contraction, and suggests that hour-periods of muscle rest could be 
introduced in the stimulation regimen. We here demonstrate that the Magovern enthusiasm for such a 
proposal could stand on experimental evidence. The question remains if the patients could accept such a 
paLLem of cardiac assistance. Occasional experiences of a few surgeons demonstrate that such an approach 
(which open a full set of new options) is not detrimental /6-10/. The higher freedom in activating the 
patient's LD could add to pre-operative physical training /23/ the long-standing advantages of muscle 
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hypertrophy-oriented daily electrostimulation sessions. In any case. a major result of our preliminary 
observations is that the life-span of implantable devices could be more than doubled. 

REFERENCES 

/1/ Pette D. Vrbova G: Adaptation of Mammalian Skeletal Muscle Fibers to Chronic Electrical 
Stimulation. Rev Phvsiol Biochem Pharmacal 1992; 120: 115-202. 

/2/ Arpesella G. Mikus·P. Cirillo M. Pariapiano M. Gianessi L. Pierangeli A, Miracoli L. Mamblito B. 
Rizzi C. Catani C, Carraro U: A cardiac assist device which takes advantage of the power output of 
conditioned skeletal muscle. in Carraro U. Salmons S (eds): Basic and Applied Myology: 
Perspectivesjor the 90's. Padova. Italy. Unipress. 1991. pp. 441-454. 

/3/ Carrarro U, Salmons S: Preface: Frontiers in Basic and Applied Myology. in Carraro U. Salmons S 
(eds): Basic and Applied Myology: Perspectives jor the 90's. Padova. Italy. Unipress. 1991, pp 
XXI-XXIV. 

/4/ Salmons S. Sreter FA: Significance of impulse activity in the transformation of skeletal muscle type. 
Nature 1976; 263: 30-34. 

/5/ Focant B. Sluse F. Huriaux. F. Duyckaerts C. Goessens G. Radermecker M: Biochemical. 
bioenergetic and ultrastructural survey of the adaptations induced in a skeletal muscle by a chronic 
electrical stimulation and its cessation in Can'aro U. Salmons S (eds): Basic and Applied Myology: 
Perspectivesjor the 90's. Padova.ltaly. Unipress. 1991, pp. 101-108. 

/6/ Bocchi EA. Bellotti G. Moreira LFP. Gutierrez PS. Stolf N. Jatene A. Pileggi F: Prognostic 
indicators of one-year outcome after cardiomyoplasty for idiopathic dilated cardiomyopathy. Am J 
Cardiol1994: 73 604-608. 

/7/ Chekanow V: After cardiomyoplasty there is no need to stimulate the muscle with every heart 
contraction. Ann Thorac Surg 1994; 57: 1370-1371. 

/8/ Lazzara RR. Trumble DR. Magovero JA. Magovern GJ: Clinical and experimental effects of the 
unstimulated (static) right Latissimus Dorsi cardiomyoplasty on left ventricular function.Basic Appl 
Myol 1993; 3: 281-288. 

/9/ Magovero JA: Reply to Chekanow V: After cardiomyoplasty there is no need to stimulate the muscle 
with every heart contraction. Ann Thomc Surg 1994; 57: 1371. 

/10/ Moreira LFP. Stolf NAG. Bocchi EA: Latissimus dorsi cardiomyoplasty in the u'eatment of patients 
with dilated cardiomyopathy. Circulation 1990; 82: 257-263. 

111/ Carraro U. Rizzi C, Catani C. Miracoli L. Arpesella G. Mikus p. Cirillo M. Parlapiano M. 
Pierangeli A: Basics on muscle-powered cardiac assist devices: Power output of sheep LD 
conditioned to fatigue resistance. IEEE-EMS 1991; 13: 936-937. 

/12/ Isoda S, Nakajima H. Hammond RL. Thomas GA. Lu H, Nakajima. Spanta HO. AD, Stephenson 
LW: Skeletal muscle ventricle: 1993 up date. Basic Appl Myol 1993; 3: 271-280. 

/13/ Lucas CM. van del' Veen FH. Cheriex EC. Lorusso R. Havenith M. Penn OC, Wellen HJ: Long­
term follow-up (12 to 35 weeks7 after dynamic cardiomyoplasty. JAm Coli Cardiol 1993; 22: 758-
767. 

/14/ Carpentier A.. Chachques JC: Myocardial substitution with a stimulated skeletal muscle: First 
successful clinical case. Lancet 1985; 1: 1267. 

/15/ AP Furoary. JS Swanson and A Starr: Dynamic cardiomyoplasty: now and the future. Basic Appl 
Mvol 1993; 3: 307-312. 

/16/ Lexell J. Jarvis JC, Downham DY. Salmons S: Stimulation-induced damage in rabbit fast-twitch 
skeletal muscles: a quantitative morphological study of the influence of pattern and frequency. Cell 
Tiss Res 1993; 273: 357-362. 

/17/ Lexell J. Jarvis JC. Downham DY. Salmons S: Stimulation-induced muscle damage. Basic Appl 
Myol 1994; 4: 59-66. 

/18/ Podhorska-Okolov M. Sandri M. Bruson A. Carraro U. Massimino ML. Arslan p. Monti D. 
Cossarizza A. Franceschi C: Apoptotic myonuclei appear in adult skeletal muscles of normal and 
mdx mice after a mild exercise. Basic and Appl Myol 1995; 5: 87-90. 

/19/ Jarvis JC: Power production and working capacity of rabbit tibialis anterior muscles after chronic 
electrical stimulation at 10 Hz. 1. Phvsiol1993; 470: 157-169. 

/20/ Jarvis JC, Kwende MMN. Sutherlan'd H. Salmons S: The relationship between the temporal pattern 
of impulses and the transformed phenotype of skeletal muscle after chronic electrical stimulation. in 
Salmons S (ed): "Concerted Action Heart" Skeletal Muscle Assist Working Group Meeting. ISBN 
88-86219-01-06. Rome. Italy. Tecnobiomedica. 1994. pp. 47-49. 

/211 Arpesella G. Mikus p. Giancola R, Pierangeli A; Giannoni A. Miracoli L. Rizzi C. Rossini K, 
Bruson A. Catani C, Carraro U: Functional and Structural Characteristics of Sheep LD Conditioned 

- 307 -



to Fatigue Resistance by a Half-Day Cardiac-Like Electrostimulation Protocol: Implication for 
Dynamic Cardiomyoplasty. Basic Appl Myol 1995; 5: 103-107. 

/221 Carraro U: Conu·actile proteins of fatigue-resistant muscle. Sent Tho Car Sur 1991; 3: 111-115. 
/23/ Lorusso R. Borghetti V. De Fabritiis M. Scelsi R. Carraro U. Alfieri 0: Effects of a pre-operative 

physical training on latissimus dorsi muscle in patients undergoing dynamic cardiomyoplasty: a 
preliminary report. Basic App/ Myol 1993; 3: 211-218. 

ACKNOWLEDGEMENTS 

Supported by Italian M.U.R.S.T. funds to G. A.. and by funds from the Italian C. N. R. to the Unit for 
Muscle Biology and Physiopathology, and the Italian M.U.R.S.T. to U. C. The financial support of 
TELETHON - IT AL Y to the project "Basics to gene therapy via myoblasts: Identification and 
characterization of a new myoblast-selective mitogen released by macrophage, a new tool for muscle 
regeneration and gene therapy in muscle diseases (n. 599)" is gratefully acknowledged. 

Prof. U go Carraro 
Department of Biomedical Sciences 
Via Trieste 75. 1-35131 Padova, Italy 

AUTHOR'S ADDRESS 

Fax: +3949 8286510; e-mail: patgen06@cribil.bio.unipd.it 

- 308-



EFFECT OF ADAPTIVE PULSE TRAIN DURA nON ON LATISSIMUS DORSI BLOOD FLOW 
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SUMMARY 

Blood flow, intramuscular pressure, and stroke work of the trained latissimus dorsi muscle (LD) were 
measured during electrical stimulation at contractions rates between 20 and 160 per minute using pulse 
trains of 2 to 6 pulses in length. Epimysial electrodes and intramuscular pressure sensors were 
implanted in the ~D of five dogs. The muscle remained in situ. After 12 weeks of a progressive 
training protocol, LD blood flow (BF) was measured using an ultrasonic flow probe and work (SW) 
was determined from the measured force and shortening. For pulse trains of 2 or 3 pulses, BF 
increased with rate and SW was maintained at all rates. For 4 pulses, BF and SW decreased when the 
contraction rate exceeded 120 per minute. SW decreased above 100 per minute and 80 per minute for 5 
and 6 pulses respectively. An upper rate limit dependent on the pulse train duration exists above 
which BF and SW decline. Exceeding these upper rate limits should be avoided in cardiomyoplasty. 
Excessive stimulation rates could be detrimental to the muscle by creating a metabolic insufficiency or 
ischemia. The cardiac assist benefit is compromised as SW declines during high contraction rates of 
long pulse train duration. 

STATE OF THE ART 

The latissimus dorsi muscle (LD) is used in cardiomyoplasty to assist the failing heart. The LD is 
surgically wrapped around the heart and stimulated with a cardiac-synchronized, 30 Hz pulse train, 
typically six pulses in duration. We have found previously that for this pulse train duration, 
contraction rates of 80 per minute or more result in reduced power output and decreased LD blood 
flow Ill. First generation cardiomyostimulator systems do not allow flexiblity in programming shorter 
pulse trains. The LD, therefore, has historically been stimulated every other heart beat to prevent 
contraction rates that exceed the sustainable work rate of the muscle as the heart rate rises. The upper 
rate limit of the LD, however, is expected to be dependent on the duration of the pulse train. The new 
Transform TM Cardiomyostimulator (Model 4710, Medtronic, Inc.) allows the number of pulses in the 
pulse train to be programmed. It also has the feature of adaptive duration which automatically 
shortens the pulse train by truncating the number of pulses. Theoretically, the LD may provide 
greater cardiac assist if it is contracting with every heart beat. With adaptive duration, the LD may be 
able to contract at higher rates without impaired performance. The present study was undertaken to 
determine the upper rate limit for varying pulse train durations. 

MATERIALS AND METHODS 

Experimental methods 
Five mongrel dogs (20 to 25 kg) underwent implantation of epimysial electrodes (Medtronic, Inc.) on 
the left LD over the main thoracodorsal (TD) nerve. The electrodes were connected to a pulse 
generator (Itrel II, Medtronic, Inc.) implanted in a subcutaneous pocket over the abdomen. A pressure 
sensor (Model 4321, Medtronic, Inc.) was implanted in the mid-region of the oblique segment of the 
LD for later monitoring of intramuscular pressure (IMP). It was connected to a percutaneous access 
port implanted in the abdominal region. Needle electrodes were later used to gain connection to an 
external amplifier. 
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After a two week healing period, the muscles were stimulated in situ according to a 10-week 
progressive training protocol. A 30 Hz train of 6 pulses (210 Ilsec pulse width) was initially delivered 
at a rate of S pulse trains per minute (ptpm). The rate was increased every two weeks up to 46 ptpm. 
The stimulation amplitude averaged I.S V and was selected to be the minimum amplitude at which 
stroke work was maximal. 

At the end of the training period, the TD neurovascular pedicle was again surgically isolated and a 2-
mm ultrasonic flow probe (Transonic, Inc., Ithaca, NY, USA) was placed around the TD artery. The 
wound was closed, and the forelimb was attached to a contraction monitoring system that incorporated 
a force transducer (Model LCF-2S, 'Omega Engineering Inc., Stamford, CT), a linear displacement 
transducer (Model LD600-2S, Omega Engineering Inc., Stamford, CT), and an adjustable afterload 
weight. Force (F), shortening (&), TD blood flow (TDBF) and IMP during afterloaded contractions 
were simultaneously recorded on a PC using CODAS data acquisition software (DA T AQ Instruments, 
Akron, OH) at SOQ Hz per channel. The afterload weight was typically O.S to 1 kg and was selected 
during each monitor such that shortening was maximal but within the range of the linear displacement 
transducer. 

The pulse generator was programmed to deliver 30 Hz pulse trains, or bursts, of 2 to 6 pulses at rates 
of 20, 30, 60, 80, 100, 120, 140, or 160 ptpm in a random order. TDBF, F, &, and IMP were 
recorded continuously for 60 seconds. A resting period of S minutes was allowed between stimulation 
episodes to prevent prolonged fatigue and allow TDBF to return to resting levels. 

At the end of each experiment, biopsies were taken from the oblique section of the left and right 
(control) LD and snap frozen in methyl butane pre-cooled in liquid nitrogen. Myosin ATP-ase staining 
was performed to assess fiber-type transformation. 

Data analysis 
The peak F and ~L were determined at the onset of stimulation and after 60 seconds of stimulation. 
The mean TDBF and IMP during a 10-second interval were determined after 10 seconds and 60 
seconds of stimulation. The pressure sensor measured relative pressure changes. All results are 
reported as the mean ± standard error. ANOV A factorial analysis was performed to determine the 
effect of rate and pulse number on BF and SW. Paired t-tests were performed to determine change in 
fiber type percentages. A p-value less than O.OS was considered statistically significant. 

RESULTS 

Transformation to 100% Type I fibers occurred in three dogs. Partial transformation occurred in the 
remaining two resulting in an average of 80 ± 13 % Type I fibers in the left LD (stimulated) compared 
to 31 ± 4% Type I fibers in the right LD (unstimulated). 

Resting TDBF was 6.8 ± 0.2 ml/min and did not vary over the course of a study. The muscles 
weighed 104 ± 3.8 grams. Since blood flow supplied by collateral vessels remained intact but was not 
measured, TDBF can not be accurately expressed in a per gram basis. TDBF increased S2 ± 11 % 
during the least demanding stimulation mode, 2 pulse bursts at 20 ptpm. The highest increase was 480 
± 129% which occurred at a rate of 120 ptpm when S pulse bursts were delivered. TDBF increased 
with rate over the entire range tested for pulse trains of 2 and 3 pulses (p = 0.03, Figure 1). TDBF 
increased with rate up to 120 ptpm during 4 and S pulse bursts (p = 0.01 and p < 0.001, respectively). 
TDBF decreased at rates above 100 ptpm when 6 pulses were used. 

Similarly, & decreased above 100 ptpm for 6 pulses (p ~ 0.01), 120 ptpm for 4 pulses (p ~ O.OS) and 
didn't change with rate for 2 pulses. The highest SW for all rates combined was achieved when S 
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pulses were used. For rates less than 100 ptpm, SW increased with pulse number (p = 0.01) ranging 
from 0.016 ± 0.004 Joules during 2 pulse bursts to 0.122 ± 0.036 Joules for 6 pulse bursts (Figure 2). 
However, when the pulse train rate exceeded 100, the highest SW occurred when 5 pulses were used . 
The maximum rate at which SW was maintained was 80 ptpm for 6 pulses, 100 ptpm for 5 pulses, 120 
for 4 pulses and greater than 160 ptpm for 2 and 3 pulses. 

Mean IMP increased significantly with rate (p 
< 0.01) and pulse number (p = 0.03). IMP 
increased 46 ± 27% during the least demanding 
stimulation, 2 pulses at 20 ptpm, up to 470 ± 
212% during 6 pulse bursts at 160 ptpm. Even 
though SW declined during this most 
demanding mode, IMP remained high 
suggesting an elevated tension was maintained 
without cyclic shortening. The increase in IMP . 
is shown versus total pulses per minute (ppm) 
in Figure 3. Corresponding values for the 
increase in TDBF are plotted. TDBF begins to 
decrease when the total ppm exceeds 
approximately 600 . This corresponds to the 
upper rate limit at which TDBF was 
maximized for each duration; 120 for 5 pulses 
(600 ppm) and 100 for 6 pulses (600 ppm). 
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Figure 3. The increase in IMP and TDBF 
is shown against the total pulses delivered 
per minute. 

DISCUSSION 

An upper rate limit exists above which the LD is incapable of sustaining a constant work rate and 
TDBF declines. This upper rate limit depends on the duty cycle of the pulse train. For very short 
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pulse trains, 2 or 3 pulses delivered at a frequency of 30 Hz, the upper rate limit is greater than the 
maximum rate of 160 ptpm tested in this configuration. As the pulse number is increased, the upper 
rate limit decreases. An upper rate limit of 80 ptpm was found previously when the LD was 
configured into a skeletal muscle ventricle and stimulated with 6 pulse bursts /II. This limit is lower 
than the limit found in the present study suggesting that the upper limit will also depend on loading 
conditions. In the current study, the LD worked only against an afterioad. When the muscle is 
preloaded, as in our previous study, increased resting tension will cause a higher resistance to BF. 
Resting BF decreases with increasing preload 12/. This decrease in resting flow likely imposes further 
limitations on the maximum sustainable work rate of the LD. 

Mean IMP, averaged over time during stimulation, increased with both contraction rate and pulse 
number. Mean IMP was proportional to the total time that the LD is contracted. The rise in IMP is a 
likely cause of decreased TDBF at high duty cycles. Incomplete relaxation occurs at high rates of long 
duration resulting in a continuously elevated IMP, increasing the resistance to blood flow. Upon 
cessation of stimttlation, a hyperemic response was always observed. This hyperemic response did 
not occur as long as stimulation was being delivered even when fatigue was apparent. At high rates of 
longer duty cycle, shortening did not occur after 60 seconds of stimulation, but some level of 
developed tension and elevated IMP was maintained, probably restricting TDBF. 

The reduction in TDBF at high duty cycles could also be a normal autoregulatory response to reduced 
work output. Since the muscle is performing less work, the demand for blood flow is reduced. The 
reduction in external work could either be the result of the inability of the metabolic capacity, not 
associated with reduced substrate delivery, to keep up with the contractile demand or inappropriate 
myosin-actin overlap. After the initial contractions, the slow-twitch muscle no longer reaches 
complete relaxation between contractions making the next contraction less efficient due to 
inappropriate sarcomere overlap. 

Understanding the efficient working limits of the trained LD is important in optimizing its ability to 
assist cardiac function in cardiomyoplasty. Stimulation patterns that result in reduced work 
performance and reduced TDBF should be avoided. Using adaptive muscle burst duration reduces the 
work performed during each contraction but allows the muscle to contract at a higher rate and still 
perform within its sustainable working capacity. Wtih adaptive duration, stimulation with every heart 
beat is feasible rather than every other heart beat as done previously, potentially increasing the benefit 
of cardiomyoplasty during increased physical activity. 
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INFLUENCE OF THE FREQUENCY OF STIMULATION ON MECHANICAL 
PROPERTIES OF CANINE LATISSIMUS DORSI MUSCLE 

I A Cestari, E Marques, A A Leimer 

Bioengineering Division, Heart Institute, University of Sao Paulo, Brazil 

SUMMARY 

The mechanical properties of canine Latissimus Dorsi (LD) were studied with two 
protocols of stimulation: 30 Hz (F30; duty cycle = 0.20) and 100 Hz (F 100; duty cycle = 
0.07) in isometric and isotonic contractions. Isometric Tension, velocity of shortening and 
shortening displacement were measured in control and after repetitive stimulation (fatigue 

test). In control state F 30 group developed greater isometric tension than F 100 (8.4±1 vs. 

7.5±0.9 Ncm-2
) with smaller rate of tension development (49.7± vs. 73.7±4 Ncm-2s-\ 

F 30 and F 100 showed similar mean peak values of velocity of shortening and displacement 

(28.7±1 vS.32.3±3 cmls and 3.9±0.3 and 3.2±O.3 cm, respectively). Fatigue induced 19% 
decrease in F 30 and 10 % in F 100 in isometric tension. Shortening decreased to 46.5±7 and 
64±10% and velocity to 48±6 and 63±9% in F)o and F IOO , respectively. These results 
showed that repeated contractions with shortening induced greater fatigue than isometric 
contractions. Accordingly, F 100 group showed smaller fatigue suggesting that this 
protocol may be more beneficial to the muscle in cardiomyoplasty. 

STATE OF THE ART 

The first clinical application of electrically stimulated Latissimus Dorsi muscle as an 
autologous pump to assist the failing heart /1/ was followed by its application in several 
centers /2/. Based upon its favorable clinical results this technique, called dynamic 
cardiomyoplasty, has been indicated as a treatment for heart failure. However, many 
aspects of the contractile behavior of the electrically stimulated LD muscle have not yet 
been thoroughly studied. In this work, evaluation of some of the canine LD muscle's 
mechanical properties was performed in isometric and isotonic contractions. 

MATERIALS AND METHODS 

Surgical procedures were performed on anesthetized and artificially ventilated mongrel 
dogs (17±1 kg body weight). Blood gases and pH were monitored and maintained within 
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adequate levels. Body and muscle temperature were monitored and maintained at 37-
40°C and 30-33° C, respectively with the help of a water filled heating pad beneath the 
animal and a heating lamp nearby the muscle. The LD muscle was dissected free of 
surrounding tissues while preserving its main blood supply and nerve after which two 
intramuscular electrodes were implanted. For more detailed description please refer to /3/. 
After surgery, a period of 1 h was allotted for stabilization of the preparation. Two 
frequencies of stimulation were utilized: 30 Hz with a duty cycle of 0.2 (F 30) and 100 Hz 
with a duty cycle of 0.07 (F 100)' The remaining parameters of stimulation for both groups 
were the same (1 ms pulse width, supramaximal amplitude at a rate of 60 contractions per 
minute). Animals were divided in two groups for isometric (n=3,30 Hz and n=3,100 Hz) 
and isotonic (n=4,30 Hz and n=5,1 OOHz) tests. 
In isometric contractions, force measurements were performed in control and after fatigue 
stage. Optimal muscle length was determined /3/ and five contractions were elicited with 
muscles at this length. After 30 min. interval, fatigue test was performed with stimulation 
provided-for 2 min. 
In isotonic contractions displacement and velocity of shortening were measured for loads 
adjusted to 13, 27, 53 and 80 N. After 30 min rest, a fatigue test was performed (2 min) 
with 27 N load. 
Values are presented as mean ± SEM with isometric tension normalized to muscle cross­
sectional area /4/. Statistical comparisons between means of different groups were made 
by independent t tests and a repeated analysis of variance (ANOV A) was performed on 
the fatigue data and isotonic contractions at increasing loads. 

RESULTS 

Peak isometric tension (IT) in control was similar for both groups F 30 and F 100 with the 
latter showing greater rate of tension development (T/ t50: ratio of tension at 50% 
amplitude by its respective time interval). Fatigue index (ratio oftension at 120 s to initial 
tension) was greater for F30 These results are shown in table 1. 

Table 1. Isometric characteristics 

8.4±l.1 7.5±0.9 
FI 0.9±0.03 0.8±0.02 

49.7±5 73.7±4* 

Values are means ± SEM, * p:S 0.05 

Displacement and velocity of shortening obtained for the different loads studied are 
shown in Figure 1 and Figure 2, respectively. 
After fatigue, shortening displacement decreased to significantly smaller values compared 
to their controls (46.5 ±7.2% in F30 and 64±10% in F lOo) and so did velocity (48.2±6.2 % 
and 63±9% in F30 and F IOO, respectively). 
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SUMMARY AND DISCUSSION 

Two protocols of stimulation were studied using 30 Hz stimuli with 0.2 duty cycle and 
100 Hz stimuli with reduced duty cycle of 0.07. In control state both protocols of 
stimulation resulted in similar mean peak values for the mechanical properties studied 
either in isometric .or isotonic conditions. Comparing the variations induced by fatigue 
after 2 min. of repetitive contractions, it was seen that isotonic contractions produced 
variations of greater magnitude compared to contractions with no shortening. These 
findings are in agreement with results obtained from the mouse diaphragm /6/ and canine 
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diaphragml7/. Even though comparing these two types of contractions is not direct due to 
the many differences in muscle energetics, our results suggest that shortening 
contractions represent an increased demand for the muscle. Since mean peak values of 
velocity of shortening and displacement were the same for and F 30' Also, smaller 
reduction due to fatigue was found in F I 00' These preliminary results suggest that this 
latter protocol may be more beneficial to the muscle used in cardiomyolplasty although 
further investigation is necessary for more decisive results. 
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FES OF M. LATISSIMUS DORSI FOR CIRCULATORY ASSIST IN SHEEP 

R. Koller, W. Girsch, H. Lanmiiller, R. Seitelherger, L. Huber, M Rab, H. Schima, HG. Stbhr, 
R. Avanessian, UM. Losert, E. Wolner 

Departmellls C?f Reconstructive and Plastic Surgery and Cardiothoracic Surgery, Ludwig Boltzmann 
Institute/or Cardiosurgical Research, Center/or Biomedical Research, Illstitute/or Biomedical 

Engineering, Instilllte of Anatomy, University of Vienna, A lIstria 

Summary 
Three series of experiments concerning circulatoy assist by skeletal muscles were undertaken. First a 
conditioning program for the transformation of the latissimus muscle into a fatigue resistant one was 
developed. Secondarily cardiomyoplasty using a divided latissimus muscle was perforemd. Finally a 
new skeletal muscle ventricle consisting of a kryopreserved aortic homograft and the latissimus 
muscle was designed. 

State of the Art 
Circulatory assist by skeletal muscles has been carried out mainly in two different forms [1]: Skeletal 
muscle ventricles (SMVs) consisting of various prostheses and a stimulated muscle wrapped around 
have not been applied clInically so far due to the unsolved problems of the artificial surface of the 
prostheses. Cardiomyoplasty has been carried out in more than 300 human patients. This method 
was introduced about 10 years ago as therapeutic approach to end stage cardiac failure [2] . The 
latissimus dorsi muscle is wrapped around the heart and stimulated chronically. However the final 
results of this procedure are in general inconsistant. An objective recording of an improvement of 
circulatory parameters due to the contribution of the stimulated muscle has always been difficult 
[ 1,3-5]. 
Circulatory assist by skeletal muscles requires a muscle which is able to contract without fatigue over 
long periods of time. Thus one of the main goals of cardiomyoplasty and other methods of muscle 
powered devices for circulatoy assist is the induction of adaptive changes in the original, fatigueable 
latissismus dorsi muscle by means of chronic electrical stimulation [1 ,6,7], 
Several institutions of the University of Vienna are working together in order to improve the results 
of muscle assisted circulation by improving stimulation techniques and muscle positioning around the 
heart and by the construction of new forms of skeletal muscle ventricles. The alternative concept of 
indirect multichannel stimulation of the muscle by electrodes connected to the nerve has been 
introduced by Thoma. As the active electrodes are changed after each contraction, this multichannel 
technique has been introduced as "carousel-stimulation". It has been successfully applied for limb and 
diaphragm stimulation in para-and tetraplegic patients [1,8,9]. A further intention was its application 
in cardiomyoplasty. 
In a second step we tried to improve the results of cardiomyoplasty by extending the knowledge of 
muscle transposition in other fields of plastic surgery to this particular problem. 
Thirdly we tried to construct a new skeletal muscle ventricle consisting of a skeletal muscle wrapped 
around a kryopreseved cadaver aorta (homograft). 

Materials and Methods 
Our scientific group has performed 3 steps of experiments 

Muscle conditioning by multichannel stimulation in an in situ model 
In 6 adult sheep 4 stimulation electrodes were sutured to the epineurium of the left thoracodorsal 
nerve. Muscle conditioning was performed by multichannel ("carousel") stimulation according to a 
newly developed stimulation protocol consisting of2 different phases [10]. 
Phase I: Carousel-Stimulation with 10 contractions per minute. We started with 10 min/hour work 
and 50 min/hour rest. The duty cycles ("on" periods) were adapted to the fatigue resistance of the 
muscle until 10 contractions per minute could be performed during 24 hours. 
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Phase 2: The frequency of contractions was increased from 10/min to 70/min adding each week 10 
contractions per minute. 
Stimulation parameters were: Burst stimulation, burst duration 330 ms, burst frequency 28,8 Hz, 
single impulse duration 540 ~s . The amperage was adapted to the respect ive stimulation thresholds 
in order to achieve maximal muscle strength. 
Final experiments 
Electrodes were sutured to the thoracodorsal nerve of the contralateral unconditioned latissimus 
muscle, too . The tendons of the latissimus dorsi muscles were exposed bilaterally and fixed in a force 
transducer. The following parameters were determined: 
On both sides the electrode combination which produced the strongest muscle contraction was 
selected. These electrode combinations were used to compare maximum tetanic muscle tension of 
the conditioned and the contralateral unconditioned muscle at different restmg tensIOns. 
A test of muscle fatigue during 20 minutes of chronic multichannel stimulation (SO/min) was carried 
out. 

Cardiomyoplasty with a divided latissimus muscle 
In 8 sheep acute experiments were done. The left latissimus was raised. A thoracotomy was done 
and the muscle was transposed into the thorax. Afterwards the muscle was divided into two parts 
according to its vascular anatomy. It was wrapped around the heart in two different configurations. 
a.) Intercostal Extension 
The tendon of the muscle was fixed to the third rib. The two parts of the divided other end were lead 
out through the intercostal muscles. The heart was captured between the two parts of the muscle. 
The longitudinal axis of the muscle was parallel to the coronary sulcus of the heart. The fixation of 
the muscle to two opposite areas of the thoracic wall allowed an individual adaption of the resting 
tension. 
b.) Double wrap-around configuration 
One part of the muscle was wrapped around the heart from dorsal to ventral, the other one from 
ventral to dorsal. The two parts were fixed to each other. 
The resting tensions of the muscles were controlled by ultrasound monitoring to avoid impairment of 
the diastohc filling of the heart . 
Contraction of the muscle was achieved by ECG-sychronized stimulation. We used a stimulation 
device which was developed in our own laboratories. Stimulation parameters were : Burst duration 
200ms. R-wave-stimulus mterval 20ms; maximal frequency of stimulation 30/min. 
Circulatory parameters were measured by intravasal catheters. Data from nonsupported heartbeats 
were compared to those from heartbeats which were supported by a contraction Wthe muscle . Heart 
insufficiency was induced by rapid infusion of a betablocker (Ismolol, Breviblock ) 

Aortic homograft as skeletal muscle ventricle (SMV) 
A skeletal muscle ventricle (SMV) was constructed from a sheep cadaver aorta which was enlarged 
by the insertion of two patches of glutaraldehyde-preserved pericardium. In acute experiments the 
SMV was connected to the thor~cic aorta by two e~d-to:side anastomoses. Th~ left !atissimus 
muscle was wrapped around and stimulated dunng the diastolic phase (counterpulsation) (Flg.5). 

Results and Discussion 
l.Muscle conditioning by multichannel stimulation 

In the final experiments the conditioned muscles revealed an average maximal tetanic force of96.SN 
at 20N resting tension and 128.3N at a preload of 40N. The respective data for the contralateral, 
unconditioned muscle were 144.SN (preload 20N) and 191.3N at 40N (Fig. I). Supposing that both 
muscles were of equal force at the beginning of the stimulation program, the loss of force caused by 
muscle conditioning amounted about one third of the initial force . During 20 minutes of chronic 
carousel stimulation performing 50 contractions per minute the maximal tetanic force of the 
conditioned muscles decreased from 87.7N to 71.SN, which means an average loss of 18.5%. This 
loss of force was mainly confined to the first 3 minutes of this particular test. On the contrary the 
unconditioned muscles lost 68.8% of maximal force in the same period of time (Fig.2) . 
Although the conditioned muscles were stimulated for at least 2 weeks with 70 contractions/min 
without visible fatigue, a small loss of force occurred in each case. This phenomenon -even to a 
higher extent- is also described by other authors after the application of different conditioning 
schemes [1,7]. Therefore these baSIC experiments showed the possibility of muscle conditioning by 
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carousel stimulation resulting in excellent fatigue resistance and an acceptable loss of maximal force 
on the other hand. 
Figure 1: Average maximal tetanic tension of the conditioned and the unconditioned latissimus 
muscles at different resting tensions. 
Figure 2: Comparison of the maximal and the mean tetanic tensions between a muscle transformed 
by multichannel stimulation [Max and Mean cond](/u" and broken line) and an unconditioned 
/Max and Mean uncond] muscle (dotted line and line with asterisks) during continuous stimulation 
over 20 minutes performing 50 contractions per minute. 
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Cardiomyplasty with a divided latissimus dorsi muscle 
The data of the average systolic arterial, maximal left and maximal right ventricular pressures with 
and without stimulation in the intact heart can be seen from the following table. 

Table I: Intact heart 
Intercostal Extension Double wrap-around 

Simulation off on off on 
Arterial pressure 78 86 93 104 
Left ventricle pressure 74 83 92 104 
Pulmonary artery pressure 20 25 22 28 
The respective data recorded after induction of heart insufficiency can be seen from the figures 3 and 
4. 
Figure 3: Cardiomyoplasty after indllction of heart insufficiency. Systolic pressure (Artery), 
maximal left ventricular pressure (Ventr sin). maximal right atrial pressure (Atr aexl) and maximal 
pulmonary artery pressure (PAP) without (full bars) and with (hatched bars) support by the 
stimulated latissimus muscle. The two parts of the muscle are capturing the heart in between. The 
distal free ends are led out intercostally. 
Fif;ure -I: The same as figure 3, but the two parts of the muscle are wrapped around the heart in 
opposite form. 
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The divided latissimus muscle flap has been used for many reconstluctive procedures in other fields 
of plastic surgery, The importance of pretension of a muscle which is transposed for functional 
reasons has been emphasized before, The division of the muscle in both configurations of our experi­
ments offered us the possibilty of stretching the muscle until a certain amount of resting tension was 
obtained, 
Both configurations of the transposed muscle resulted in a marked increase in systolic pressures, The 
differences between the stimulated and the nonstimulated beats were more distinct when the parts of 
the muscle were wrapped around the heart with a certain amount of resting tension, Furthermore we 
could emphasize the Importance of the whole procedure for the insufficient heart, 

Aortic homograft as skeletal muscle ventricle (SMV) 
Stimulation of the muscle which was wrapped around the SMV augmented the abdominal aortic 
blood flow and the diastolic pressure, The mean systemic pressure was slightly augmented, 
Nevertheless further experiments with different positioning of the SMVs are necessary to show the 
impact of this newly configurated device for circulatory assist. 
Figure 5: Skeletal muscle ventricle consistil7g of a cadaver aorta with a latissimus muscle wrapped 
arOlllld. 
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THORACODORSAL ARTERY BLOOD FLOW DURING SYNCHRONIZED BURST 
STIMULATION (Abstract) 

CAM van Doorn\ MS Bhabra', DN Hopkinson' , D Barman', JJ Cranlei, TL Hooper' 

From the Depanments of 'Cardiothoracic Surgery, Wythenshawe Hospital, Manchester, 
~iological Services Unit, University of Manchester, UK 

Muscle damage has been reported in latissimus dorsi (LD) muscle flaps following experimental 
and clinical cardiomyoplasty (CMP), and an ischaemic origin has been suggested. This study 
aimed to document the effects of synchronized muscle stimulation on thoracodorsal (IDA) 
blood flow. -
Material and Methods: In-situ LD muscles of 5 sheep (weight range 45 - 54 kg) were 
preconditioned with 2 Hz continuous stimulation for 8-9 weeks to achieve fatigue resistance. 
In a final experiment the muscles were stimulated (5V, 30 Hz), using a burst duration of21% 
or 35% of the R-R interval. Stimulation was in either 1: 1 (hean : muscle) or 2: 1 synchronicy 
with the cardiac cycle. IDA blood flow and thoracodorsal venous (IDV) lactate 
concentration were monitored during, and immediately following a 3-min period of 
stimulation. 
Results: A significant rise in IDA blood flow was seen with all protocols of stimulation 
(p<0.001). The increase in blood flow following stimulation with a 2:1 ratio and 21% burst 
was significantly less than when a 1: 1 regime was used (88 .8% [90% CI: 60.4% - 120.5%] 
and 138.9% [90% CI: 103.8% - 180.1%], respectively). This effect was more pronounced for 
a 35% burst duration (123 .2% [90%CI: 90.4% - 161.8%] and 167.0% [90%CI: 127.6% -
212.9%], respectively). Timing of stimulation with the systolic or diastolic phase of the cardiac 
cycle (1: 1 ratio, 21 % burst) resulted in a similar rise in IDA blood flow. Following cessation 
of 1: 1 stimulation, a further increase in blood flow was seen in 3 out of 5 animals with a 21 % 
burst duration, and in all animals following a 35% burst. Reactive hyperaemia was never 
present following 2: 1 regimes. IDV serum lactate levels tended to rise after 1: 1 stimulation 
with a 21% burst, and fell compared to base line following 2:1 regimes (3 .7% [90% CI: 
-12.7% - 23.1%] and -14.5% [90%CI: -28.0 - 1.6%], respectively). These changes reached 
statistical significance when a 35% burst duration was used (34 .9% [90%CI: 13.6% - 60.2%] 
and -15.0% [90%CI: -29.2% - -0.001%], respectively). 
Conclusions: 1: 1 Assist ratios, even in the absence of muscle mobilization, may adversely 
affect IDA blood flow. This may have important implications for CMP. 
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THE EFFECTS OF CARDIOMYOPLASTY ON CARDIAC GROWTH (Abstract) 

CAM van Doornl, MS Bhabral, JC Jarvis2
, S Salmons2

, and TL Hooperl 

Departments of 1 Cardiothoracic Surgery, Wythenshawe Hospital, Manchester, UK 
2Human Anatomy and Cell Biology, University of Liverpool, UK 

Cardiomyoplasty (CMP) has been considered for paediatric patients, but there is concern that 
a latissimus dorsi (LD) wrap could restrict ventricular growth. This possibility was 
investigated by performing CMP in an immature animal model. 
Material and Methods: Six-week-old male Sprague-Dawley rats underwent CMP (Group I, 
n=7). To assess the effects of anaesthesia and surgical intervention alone, a sham thoracotomy 
was performed in Group II (n=8). Animals in Group III (n=7) underwent no procedure. 
The animals were electively sacrificed 20 weeks later. 
Results: Pre-operative body weights were similar between the groups (Group I: 202.3 ± 8.8g, 
Group ll: 209.6 ± 5.5g, and Group III: 198.6 ± 13.8g [Mean ± SEM], p = ns). There was no 
statistical difference between the final body weights of animals that underwent surgery 
(Group I: 558.0 ± 21.5g and Group ll: 617.3 ± 20.3g), but these were less than those of the 
control animals (Group III: 727.6 ± 13.3g, p<0.001 and p<0.01 respectively). The cardiac 
ventricular weights in the CMP group were significantly less than those recorded for control 
animals (Group I: 1.21 ± 0.06g and Group III: 1.45 + 0.04g, p<O.OI), but were not 
statistically different from those of the sham thoracotomy group (Group II: 1.36 ± 0.05g). 
There was no statistical difference between in left ventricular end-diastolic volume between 
the groups (Group I: 0.67 ± 0.07ml, Group II: 0.06 ± 0.07 ml and Group III 0.69 ± 0.10 ml). 
Conclusions: No significant impairment of ventricular growth by a LD flap was demonstrated 
in this study, but further studies with stimulated muscles are indicated before CMP can be 
applied in paediatric clinical practice. 
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LUMBAR ROOT STIMULATION FOR RESTORING LEG FUNCTION. 
METHODS: STIMULATOR AND MEASUREMENT OF MUSCLE ACTIONS. 

N. de N. Donaldson, T.A. Perkins & A.C.M. Worley 

Department of Medical Physics & Bioengineering 
University College London 

SUMMARY 

We are studying the feasibility of restoring lower limb functions to paraplegics by stimulating 
their lumbar anterior roots (L2-S2). The potential advantages of placing electrodes at the roots, at the 
cauda equina, we~ set out by Rushton /1/ and our results so far' are in a companion paper by Rushton 
et al.. The procedure we have used for selecting suitable subjects for this experimental prosthesis is 
described in another companion paper by Barr et al.. In this paper we describe briefly the stimulator 
system and a special apparatus we call the Multi-Moment Chair. The stimulator is a development from 
an earlier design of implantable peripheral nerve stimulator /2/ and has features which make it easier 
to use. The Multi-Moment Chair enables us to gather simultaneously isometric joint moments from 
14 axes of the legs during stimulation while the body is fixed in a posture between sitting and full­
extension. Such rapid data collection is essential to discover the effects of multiple-root stimulation 
and therefore the functional possibilities. 

ST ATE OF THE ART 

Unless there is a reflex response, the effect of stimulating peripheral motor nerve is confined 
to the target muscle or muscles, and so each stimulation channel usually gives a local response. For 
example, stimulating the quadriceps muscles gives knee extension with some hip flexion due to rectus 
femoris. Each leg has at least six degrees of freedom (axes) of movement at the three joints. When 
the lumbar roots are stimulated, the response from each root extends to many of these axes. Root 
stimulation therefore has a special difficulty: in order to set the stimulation intensities, so as to obtain 
a good approximation to any required combination of moments at these axes, models which relate the 
intensities to the moments are required. These models can be mappings between coordinates in 
moment space (7-dimensional in our models) and those in stimulation space (6-dimensional), assuming 
that each side of the body is independent. To be practicable, we have to be able to collect enough data 
to create such a mapping before the muscles become too fatigued. At present, we collect the responses 
to hundreds of stimulus patterns for each model and this is possible because the Multi-Moment Chair 
allows us to simultaneously measure all 14 leg moments while the subject is in a posture which can 
be set between sitting and near full-extension. As we find the responses depend on posture, several 
models will be necessary. Radial Basis Functions can be used to model the dynamic behaviour of 
stimulated muscle /3/: in this case we use RBFs to approximate the static mapping between moment 
space and stimulation space. 

MATERIAL AND METHODS 

Stimulator System 

The implant and the external "Control Box" are both modular. The implant has two circular 
hermetically-sealed ceramic assemblies /4/. One carries the receiving coil and contains the receiver 
and decoder circuits; the second contains the de-multiplexor, blocking capacitors and terminates four 
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4-wire output cables. Each cable has one anode wire and three separate cathode wires. Three of the 
cables go to 3-slot "book" electrodes but one goes to a 2-slot book with a shon extension to a funher 
I-slot book to facilitate placement at L2 level within the spinal canal. Each book contains three 
electrodes in a tripole configuration but all the anodes (the outer electrodes in each book) are 
connected together. The two ceramic assemblies are jointed back-to-back and encapsulated in silicone 
rubber. 

There are two 68HCli microprocessors in the Control Box. One, the Link Processor deals with 
the implant while the other, the Control Processor, executes FES application programs. This division 
simplifies the task of writing application programs. It also makes the system easier to expand as more 
powerful Motorola processors could be substituted if they have the SPI high-speed serial interface 
which is used for transferring messages. 

The electronic design was described in reference /5/. The main features of the implant system 
are as follows. 

-
o The stimulator is a flattened ellipsoid of diameter 58 mm and thickness 14 mm. 
o The output current is 5mA. 
o Pulse widths are set on an exponential scale from 2.1 to 992 s in steps with a fractional 

increment of 1116th. In addition to these 142 steps there is also a zero pulse width step. For 
convenience we translate the 143 steps onto a logarithmic intensity scale of 0-100%. 

o Reflected impedance /6/ is used to measure the coupling between the transmitter and receiver 
coils. The transmitter drive is adjusted to provide sufficient power as the coupling changes. The 
link will tolerate lateral displacements of the transmitter up to approximately 25mm. 

o The coupling is displayed on an LCD and a warning buzzer sounds if the coupling gets 
excessively weak (when there is a risk of communication failure) . 

o The LCD not only displays warning information from the Link Processor program but also other 
shon message strings generated by the control program. 

o The Control Box is small enough to be carried by the user (120*80*45 mm) and weighs 372 
grams. It is separate from a battery pack which weighs 528 grams and gives a running time of 
14 hours before recharging. 

o There is an RS232 interface to the Control Processor which can be used for down-loading 
programs or for sending stimulation patterns generated elsewhere (this allows experiments to be 
run from the PC which records and displays data from the Multi-Moment Chair (see below). 

o There are 20 analogue inputs for goniometers, etc, 8 digital inputs for switches, and two external 
SPI pons in case simultaneous surface stimulation is required. 

o The Control Processor has an operating system in EPROM and 32 kbytes of battery-backed RAM 
for programs. 

o At present the Control Program modes include (i) exercising of muscles at home, (ii) manual 
adjustment of the 12 intensities from an array of linear potentiometers, (iii) stimulating with 
sequences of shon bursts with intensity patterns received by RS232, and (iv), open-loop standing. 

Multi-Moment Chair 

The subject sits on a chair which, like dentists' chairs, has adjustable height and inclination 
of the back. The seat is always horizontal. Straps hold the subject in place. Shoes are joined to plates 
which bolt into "shoe boxes" which are themselves pivoted on the plantarflexion axes of the ankles 
but then fixed at some angles to the horizontal. The shoe boxes are joined to 6-axis transducers which 
can be fixed at some horizontal distance from the chair. By adjusting the height of the seat, the 
inclination of the shoe boxes and the distance from the seat to the shoe boxes, the ankle and knee 
angles are determined. The inclination of the seat back gives the common hip joint angles. For 
convenience, we always arrange the thighs to be horizontal. The hips and knees can be set at any 
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angle between full extension and 90 degrees of flexion . When the pelvis is restrained and the feet are 
in the shoes, only sideways movement of the knees remain possible. This is prevented by padded 
plates on both sides of each knee. These plates are fixed to beams which have sttain gauges to 
measure the horizontal resttaint forces. 

Each leg is thus fully-resttained and as nearly isometric as possible without there being an 
unacceptable risk of skin damage. The 6-axis load cells were designed to withstand forces up to 2 kN 
and moments to 200 Nm. Each load cell was calibrated by loading on the line of the plantarflexion 
axis of the ankle. Twelve loading arrangements were necessary to cover the three orthogonal forces, 
three onhogonal moments, and for positive and negative signs. Calibration gave a matrix which relates 
the forces/moments at the ankle to the bending moments at the sites of the gauges on the ttansducer. 
From these and the lateral force at the knee, the internal moments in the leg are calculated. These 
moments are: hip extension, knee extension, plantarflexion, hip abduction, ankle abduction, hip 
external rotation and inversion of the ankle. 

The strain_gauge bridge signals are amplified and sampled by a 12-bit NO card (DAS1600) 
in a PC486. A "C" program reads the main words, calculates the joint moments, displays the 
moments in real time, and saves the moments records as text files. Usually the sampling rate is set 
to 5 Hz. For all the calculated joint moments, the worst-case resolution is 1.25 Nm. The program also 
can run experiments, sending stimulation patterns by RS232 to the Conttol Box and storing 
information about the experiment (e.g. posture). MA TLAB is used to plot the results and for finding 
the Radial Basis Function models (Neural Network Toolbox). 

RESULTS 

The figure shows the measured responses to stimulation of the left quadriceps group of 
muscles of a normal subject with large surface electtodes. These responses are reasonable and show 
little cross talk between the legs. 
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Given that our subject can produce knee extending moments of nearly 1oo Nm, we have found 
it impossible to prevent some movement occurring during strong contractions. Strong knee extension 
moments, with the leg extended, push the trunk up the back of the chair despite the straps. It order 
to maintain the accuracy of the moment records, we now use goniometers at the knees so that the 
results of this movement, which would otherwise introduce significant errors, are corrected in the 
calculations. Another problem has occurred during strong plantarflexion when the ankle is forced out 
of its shoe a little way. If this vertical movement is resisted at the knee, due to friction with the knee 
plates, the calculated hip extension moment is erroneous. We avoid this error by using slippery pads 
between the knee and each plate. It is important to pre-filter the strain gauge bridge signals or 
significant ripple in the calculated joint moments can occur due to aliasing of the mechanical vibration 
present at the stimulation frequency (20 Hz). 

DISCUSSION 

As we intended, the Multi-Moment Chair enables us to collect data rapidly in each or several 
postures. Although the transducers are calibrated for ankle joint forces, we have no comprehensive 
method of validating the calculated joint moments. However, data such as that presented in the figure 
is reassuring. At present, we expect that once the muscles have finished strengthening by training with 
the implanted stimulator, enough data to characterise the individual patient will take six half-days to 
collect. As we are primarily interested in the mechanical effects of the stimulation, we normally do 
not make EMG measurements but these can be made in conjunction with the moments in experiments 
to discover how or why the moments occur. 
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SAMPLING DEVICE FOR TIMEPARAMETERS IN GAIT ANALYSIS 
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SUMMARY 

During gaitanalysis with elektromyography (EMG) and videometry, groundcontact events are used for time 
normalisation of multiple steps. Single sensors, taped at the foot, turned out to be inaccurate because of 
contact area variability. Moreover the timing of contact events of different sole areas during stance phase is 
of interest in functional footdiagnostic. 
For this purpose we developed a datalogger, sampling contact events at an insole array of 64 pressure sensors. 
The battery operated device is carried at a hip belt without cabling. The system is microcontroller driven. The 
contact events in up to 8 maskable areas are logged in onboard RAM and are additionally available as an 
amplitude coded realtime signal, ready to be plugged in every EMG measurement unit as event channel. When 
used as stand alone device the logged data is sent offline to a PC over a serial interface, which is also used 
to mask and calibrate the insole sensors. The sampling frequency is 200 Hz. Depending on the number of areas 
the sampling time is 5 to 40 min. Two synchronised loggers are used for bipedal analysis. The device shows 
reliable preliminary results. 

STATE OF THE ART 

In functional gaitanalysis there are kinematiclkinetic and EMG measurements. These parameters are able to 
give information, how activity of muscles generate moments at the joints and finally lead to angular 
movements of body segments. A single gaitevent is not significant for interpretation due to high stride to stride 
variability, especially in pathologic gait and EMG 1,2. It is necessary to take means of multiple gaitcycles. For 
this purpose a nonnalisation in time is needed. The ground contact of the foot define events to split the cycle 
into phases. The main phases are stance and swing, identified with initial contact (heel strike) and toe off 
events. Full forefoot load and heel lift are subevents in the stance phase (Fig.!). 

F:..ll Forefoo( 
Load 

Figure !: phases of gait cycle 

Tee 
Off 

Heel 
Strik: 

Up to now we use 4 pressure sensors at one foot to measure these events in clinical gait analysis. They are 
taped at the bare foot. When the foot is loaded the sensors change conductivity. This rapid change triggers 
the gaitevents. The commercially available systems are costly and do not offer realtime and logging function 
at the same time. The inhouse single sensor tape method is time consuming in handling and sensors are 
damaged easily because of mechanical stress during taping. The foremost shortcoming of the present method 
is inaccuracy with pathologic gait. If the patient varies the initial or final groundcontact area to an area without 
sensors taped on, the trigger fails . This leads to normalisation errors in time and misleading timing. 
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MATERIAL AND METHODS 

To deal with this problem we developed a device able to collect pressure distribution of the entire foots , small 
enough to be carried at a hip belt and providing a realtime channel. This datalogger may be used in 
combination with any EMG measurement system to generate a trigger channel. It may also be used as stand 
alone system in order to measure the timeparameters in gaitanalysis. Every cunductivity sensor matrix within 
the limits of 8 x 16 elements may be used with this datalogger. The prototype is equipped with a 64 sensor 
insole (Interlink Elektronics, CA, Santa Barbara) because of commercial availability (Fig. 2) . 

Fig.2: Sensor insole matrix 

This sensor is built up in a partly filled 7x14 matrix. 
To save time only present sensors are scanned and 
dataprocessing is multiplexed with the sampling 
time of the next sensor. Virtual mass is adjusted to 
those sensor columns, which are not sampled 
during scan of one sensor in order to avoid 
crosstalk within the matrix. The sensormatrix may 
be masked in up to 8 free selected groups. The 
group is active if at least one of the group sensors 
are loaded. The groupdefinition and the switching 
levels are generated by a PC-program. The 
switching level is adjusted to the bodyweight. The 
groups are defined with a graphic tool and may be 
saved for further use. 
The system is driven by a 80C535 microcontroller 
(Fig.3). The Sensor Matrix is multiplexed in 
columns and rows. Each sensor conductivity is 
AID converted with 8 bit resolution. The switching 
situation is calculated by comparing these values 
with a zero adjust table. This calibration table is 
generated during an unloaded zero adjust situation. 
Damaged or bend sensors are given a higher 
switching level in accordance to their preload. 
The system unit contains 12 keys and a LCD 
display with 2 rows of 16 alphanumeric characters 
each. Following functions are controlled by these 
elements: Receive group definition and switch level 
from PC, zero adjust, realtime test with display of 
group activity, logging data in RAM and send data 
to Pc. Tree LEOs indicate system status and 
battery low. 
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A fullscan needs 5 ms. The real time signal and the switching events in each of the 8 groups are updated in 
200 Hz cycles. The statusbyte is saved in a 64 kB RAM. This gives more than 5 min sampling time. This time 
may be split in up to 32 trials. The microcontroller programcode is based in an EPROM. There is an off-line 
RS232 interface to the PC and a real time output. The later one shows the switching situation of the insole 
with a 200 Hz amplitude coded Signal without bias, able to be fed as event channel in every EMG unit. The 
standard output include cadence and duration of stance and swing phase. The start/stop trigger may be done 
additionally by light switches. With distance measurement the system is able to calculate gait velocity and step 
length. 

V ALIDATION METHOD 

To evaluate the sensor insole and logging system we compared the switching events with the ground reaction 
force measured with a force plate (AMTI, Newton, MA). The measurements were taken after a zero adjust 
in unloaded situation without additional adjustment for different tasks. All sensors were masked in one single 
group. The switching level had an offset of 1110 of the dynamic range. The realtime signal of the datalogger 
and the vertical component of the ground reaction force (GRF) were sampled at 1000 Hz simultaneously 
(Fig.4). The realtime signal was identical to the logged signal time expanded with factor 5. 
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Fig.4: ground reaction force versus start and end of stance phase with gait logger 

4000 

Start and end of stance phase were defined as the crossover of GRF at 1110 of bodyweight. The time 
difference to gait logger events was identified as !l begin and !l end. Negative values indicate early, positive 
values indicate late definition of the gait logger events in respect to GRF events (Tab. 1). 
High variations of gait patterns were tested in this evaluation. 60 trials of a healthy person in 6 simulated 
variation groups were taken. The gait pattern varied in initial heel contact and initial toe contact. The stance 
varied in medial, lateral and symmetric loading. 
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RESULTS 

group: t:,. begin mean( ms) t:,. begin std (ms) t:,. end mean (ms) t:,. end std (ms) 

ini.heel - sym. -0.13 2.5 18.3 4.1 

ini.heel - medial 1.6 3.2 2.6 5.0 

ini.heel ~ lateral 2.5 3.3 -15.6 14.0 

ini.toe - sym. 12.3 4.3 6.2 4.8 

ini .toe - medial -4.0 13.6 12.2 25 .6 

ini.toe -lateral 16.5 5.4 14.4 10.5 

Table 1: Event errors of gait logger in ms 

DISCUSSION 

The switching error ofsingie sensors was found to be +/- lOtus for the start and +/- 22ms for the end of stance 
phase in previous studies3

. These errors were tested with normal gait pattern. The overall results for high 
variability in gait in this study show similar findings. Roughly for heel strike events the error is under +/- 5 ms 
and for toe strike and toe off events under +/- 20 ms. There is a light shift of -2 ms towards late definition 
in heel strike. This is due to the scan period of 5 ms, which leads to delayed output of switching events. There 
is little difference between loading patterns, showing good reliability of the system. The unloading pattern 
show later definition in the initial toe strike events. This may be due to high pressure in the toe area after 
unloading because of toe walk. The trial number is to small to discuss more details. 
The handling of the system was easy in respect to the datalogger. The betaversion of the PC software was 
unusual to handle but will be debugged within next months. For quick use the update will include a sample 
of predefined masks for different walker types. 
There is a need for studies with patients to proof reliability in real pathologic gait. As there was no adjustment 
for foot contact type and bodyweight in this pilotstudy we have good reason to expect reliable results in 
further studies. 
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APPLICATION OF BALLISTIC WALKING MODEL TO PES 
ASSISTED GAIT ANALYSIS 

Adam Thrasher and Brian Andrews 

Department of Biomedical Engineering, University of Alberta 

SUMMARy 

In order to produce successful gait in paraplegic individuals using Functional Electrical 
Stimulation, muscle activation patterns must be found. These patterns are often complex, and must be 
precisely tuned to each specific individual. The development and tuning of control systems is a time 
consuming process, requiring numerous clinical trials. The effort on the part of researcher and patient is 
great. 

Walking models can be effectively used to aid the development of such control systems in three 
ways: (1) The feasibility of a particular control strategy can be evaluated before any clinical testing 
begins; (2) The behaviour of a control system can be simulated beforehand, and anticipated when patient 
testing begins; (3) Control systems which are known to work can be coarsely tuned using model 
simulations, and later fine tuned during patient testing. In these ways, modeling can greatly speed up the 
development of FES control systems. 

In this study, the swing phase of gait is simulated. A very simple control scheme is applied to the 
quadriceps muscles of the swing leg with the objective of improving swing leg extension at heel-strike. 

STATE OF THE ART 

Dynamic walking models come in many forms, and range in complexity from very simple to 
very complex (c.f. Mochon and McMahon /1/, Onyshko and Winter /2/, Siegler et al /3/, Pandy and 
Berme /4/, Yamaguchi and Zajac /5/). The walking human is modeled as a series of links, each having a 
characteristic mass and moment of inertia. The links represent one or more skeletal segments of the 
human body. Joints are often modeled as restrained pin connections with elastic and/or damping 
elements to simulate internal joint reactions. Isolated muscles are modeled in a vast variety of ways 
(Zahalak /6/). Muscle models are often incorporated with the joints of walking models and act 
essentially as torsional actuators. 

Basic walking models with a low number of degrees-of-freedom are appealing for their fast 
computation speed, low number of vital parameters, and simple output. This study focuses on the 3 
degree-of-freedom ballistic walking model (Mochon and McMahon /1/) which simulates the swing 
phase of gait. The input to the model is a set of six initial conditions referring to the position and initial 
angular velocity of each segment at the start of swing phase (toe-off). The output is the kinematics of all 
three segments represented as functions of time. A numerical integration technique is used to solve the 
equations of motion. 

MATERIALS AND METIlODS 

The ballistic walking model of Mochon and McMahon /1/ was used with the following revisions: 

(1) Non-linear torsional springs and linear dampers were attached to the knee joint and the hip joints to 
produce realistic joint reactions. The non-linear elastic functions were taken from Davy and Audu n /. 
(2) The knee-lock mechanism of the swing leg knee was removed. 
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(3) The feet were modeled as simple triangles with vertices at the heel, toe and ankle joint. The swing 
leg shank and foot remained one rigid segment (assuming an AFO was being used). 

(4) The quadriceps muscle of the swing leg was modeled as a first-order response to a given stimulus 
according to Ferrarin et al /8/. The muscle model is defined by the following equation 

where M is the moment produced at the knee by the quadriceps, Mmu is the maximum moment 
capable, 'C is the time constant of the muscle response, and x(t) is the stimulus function. 

The revised ballistic walking model has three degrees-of-freedom and consists of three segments: 
the stanCe leg, the swing leg thigh, and' the swing leg shank and foot. The upper body mass is modeled as 
a sizeless mass at the hip joint. Figure '1 shows how the angles, ¢1' ¢i' and ¢3 are defined. 

¢J2 

Figure 1: Schematic diagram of revised ballistic walking model 

A basic control scheme was chosen to demonstrate the ability of the model to determine if and 
when quadriceps stimulation during swing phase can improve gait. First, it is necessary to describe the 
goal of the control scheme. 

A successful simulation is defmed as one in which (1) the swing foot remains above the ground 
at all time between toe-off and heel-strike, (2) the swing leg knee is extended no less than 10 degrees 
from full extension at the moment of heel-strike, and (3) the distance between the stance leg toe and the 
swing leg heel at the moment of heel-strike is no more than 10% different from the distance between the 
swing leg toe and stance leg heel at toe-off. In short, the three criteria for a successful swing phase are 
(1) foot clearance, (2) critical extension at heel-strike, and (3) step length consistency. 

In order to test the ability of the model to verify and optimize muscle stimulation patterns, four 
sets of initial conditions were selected which produce failed gait when no muscle stimulation is applied. 
These initial conditions are listed in Table 1. Each trial chosen fails to result in adequate swing leg 
extension at heel-strike. Activation of the quadriceps muscle should aid knee extension. Therefore, a 
step stimulus was applied to the quadriceps at a time, ton, after toe-off. The model was then used to 
optimize ton with the goal of producing the best knee extension at heel-strike. 

Table 1: Initial conditions for optimization trials 

trial 
¢1 ¢2 ¢3 ¢1 ¢2 ¢3 

(rad) (rad) (rad) (rad/s) (rad/s) (rad/s) 
1 0.18 2.90 2.15 -1.1 6.0 -5.0 
2 0.18 2.90 2.15 -1.1 5.0 -4.0 
3 0.25 2.90 2.25 -1.2 5.0 -4.0 
4 0.25 2.90 2.25 -1.3 5.0 -4.0 
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An iterative step approach was used to optimize ton. Iterations were repeated until a minimum 
value for knee angle at heel-strike was found. Trials which resulted in good knee extension at heel-strike 
but failed the other criteria for successful swing phase were discarded. For all simulations, the body 
parameters of a normal male were used (Vaughan et al. /9/). 

RESULTS 

Approximately 60 simulations were executed for each trial. The iterative search found optimal 
values of ton for all four trials. Table 2 summarizes the results of the search. The second column in Table 
2 lists the values of knee angle at heel-strike when no quadriceps muscle stimulation is applied. The 
third column contains the knee angles at heel-strike when optimal quadriceps stimulation is applied. 

Table 2: Model simulation results 

Final knee angle Final knee angle opnmal 
trial (4'2 - 4'3) (4'2 - 4'3) ton 

without quad. stirn. with Quad. stim. 
1 23.6 4.6 0.03 
2 10.8 6.1 0.36 
3 35.0 7.7 0.38 -
4 23.2 8.9 0.34 

Figure 2 plots the value of knee angle at heel-strike versus ton. The data in figure 2 is taken from 
trial 2. 

Final knee angle as a function of stimulus onset time 
20r---~~~~----~--~-----r--~ 

0.1 0.2 0.3 0.4 0.5 
stimUlUS onset time, (8) 

0.6 

Figure 2: Knee angle at heel-strike as a function of quadriceps stimulation onset time 

DISCUSSION 

The results demonstrate that swing leg knee extension can be aided by activation of the 
quadriceps muscle at some instant during swing phase. With the exception of trial 1, optimal quadriceps 
muscle stimulation onset time is approximately 0.36 s. This is roughly 65% through swing phase. The 
optimal onset time may be associated to some detectable event during the swing phase, and a control 
system devised which begins quadriceps activation when the event is detected. Since quadriceps 
stimulation is desirable during early stance phase, the results of this study suggest that the quadriceps 
can be stimulated some time before heel-strike in paraplegic walking. 

The ballistic walking model can be easily employed to test other muscle control schemes. For 
example, a muscle model of the hamstrings could be used to improve trials for which the foot clearance 
criterion is not satisfied. Larger scale models can be similarly employed. 
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Sillv1MARY 

The objective of this study is to detennine the suitability of using the afferent activity recorded from cuffs 
implanted around cutaneous nerves to provide feedback control in neuromotor prostheses. The data were 
obtained using chronically implanted, tri-polar recording cuffs placed around a branch of the common 
palmar digital nerve innervating the radial side of the index finger in a quadriplegic volunteer subject. 
Precisely controlled mechanical stimuli stretched the digital skin at the distal phalange of the index finger. 
The stretch was c!elivered by means of a force servo apparatus that produced trapezoidal force profiles. 
Investigation using force rates of 1, 2, 4, 8, 16 N/s and amplitudes of 0.5, 1, 1.5, 2, 2.5 N showed an 
approximately linear increase in the rectified and smoothed ENG activity with increasing rate of stretch 
over the range of2-16 N/s or increasing amplitude from 1- 2.5 N . These results are in agreement with 
behavioral studies of the regulation of the force of the precision grip when normal subjects were asked to 
restrain a grasped object that exerted unpredicted pulling loads (see ref [9,10]). In those studies, the 
subjects automatically increased the grip force in proportion to the rate and amplitude of the pulling force. 
Furthermore, this automatic reflex behavior seemed to be based on cutaneous output since the lawful grip 
force regulation was totally disrupted when an anesthetic was injected around the digital nerves to block 
cutaneous sensation. The demonstration in our present studies of the same proportional increases in 
digital nerve activity when the skin was stretched, supports the hypothesis that the cutaneous activity plays 
a major role in driving the automatic grasp force regulation system. The significance of these findings is 
that they provide a foundation for developing neuroprosthetic hand grasp control schemes that are 
adaptive for the rate and magnitude of an imposed load force perturbation. Further studies are required to 
develop means to reliably distinguish changes in the nerve activity that are only attributable to changes in 
skin stretch imposed by load changes during the lifting or restraining of grasped objects. 

STATE OF THE ART 

Activation of paralyzed muscles by means of electrical stimulation is being developed to restore motor function 
in individuals with spinal cord injury. Although research has indicated that the application of "closed loop 
control" [1,2] can improve these systems, there is a need to provide sensors which can monitor such factors as 
finger contact, grip force, object slippage or foot-floor-contact and limb loading. Efforts to develop artificial 
sensors have demonstrated a number of problems including poor cosmesis; difficultly in maintaining calibration 
and interference with the act of grasping due to mounting the sensors on the fingers and the presence of the lead 
wires [3]. An alternative approach which we are developing is to try to utilize the biological natural sensors that 
are present within the skin, joints and muscles to furnish feedback information for FES control [4,5,6,7,8]. 

The present studies aim to determine the response properties of the cutaneous mechanoreceptors present over 
the surface of the fingers to mechanical stimuli that stretch the skin at defined rates and amplitudes. These 
stumuli attempt to isolate the components of mechanical skin deformation that occur when a passive object is 
lifted, or when an active object (such as an umbrella in the wind) exerts a pulling load. These studies should 
provide a better understanding of the signal content of the whole nerve responses that result from functional 
grasping activities so that effective real-time signal processing techniques (cf. ref [8]) can be developed. The 
role of cutaneous information in grasp control has been well established from previous behavioral studies [9,10] 
where it was shown that the rate and amplitude of a pulling load modulates the automatic grip force increase 
that occurs to keep an object from slipping. The rate and amplitude dependent characteristics of the whole 
nerve afferent activity observed from the present studies are consistent ~th those behavioral observations. 
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MATERIALS AND METHODS 

A tri-polar nerve cuff (Fig. I) was used to record the sensory nerve activity. The cuff had an overall length of 
20 mm and was installed circumferentially around the radial branch of the palmer digital nerve as shown in the 
figure insert. The three lead wires from the cuff were routed subcutaneously to the dorsum of the forearm 
where they exited and tenninated in a pin connector. A thirty-five year old male with C6 level spinal injury 
served as a volunteer subject for these studies. Informed consent was obtained, and the study was approved by 
the local ethics committee. 
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amplified; band pass filtered (IKHz-SKHz); 
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were provided using the two axis servo system 
shown in Fig. 2. The solenoid motor was 
used to provide a constant 1 N contact force 
normal to the finger surface throughtout the 
application of the stretch trials. The contactor 
surface (rectangular, essentially flat and 
ISmm wide) was positioned over the distal 
phalanx, and the stretch was dorsal to volar. 
Blocks of ten consecutive pulling loads were 
applied by activating the torque motor using 
symmetric trapezoidal command profiles. 

Double face tape (3M Company #136) applied between the 
contactor and the finger increased the mction and extended 
the range of tangential loads that could be applied to stretch 
the skin without slippage. Load profiles included ten trials 
at each of five different rates (1,2,4, 8 and 16 N/s) and five 
different magnitudes (O.S, 1, I.S, 2 and 2.S N), totaling 2S0 
trials. Mechanical signals (sampled at 400Hz) including 
contact force, normal and tangential displacement of the 
contactor, load force, and the output from an accelerometer 
were registered along with the nerve activity. Blocks often 
congruent trials were averaged together by super-imposition 
before being compared to other averaged trials. Data were 
examined at each of the time or event marks shown in Fig 3. 
This included: 300ms prior to the ramp to access baseline 
activity; 50,100 and ISO ms from the onset of the ramp; the 
peak of the load force rate (df7dt) near the top of the ramp; 
the start of the plateau phase; every lOOms throughtout the 
plateau; the onset of the load force ramp declining phase. 

RESULTS 

Effect of Stretch Rate -The effect of rate of skin stretch (16,8,4,2 and IN/s) at a constant amplitude of2N is 
shown in Fig. 4. Each trace is the average response for ten successive trials. The contribution the whole nerve 
activity from the dynamic sensitivity of the mechanorecptive afferents is clearly evident from the stretch applied 
at the three hightest rates. Note that the steep overshoot of the response during the loading ramp as compared 
to the activity level immediately after the onset of the plateau phase. In contrast. the low rates of IN/s showed 
no phasic activity at the ramp onset and instead displayed a "tracking" behavior throughtout the ramp stretch. 
The overall effect of increased rate of stretch is to evoke a more rigorous response. This rate sensitivity is also 
apparent from the details of the average response during a given ramp, as subtle changes in load rate (evident 
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from the time derivative signal) are reflected in the neural 
discharge activity. An "off' response is also present near the 
end of the stretch relaxation phase for the two highest ramp 
rates tested, but the off response is considerably less rigorous 
then the response during the increasing stretch stimulus. 

Effect of Stretch AmplitUde - The effect of increasing the 
amplitude of the stretch at a slow rate of IN/s is shown in 
Fig. 5. Each trace represents the average responses for ten 
trials. Note that the responses have been offset in the display 
for clarity (the baseline activity or "start" of each trace in 
reality represents the same level of about 1 uv.). A 
''threshold'' effect is observed between the 0.5N stimulus 
where no response occurred and the IN stimulus for which 
the response is clearly discernable. Again note the prominant 
tracking quality o(the response to stretch at the low (2N/s) 
rate as the rising phase of the ramp proceeds. 

Early Responses to Stretch -Figure 6 shows the sensitivity of 
the nerve activity to stretch rate when this is evaluated soon 
after the onset of the load ramp (i.e. at 50 and 1 5 Oms). The 
figure summarizes the averaged responses across all stretch 
rates and amplitudes. The individual responses are scaled so 
that the highest amplitude response has a value of unity and 
the baseline response is zero. The rate of stretch is taken 
from the Load Force Time Deriviative. The results show 
that a lawful relation between stretch and nerve activity is 
established very soon after the onset of the stimulus but only 
if the rate is above about 2N/s. Furthermore, the relationship 
between the nerve activity and the rate of stretch appears to 
be approximately linear and constant over this interval. 
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DISCUSSION 

These studies demonstrate that it is possible to record whole nerve ENG from the digital nerves in the palm of a 
quadriplegic subject on a chronic basis with a circumferential cuff Stretching the skin near the end of the index 
finger results in an increase in nerve activity that is approximately linearly related to the rate of stretch applied. 
FUrthermore, this lawful relationship is established already only 50ms following the onset of the skin stretch. 
These findings are in agreement with the behavioral studies of Johansson et al. (ref [9,10]) which showed that 
normal human subjects increase the grip force when a grasped object exerts an unpredicted pulling load. In 
those studies, increasing the rate of pull evoked a grip force increase of proportionally higher magnitude. Our 
present findings are significant for the control of FES hand grasp systems: It seems possible that the cuff 
recorded responses to skin stretch could be used to drive an "automatic reflex" in which skin stretch that 
exceeded an arbitrary threshold would produce an upgrade of the muscle stimulation parameters and increase 
the grasp effort to avoid object slippage. Furthermore, the gain for the reflex could be adaptive since greater 
rates of skin stretch (which would imply increased risks of object slippage) evoke more intense nerve responses 
which could be used to drive larger upgrades of the grip force. Continued research is necessary before a 
functional "grasp refl~x" can be put into clinical practice because the fingers receive a variety of mechanical 
stimuli during the manipulation of objects and this can result in a complex pattern of nerve activity. A major 
challenge for researchers is to identify unique features for nerve activity that will permit distinguishing skin 
contact, slippage and stretch. Our studies further demonstrate that some information about static loads is also 
present in the cuff recorded signals. However, because of the adaptation that is seen in the nerve activity during 
the studies of the plateau region, this aspect of the control will require considerably more evaluation. 
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SUMMARY 
A closed loop control system for controlling the key grip of a C6 tetraplegic patient was developed. 
Natural sensors served as the source of the feedback signal. The neural signals from cutaneous receptors 
were picked up by an implanted cuff electrode placed around the radial branch of the median nerve 
innervating the lateral part of the index finger. Mechanical stress applied to the skin, like pressure and 
slips, resulted in an increase in amplitude of the recorded neural signal. The goal of the study was to show 
whether the recorded neural signals are able to indicate a slip of an object during lateral grasp, and 
whether the slip c-an be stopped by increasing the grasp force through functional electrical stimulation of 
the thumb adductor and flexor. 

STATE OF THE ART 
Compound activity in a peripheral nerve can be recorded with a chronically implanted cuff electrode. It 
has been of interest to investigate if the activity mediated by mechanoreceptors in the skin can be recorded 
from a cutaneous nerve and used for feedback for an FNS system. We have previously reported on animal 
experiments indicating that this might be possible. We have also shown in a hemiplegic patient with a 
dropfoot that it is possible to use the nerve signal from the sural nerve for heel contact detection /5/. In 
this paper we report on the first attempt to show whether it is possible to use this technique to provide a 
useful feedback signal for a hand neuroprosthesis. 

Previous results have show that in both cat and human /1,3/ the properties of the signal recorded from a 
nerve supplying glabrous skin are such that standard linear feedback of skin contact force is not straight 
forward. This is caused in part by temporal adaptation of the cutaneous receptors together with the non­
linear property of increasing signal during both increases and decreases in a perpendicularly applied force. 
However, the studies have shown that it is possible to extract information about slips across the skin from 
the nerve signal. This information might be possible to use for control of an FES system for hand grasp by 
means of an "event-driven" controller /11. In the present paper we describe the results from a study aimed 
at implementing such a controller in a human tetraplegic. 

MATERIALS AND METHODS 
The study was performed on a 27 year old male C6 level tetraplegic patient (8 years post-injury). The 
patient gave his informed consent and the study was approved by the local ethical committee. This patient 
had good control of shoulder motion, elbow flexion and some wrist extension, but had no voluntary 
control over his hand muscles. He had sensation in his forearm and to some extent in his thumb and index 
finger. 

In May 1994, the left hand of the subject was instrumented in a surgical procedure with a tripolar cuff 
electrode around the digital branch of the palmar nerve innervating the lateral part of the index finger. The 
cuff electrode was an insulating silicone-tube, 23 mm long and 2 mm inner diameter with 3 circumferential 
electrodes inside the cuff (lOmm inter-electrode distance) /4/. The wires of the cuff electrode were routed 
subcutaneously to an exit site on the volar side of the forearm, where they were attached to a small 
external connector. During a short stay in Cleveland, Ohio, in August 1994, 11 intramuscular electrodes 
/2/ were implanted percutaneously at the following locations: FPL (thumb flexor), EPL (thumb extensor), 
AbPB (thumb abductor), FDS (finger flexor), EDC (finger extensor) and the ulnar nerve at the wrist 
(thumb adduction, AdP). 

Finger flexors and thumb adductor (FDS and AdP) were conditioned via the percutaneous electrodes 
(approx. 4 hours per day, using cyclic stimulation, 2 sec on, 2 sec off), since the patient did not tolerate 
surface stimulation very well. 

* Dept. of Orthopedic Surgery, Case Western Reserve University, Cleveland, USA 
** Dept. of Rheumatology, Viborg Hospital, Viborg, Denmark 
*** Dept. of Neurosurgery, Aalborg Hospital, Aalborg, Denmark 
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RESULTS 
The fIrst observation that was noticed when stimulation started was that there was significant pickup of 
compound muscle action potentials (EMG) in the nerve signal (50-l00IlV). This was removed by simple 
blanking in the bin-integrator as previously reported 11/, but it was found that max. 17ms out of the 50ms 
between stimuli could be used because of EMG contamination caused by both direct muscle stimulation 
and an apparant reflex activated by the stimulation. 

Experiments were performed to investigate if the system was capable of reacting to small slips of the 
object with respect to the skin of the index finger, so that the grasp force could be increased. For this 
purpose we instrumented a rectangular object (80x60x20mm) with a sensor to measure the grasp force. 

The experiment was performed by initially stimulating the muscle to produce a secure grip. The grip was 
then slowly released by reducing the stimulation intensity at a slow constant rate. At some arbitrary time, 
the experimenter briefly pulled the object away from the grip, resulting in skin deformation (decrease in 
Hall transducer signal) and a slip across the skin (increase in Hall transducer signal). When this happened, 
the nerve signal increased and was detected by the computer, which reacted in order to increase the grip 
force on the object. This was done by increasing the command level to 100% for a single pulse and 
afterwards settling at a command level 50% higher than before the slip occurred. This was repeated a few 
times until the object had moved out of reach. At the time of this experiment, only the ulnar nerve 
electrode could be used to produce thumb flexion/adduction (FPL-electrode was broken), and the AdP 
muscle was too weak to stop a slip even at highest stimulation intensity. These slips were caused by rapid 
and relatively large movements of the object (2-3cm). It was our observation that small and slow slips 
were not possible to distinguish from background noise. 

It was also of interest to know if hand or forearm movement could produce nerve responses that would 
wrongly be identified as a slip. We asked our subject to supinate and pronate several times, while the 
thumb was strapped away from the index fInger to avoid skin contact (the pronator was not under 
voluntary control, but by moving his shoulder the subject was able to produce forearm pronation). The 
result was that voluntary forearm movement caused enough passive stretching of the skin of the index 
fInger to produce several false detections of slip, without any object touching the fInger. 
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Figure 2 Raw and bin-integrated nerve signal recorded while the hand was actively supinated and 
passively pronated two times. No stimulation was applied. 

DISCUSSION 
The experi!llent ~learly demonstrated that chronical recordings from natural sensors in the index finger of 
a tetrapleglc patIent can be used to detect when an object slips across the skin during an FES controlled 
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A PC-controlled stimulator delivered current-controlled, biphasic, charge balanced pulses at a rate of 20 
Hz. Stimulus intensity was varied by modulating the pulse duration between ° and 255 lisec. The 
stimulation pulses for the different muscles were delivered sequentially with a temporal spacing between 
the pulses of 1 msec. The output from the controller was translated into individual pulse widths for each 
muscle by using a lookup-table for the activation of the muscles, where 0% corresponded to 'open hand' 
with full thumb extension, and 100% corresponded to 'maximal force generation' with full thumb flexion 
and adduction. 

The nerve signal was amplified with a battery powered amplifier (MicroProbe Inc.) with a gain of 100,000 
and passed through an isolation amplifier. The signal was then bandpass filtered (4th order Krohn-Hite) 
with a lower cut-off frequency of 1000 Hz (to remove EMG contamination) and a higher cut-off 
frequency of 4 kHz, and then sampled at 10 kHz. The nerve signal was digitally rectified and bin­
integrated to produce the envelope of the nerve signal at 20Hz sampling frequency. 

We attempted to measure the movement of the object relative to the finger by equipping the object with a 
permanent magnet and tape a Hall effect transducer to the skin on the opposite side of the index finger. 
However, since the skin moved around the fmger when the object was pulled, the output from the 
transducer not only signalled the position of the object with respect to the skin (positive change when 
object was pulled) but also the change in angle of the skin (negative change when object was pulled). 
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Figure 1 Slip detection and 
compensation. The test object was 
held in a key grip that was partially 
passive and partially produced by 
stimulation. Three times the object 
was briefly pulled away by the 
experimenter, causing skin deforma­
tion and slip. Top trace shows the 
position of the object measured by a 
Hall-effect transducer stuck to the 
skin on the opposite side of the index 
finger. A slip was detected when the 
processed nerve signal crossed the 
threshold value marked as a dashed 
line, at which time the stimulation 
intensity (PW=pulse width) increased 
to produce an increased grasp force. 

To extract information about 
occurrence of slips from the rectified 
and integrated signal, a simple peak 
detection scheme was employed, 
similar to the algorithm previously 
used in cat experiments /1/: To 
remove slow changes in signal 
amplitude caused by changing noise­
level and background activity, a 
lowpass filtered (0.7 Hz) and delayed. 
(0.2 s) version of the signal was 
subtracted. A slip was detected when 
the signal passed a fixed threshold 
value. 

Several of our recording sessions were 
dedicated to obtaining information 
about the nerve response to different 

o 0L----.,;:.....----'2'-------'4-------'6-------'8-------'10 mechanical stimulations of the skin 
(perpendicular and lateral forces and 
slip). The results of those studies will 

Time [sec] 

be presented elsewhere. Here is 
presented results from experiments with a more practical purpose, i.e. to find out whether the signals 
recorded during stimulation of muscles producing a grasp could be used as feedback information that 
would improve the grasp. 
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lateral grasp, and that this infonnation can be used to increase the grasp force to secure the grip . 
However, there were also a number of problems. Many of the percutaneous stimulation electrodes broke 
earlier than expected, making it difficult for us to really investigate the usefullness of slip-infonnation as a 
feedback signal. Within the fust three months after implantation, 5 out of 11 electrodes broke. This was a 
much higher rate than expected and was attributed to the very active lifestyle of our patient. Also, one 
wire from the cuff electrode broke after 244 days of implantation, at which time we chose to stop the 
experiments and explant all electrodes. 

It was possible to extract infonnation about the occurence of a slip across the skin and use the infonnation 
in a "near practical" situation to increase the stimulation intensity in order to secure the grip. However, 
because of the weak force available from the stimulated thumb muscles, it .was not possible to show 
whether ~his would have any practical significance for the patient. This should of course be possible to 
avoid by better muscle conditioning and better placement of stimulation electrodes. Also, it was observed 
that with the relatively simple processing of the nerve signal that we used, slow slips, even large ones, 
were practically impossible to distinguish from background noise in the nerve signal. 

It has not so far been possible to distinguish between real slips and other transient mechanical events 
applied on the skin. In order for a practical system to work in the presence of hand movements such as 
pronation and supination, it will be necessary to fmd ways to identify these movements and disable the 
slip-compensation during periods of predictable disturbances. This may be possible to do by use of 
infonnation from the stimulator and EMG picked up by the stimulation electrodes. If the stimulation 
intensity continuously is slowly reduced as suggested in /1/, a false detection will only cause a too high 
grip force for some time. The occurences of this should of course be reduced as much as possible, but will 
not necessarily disable the functionality of the system. 

If more infonnation is to be extracted from the nerve signal to distinguish between different types of 
events, it is important to develop cuff electrodes that shields better against external noise, since at the 
present pickup of stimulation artifacts and EMG severely limits the quality of the nerve signal. 
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SUMMARY 

Detection of myoelectric signals from muscles under volitional control for persons with tetraplegia is 
proposed for the provision of control of bilateral upper extremity neuroprostheses. A computer simulation 
was used to assess the ability of persons to use both right and left sternocleidomastoid muscles (SCMs) to 
control their corresponding ipsilateral hand. A tri-state myoelectric signal was used where maintaining a 
low level causes hand closure, a high level causes hand opening, and zero level maintains the current hand 
configuration . Six subjects (five non-injured, one C51C6 spinal cord-injured) were tested in their ability to 
use their right and left SCMs to independently move computer-generated indicators of right and left hand 
opening. Myoelectric signals, detected with surface electrodes, were amplified with a gain of 1000 and 
filtered with a bandwidth of 15-150 Hz before their sampling at 400 Hz. The rms value of the signal was 
obtained at approximately 10Hz and used to update on-screen indicators of virtual hand position. 
Assessment was made by measuring the subjects time to complete a tracking task, the integral of position 
error and the percentage of incorrect commands in that task. The effect on these assessment parameters of 
varying target positions, speed of indicator movement and open/close command thresholds was measured. 
All six subjects were able to manipulate the dual on-screen indicators using their right and left SCMs 
without apparent differences between the performances of non-injured and injured subjects. 

STATE OF THE ART 

Myoelectric control of the upper extremity neuroprosthesis has been demonstrated to be adequate for 
users completion of activities of daily living Ill. This approach has been readdressed here with a modified 
control strategy and extended in order to enable the use of bilateral neuroprostheses for the control of the 
right and left hand grasp. Demonstration of the detection of myoelectric signals for the purpose of bilateral 
control of neuroprostheses using sternocleidomastoid muscles has been made and has shown the 
appropriateness for this approach 121. Applying this strategy here, six subjects (1 C51C6 spinal cord 
injured, 5 non-injured) have been assessed in their ability to control on-screen indicators that simulated 
hand opening and closing. This is in order to demonstrate the ability of persons to use this control 
methodology and to measure the sensitivity of the control to setup parameters. 

MATERIALS AND METHODS 

Myoelectric signals were detected by placing three skin surface electrodes each over the right and over the 
left sternocleidomastoid muscles. The skin was prepared by washing with soap and water, followed by the 
application of redux paste (Hewlett-Packard, CA) to reduce the skin resistance. Pre-gelled, single use 
surface monitoring electrodes were then held with tape to the skin surface. The differential electrodes 
were placed approximately 1 cm apart and close to the clavicular end of the muscle. This placement 
reduced the influence of the muscle moving under the skin during head turning. A third, indifferent 
electrode was placed off the muscle at the base of the neck at the shoulder. Signals were amplified with 
gain of 1000 and filtered with a pass-band of 15 Hz to 150 Hz. The conditioned signals were then sampled 
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at 400 Hz and processed in real time by a routine that utilised Labview software (National Instruments, 
TX). 

Subjects were presented with a computer screen which showed a vertical bar graph on the left and another 
on the right. These bar indicators could be moved by the flexing of the left or the right 
sternocleidomastoid respectively to show virtual hand position. A strong flexing of the muscle (above a 
high threshold) would result in the bar rising and a weak flexing of the muscle (above a low threshold, but 
below the high threshold) would lower the bar. This position indication, when applied to the 
neuroprosthesis, would correspond to . degrees of hand opening and closing, respectively. The 
experimental trials involved tracking tasks by the manipulation of this on-screen hand position indicator. 
Only one side was allowed to be moved at a particular instant. The low and high thresholds incorporated 
hysteresis and filtering in order to reduce the occurrence of accidental state changes. These thresholds 
could be changed between trials via the computer keyboard. 
Muscle Command Command Response 

both ofT 
right low 
right high 
left low 
left high 

left 
none 
none 
none 

down (close left hand) 
up (open left hand) 

ri ht 
none 

down (close right hand) 
up (open right hand) 

none 
none 

Table 1. Tri-state command control strategy for on-screen hand control simulation (indicator bars 
showing degree of hand opening) and proposed hand grasp control (in parentheses). 

At the commencement of an experiment, the subject would flex strongly their right and then left 
sternocleidomastoid muscle as prompted on the computer screen. The RMS voltage level of these signals 
was used to normalise all the following signals to be processed by the computer. All thresholds for strong 
and weak commands were relative to this . The normalisation also compensated for variations between the 
right and left signals due to electrode placement and resistance. Although, in the flexing of the 
sternocleidomastoid without head movement, a co-contraction of the right and left muscles occurs, it has 
been shown /2/ that the command directed to one side or the other can be differentiated. This property 
was exploited by the system software to differentiate the subjects commands and to, subsequently, decide 
in which direction to move one of the indicator bars. Beside the indicator bars were bars showing the 
target position to which the subject was required to match with the right and left sides. The position of the 
target bars was varied for some trials in the experiment. A tracking task was considered to be successful 
and subsequently stopped when both the right and left tracking bars were within five percent of the target 
position. The threshold for the weak and strong flexing commands was varied in some experiments as was 
the speed of the indicator bars. Signals acquired by the data acquisition board (National Instruments, TX) 
were sampled at 400 Hz and then processed in windows of width 0.05 s. A moving average RMS 
algorithm was applied to consecutive windows. The RMS signal level measured in each window was 
compared to the preset command thresholds and a decision was made in the software as to the current 
command state. Subsequently, the tracking bar would move as required. 

Ten trials of each experimental test were made for each subject and these are expressed as (mean ± 
standard error of the mean). 

RESULTS 

All subjects (6/6: one spinal cord injured, five non-injured) were able to complete the tracking tasks. 
Three subjects (one spinal cord injured, two non-injured) were immediately able to operate the on-screen 
indicators using both right and left sternocleidomastoid muscles. The remaining three were taught to do 
this using a training method incorporating head movements to increase their consciousness of the flexing of 
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these muscles. After approximately half an hour of this training, these remaining three were able to control 
the on-screen indicators at a performance level that would be sufficient for hand control and was 
comparable to the three, immediately successful, sUbjects. 

The investigation involved a precision tracking task which consisted of moving right and left on-screen 
indicators to their respective targets. For the slowest subject the trials for the initial tracking task took (7.4 
± 1.8 s; n=1 0) whereas the mean over all the subjects was (4.1 ± 2.1 s; n=6). The slowest subject also had 
the largest error rate which was (23.2 ± 3.8 'Yo; n=10) of commands issued and the mean error rate over all 
six subj.ects was (13.4 ± 5.8 %; n=6) .. 

. . 
In the first experiment above, the subject was required to control the indicator bars such that the left bar 
moved in a positive direction and the right bar moved in a negative direction (although subjects weren't 
required to move these simultaneously). The second experiment reversed this and required that the left bar 
be moved in a negative direction and the right bar be moved in a positive direction. The outcome values 
are expressed relative to those obtained for the first experiment. For three subjects, changing the direction 
of the bar movements required to make the targets, did not significantly effect the time to complete the 
tracking task. For two of the subjects there was a significant improvement in the second experiment with 
regard to the time required to complete whereas one subject took (46 ± 0.4 %; n=10) longer with the 
second tracking task. In the second tracking task the number of errors increased significantly with this 
particular subject as well as with two of the subjects whose task completion time did not change 
significantly with the target position change. Two subjects had less errors with the second experiment 
whilst one had no significant difference. 

The third experiment involved the increasing of the speed of the indicator bar movement during 
commands. The outcome values are expressed relative to those obtained when the speed was set at 100 
Hz. The results indicate that for four of the subjects, a significant improvement in completion time was 
made by increasing the speed with that improvement being lost when the speed was increased to 300 Hz 
and above in one of these subjects. Overall, the fastest speed at which subjects could reliably control the 
indicator bars for tracking purposes was 500 Hz. It would be expected that with the increase in speed of 
the tracking bars the number of errors made would increase accordingly. This was the case in four subjects 
with no significant change in the relative amount of errors made in the remaining two. Generally, 300 Hz 
was the preferred speed for subjects as it produced mostly improved completion times although the 
increase in the number of errors would need to be considered with respect to acceptability for the 
functional tasks to be performed by the user of electrically stimulated hand grasp. 

The final experiment involved the modification of the command thresholds for examination of the 
sensitivity of tracking to these parameters. Firstly the lower command threshold was increased and 
decreased from 30% of the normalising command to 40% and 20% respectively while maintaining the 
upper threshold constant at 80% (5 subjects). Secondly, the upper command threshold was increased and 
decreased from 80% of the normalising command to 90% and 70% respectively while maintaining the 
lower command threshold constant (6 subjects). The outcomes are expressed relative to that obtained 
with the low threshold set at 30% and the high threshold set at 80%. For the variation in the lower 
threshold, reducing the threshold did not significantly change the relative completion time although 
increasing it increased the relative time to complete in three of five of the subjects. Reducing the lower 
threshold here was also seen to increase the relative number of errors in one of five subjects and increasing 
the lower threshold increased the relative number of errors in two of five of the subjects. Reducing the 
upper threshold increased the relative time to complete the task in only one of the six subjects and had no 
significant effect on the remaining five. This subject also was the only one showing an increase in the 
relative number of errors occurring as the result in the reduction in the upper threshold. Increasing the 
upper threshold reduced the time for tracking task completion for three of six of the subjects and increased 
it in one case. This increase in the upper threshold also reduced the relative amount of erroneous 
commands in the three subjects who had shown a reduction in relative completion time here. The 
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remaining three showed no significant difference in the errors made as the result of this. These results 
indicate that best performance may be obtained by making the low command window (between the low 
and high threshold) as large as possible while ensuring the low signal is above the background signal 
resulting from head movements and the high threshold is not so high as produce unacceptable fatigue 
during the issuing of a high command. 

DISCUSSION 

Control methods of the upper extremity neuroprosthesis have been reviewed /3//4/ and the approach taken 
by researchers to solve this problem is usually in the form of state controllers or proportional controllers. 
The most popular proportional controllers are the joint angle controllers and those for state control being 
switch, respiration and voice. Myoelectric control, although mainly used in prosthetic applications, but 
previously explored for upper extremity neuroprostheses by Peckham /1/, is most suited to state control 
/5/. In considering a control method that is suited to the control of bilateral neuroprostheses, myoelectric 
control is a method which can provide the C5/C6 spinal cord injured user with a control method that 
allows the use of the lIsers remaining volitional faculties (such as sternocleidomastoid activation) without 
interfering with the performing of functional tasks with the instrumented hands themselves. This is not the 
case with the joint angle controllers (say shoulder and wrist) or in the switch controller. Voice and 
respiration control if applied to the control of bilateral neuroprostheses would increase control complexity 
in a system that is limited in its intuitiveness. Myoelectric control allows the control signal source to 
control the ipsilateral hand thereby improving the intuitiveness of the control method. This study 
demonstrates that simultaneous hand grasp and release can be robustly controlled on both the right and left 
sides by the use the sternocleidomastoid muscles. It was also seen that the performance of the C5/C6 
spinal cord injured subject in this control was not worse and in most cases better than his non-injured 
counterparts. 
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SUMMARY 

A method for determination of stimulation parameters for control of elbow movements in humans with spinal 
cord inJury at C4-C5 cervical levels was developed. The study considered the design of a hierarchical 
controller for the elbow joint for reaching tasks. The coordination, higher control level is assumed to follow 
the synergistic strategy based on scaling of angular velocities in the plane of movements, and it uses an expert 
system. The actuator, lower level is a closed-loop control using production rules based on mapping of the 
angular velocity vs. stimulation parameters in subjects in whom the system is to be applied. Results of the 
study suggest that the look-up table for selection of stimulation parameters is appropriate for subjects lacking 
voluntary control of elbow movements, but having preserved at least partial innervation of biceps and triceps 
muscles. The time sampled feedback uses present and past values of the angular velocity at the elbow joint. 
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Fig. I: The generalized fonn of a hierarchi­
cal controller for arm movements. eX and ~ 
are the shoulder and elbow angular velocities, 
and e is the error at the elbow joint. 

INTRODUCTION 

Two approaches to control assistive systems for reaching and grasping 
are described in the literature: 1) analytic 11-41, and nonanalytic 15/. 
An analytic method uses a complex biomechanical model of a system 
of rigid bodies powered by a redundant set of muscles and a preferred 
trajectory given in advance. A human upper extremity is a system 
with seven degrees of freedom at the arm and 19 degrees of freedom 
in the hand, powered by about 30 pairs of muscles; thus, this is a 
highly redundant system in which movements are highly dependent on 
the task. A convenient control method to control movements relies on 
synergistic actions, and great simplification 141. An approach 
developed earlier for control of artificial arms uses extended physio­
logical proprioception, and this method has been tested for control of 
reaching 161. The evaluation of this approach has been verified using 
optimal control simulation which considers the dynamics and includes 
nonlinear characteristics of both agonist and antagonist muscles 17 , 8/. 

A rule-based system can be used for both levels of control, and it has 
two parts: 1) nonanalytic control using sensory feedback at the 
actuator level, and 2) nonanalytic, feed-forward control at the 
coordination level (Fig. 1). Even though the lower level of control is 
nonanalytic it has to consider many biomechanical properties of the 
system. This part of the control requires individual neuro-musculo­
skeletal parameters of the arm for different tasks. A nonanalytic 

hierarchical method is favorable for the dynamic control because it decouples the system to single joint 
controllers, and simplifies the single joint regulation by using a look-up table generated through input-output 
observations equivalent to a non-parametric identification of the system. Note, that the upper part in Fig. 1 
is open-loop control. The parameter C for scaling between the angular velocities of the shoulder and elbow 
joint is determined from the initial and terminal position of the hand. The lower part of the scheme is a 
sampled data feedback control, and e is the error between the desired and actual value of the elbow joint 
angular velocity. 
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The aim of this research was to develop a method for detennination of individual characteristics of a tetraplegic 
subject to be used for the actuator level of control of an assistive system. The hypothesis adopted in this 
development is that, for the control of the elbow joint using a rule-based method, it is sufficient to determine 
the mapping between the angular velocity in the elbow joint and corresponding stimulation parameters . The 
nonlinearities of the neuro-musculo-skeletal system are inherent characteristics when the system is mapped in 
output space. Since the mapping can be done for different environmental conditions, and different loadings 
the dynamic variability becomes also an intrinsic property of the mapping detennined . Hence, even though 
the synergistic approach based on scaling of angular velocities can be classified as a kinematic method. it 
considers the dynamic properties of both the control object and the process. 

METHODS AND MATERIAL 

Subjects. Five volunteer tetraplegic subjects with a SCI at the cervical (C4 ,C5) level resulting in loss or disorder 
of motor and sensory functions, absence of strongly manifesting spasms, preserved lower motor neurons , 
sufficient balance while sitting, and no cardio-vascular problems participated in the study . In subjects we 
estimated: 1) the muscle response to electrical stimulation; and 2) the level of pain and discomfort during 
surface FES . If a good muscle contraction was observed in muscles relevant for manipulation, and the pain 
elicited with surface FES was tolerable, then a subject was accepted in the study . Each subject signed the 
informed consent approved by the local ethics committee, and all measurements were done at the "Dr. 
Miroslav Zotovic" Rehabilitation Institute in Belgrade . The paper presents only one subject data. because it 
is not possible to generalize results due to differences between subjects. The representative set of recordings 
presented here is very similar to patterns found in all four other subjects, but numerical values are different , 
The optimal control based on the minimal tracking error and limited actuator torques simulation of grasping 
in other subjects when actuator torques are limited has been perfonned, and a very good correlation was found 
/8/ . 

Determination oj a look-up table . The triceps brachii muscle 
was electrically stimulated using surface electrodes , and the 
elbow joint angle was measured using a two-axial flexible 
goniometer. The angular velocity was calculated off-line using 
techniques described elsewhere 17/ . The following characteris­
tics were assessed : 1) the elbow joint angular velocity vs . pulse 
duration; and 2) the elbow angular velocity vs. time using the 
stimulation parameters and initial elbow joint angle as parame­
ters. The frequency of electrical stimulation was constant at f = 
20 Hz, while the amplitude was set at a level that ensures that 
a train of pulses, each lasting T = 150 p,s, generates maximal 
torque, We measured the elbow joint torque 17/, but these 
results are not included in this paper due to space limitations. 
In all subjects the limitation of the maximal electrical charge was 
limited by the spreading of the stimulation to antagonistic 
muscles, e.g . , biceps brachii m. The amplitude of the stimulat­
ing monophasic, charge compensated, pulses was between 45 
and 75 rnA . 

RESULTS 
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Fig. 2: The elbow angular velocity vs . time, At 
longer pulse durations the maximum velocity starts 
decreasing because of the spread to biceps brachii 
m. 

An example of recordings in D .J., a tetraplegic subject (Fig. 2), shows the angular velocity vs . time with the 
pulse duration used as a parameter. Note that for different pulse durations the initial slope of the curves 
reaching different maximum angular velocities is almost the same, indicating that the delays imposed by the 
muscle and inertial characteristics of the system are playing the major role. As expected the maximal velocity 
is increased when a larger charge is delivered to the muscle . Once the stimulation starts spreading to 
antagonistic muscles the maximum velocity starts decreasing as is shown for the pulse duration of 130 p,s . The 
set of data presented (Fig. 2) is only one from a large series of recordings . It is necessary to capture similar 
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sets of data in order to generate look-up tables for mapping in various dynamic conditions (e.g., for the ann 
moving in the horizontal and vertical planes , tilted planes for various angles with respect to vertical, with 
different loads in the hand, and starting the movement in various angular positions). The pulse amplitude and 
frequency of stimulation were kept constant during the experiments . 

The maximum angular velocity which the elbow joint reaches vs. pulse duration for three different initial 
positions is presented in Fig . 3. These plots were obtained by processing several series like the one depicted 
in Fig. 2. where the initial joint angle was invariant ( p = 60° ) 

DISCUSSION 

It is known that the usage of controlled patterns of electrical 
pulses will cause the muscle to contract, and in some cases 
this leads to a functional device for restoration of movements 
/9/. However, there is no effective way to control muscles, 
even though many biomechanical and motor control studies 
addressed this issue . A suggestion that the hierarchical 
control method using the rule-based skill expert system for 
coordination between joints, and closed-loop control system 
at the actuator level is the alternative best suited to biological 
control /5/ has been verified for some applications, but is still 
controversial. The specific reason that this control is believed 
to be the best approach is that for the variation of many 
parameters within the system, adaptation to changes of the 
environment can be easily taken into account. This study was 
dedicated to develop a methodology for estimating parameters 
relevant for the implementation of functional electrical 
stimulation when using a rule-based controller . 
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Fig. 4: The estimated profiles of pulse durations for a 
given elbow angular velocity vs. time. The controller, 
as shown in Fig. I, will select duration based on the 
past and present velocities. 

Muscle activation is variable from subject to subject, but also 
in the subject at various times. The fatigue of the muscles is 
excluded from this study, but it is relevant and it has to be 
incorporated at a later phase of the design of a controller. 
The fatigue will typically change the response by slowing it 
down and decreasing the maximum torque. Since we use 
nonnalized activation, the fatigue, if detected, can be included 
relatively simply, because it will only change the ratio of 
stimulation parameters to nonnalized activation. 

The analysis of data obtained when stimulating the triceps 
brachii m . showed that the look-up table can not be a simple 
set of pairs of pulse durations and joint angular velocities, 
because of the delays in muscle responses and inertia of 
"actuators". The look-up table must include a past value of 
angular velocity in addition to instantaneous velocity. The 
procedure for assessing parameters is schematically presented 
in Fig. 4. The diagram shows the angular velocity in parallel 
with the estimated triceps m. activation for an elbow exten-
sion of 1.2 radian lasting 1.06 seconds. The elements used 

for estimation of this profile of activation are the past and present angular velocities presented in a look-up 
table similar to Table I. The actual implementation follows the methodology of production rules, i.e., If-Then 
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conditional expressions are used, where the If part of the rule is formed 
with an exclusive and of the past and present values of the elbow angular 
velocity , and the Then part of the rule is the pulse duration; hence, it can 
be easily mastered in real-time . Note that the stimulation parameters are 
adjusted in real time . 
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Table : 0 .32 rad/s 

P (t- At) P (t) T 

[rad/s) [rad/s) [1-'5) 

0 .32 0.32 50 

0.32 0.34 60 

0.32 0.36 70 

0 .32 0.40 80 

0 .32 0.44 90 

0.32 0 .50 100 

0.32 0 .57 110 

Table: 0.40 rad/s 

P (t- At) P (t) T 

[rad/s) [ rad/s) [1-'51 

0 .40 0.32 0 

0.40 0.34 10 

0.40 0.36 20 

0.40 0.40 30 

0.40 0 .44 40 

0.40 0.50 60 

0.40 0.57 90 

Table I: An example of two, from 
many, look-up tables formed by map­
ping the recorded sets of maximum 
velocities and corresponding stimulation 
parameters . 

ses: Replacing motor function after disease or disability, Oxford University Press, New York, 1992 . 
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THE USE OF ELECTRICAL STIMULATION TO PREVENT SHOULDER SUBLUXATION 
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SIIMMARY 

A prospective randomised controlled study was used to determine the efficacy of electrical stimulation in 
preventing shoulder subluxation in post CV A patients. Forty patients were selected and randomly assigned 
to a control or treatment group. They had their first assessment within forty-eight hours of their stroke and 
those in the treatment group were immediately put on a regime of electrical stimulation for four weeks. All 
patients were asseSsed at four weeks post stroke and then again at twelve weeks post stroke. Assessments were 
made of shoulder subluxation, pain and motor control. The treatment group had significantly less subluxation 
and pain after the treatment period but at the end of twelve weeks there was no significant differences between 
the two groups. It appeared that motor score at the beginning was a good predictor of subluxation. Electrical 
stimulation can prevent shoulder subluxation but after the withdrawal of treatment there was a tendency 
towards subluxation. 

STATE OF THE ART 

Shoulder pain in hemiplegic patients is a common complication which causes distress to the patient and 
obstructs the rehabilitation process. The inherent instability of the glenohumeral joint places great importance 
on the musculotendinous sleeve which surrounds it to maintain normal alignment Ill. The loss of activity in 
these muscles which occurs following a stroke can result in inferior subluxation of the glenohumeral joint; 
this may cause stretching of soft tissues and contribute to the problematic painful hemiplegic shoulder. 
Prevention of secondary complications which impairs functional recovery must be a priority in rehabilitation. 
At present the treatment and prevention of subluxation is dependent on the use of slings which support the arm 
in a restricted position. The complications associated with the use of slings has led to interest in the use of 
electrical stimulation as an alternative. 

There have been two studies on the use of electrical stimulation in reducing shoulder subluxation. Baker and 
Palmer 121 showed that electrical stimulation could reduce existing subluxation but that it did not help to regain 
a full reduction. Faghri et al 131 conducted a randomised control trial, with a six week treatment period, on 
a total of 26 patients starting treatment at a mean of 17 days post stoke. In this study it appeared that the 
patient group had significant subluxation at the start of the programme. They demonstrated that further 
subluxation could be reduced and further subluxation, after treatment, prevented. 

There have therefore been no reports which have assessed the prophylactic effect of electrical stimulation in 
preventing the development of subluxation immediately post stroke. This aim of this study was to investigate 
the effectiveness of using electrical stimulation in preventing this significant problem. 

MATERIAL AND METHODS 

Forty patients were selected. The main inclusion criteria was that the patient has suffered a CV A resulting in 
a significant motor deficit in the upper limb (grade 2 or less on the MRC scale). Patients were recruited 
within 48 hours of admission to the Acute Stroke Unit of the Western Infirmary, Glasgow in order to 
commence the programme before complications arose. Informed consent was obtained and patients were 
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randomly allocated to treatment and control groups. All patients in the treatment group received a four week 
course of electrical stimulation immediately after the first assessment session [sl] . 

Electrical stimulation was applied to the supraspinatus and posterior deltoid muscles four times each day. 
Treatment sessions were increased from thirty minutes to one hour over the four week period. The duty cycle 
was 15 seconds on, including 3 seconds ramping up and 3 seconds ramping down, and 15 second off. On 
several occasions an X ray was taken of the shoulder whist stimulation was applied to ensure the correct 
movement was being achieved. 

Measurements were made of; subluxation (by use of one A-P radiograph), pain, motor function and upper arm 
girth. These measurements were made on three occasions; before commencing programme [sl], after four 
weeks, at the end of the treatment period [s2], and three months post stroke [s3] . At each assessment session 
a single A-P radiograph was taken and consistency of positioning was ensured by having the same person 
present throughout all assessments. X-ray magnification was repeatable to within Imm. The X-rays were 
evaluated in two ways. One method was a categorisation of subluxation 141 which was performed by an 
independent blinded radiologist. The categories were: 0 - normal humeral alignment, 1 - V shaped widening, 
2 - moderate subluxation, 3 - advanced subluxation and 4 - dislocation. The second method involved 
measuring, from the X-rays, the distance from the most superior aspect of the humerus to a line bisecting the 
glenoid. Pain was assessed using two methods. The first followed a protocol to assess pain-free range of 
lateral rotation 14/. A reduction in range reflected an increase in pain. The second method was a verbal rating 
score. Motor function was assessed using the upper arm section of the Motor Assessment Scale lSI. Pain and 
motor function were evaluated by an independent blinded physiotherapist. 

Non parametric statistical analysis [Wilcoxon} was used to compare the changes, between the two groups, over 
the treatment and follow-up periods. 

RESIII,TS 

There were no differences between the treatment and 
the control group in the motor scores for any of the 
sessions although there was a improvement over the 
sessions [means of whole patient population at each 
session were: sl = 1.00, s2 = 2.93, s3 = 3.35]. Motor 
scores for session one are shown in figure 1. 

Motor Grading 

There was no subluxation at the end of the programme 
in the 14 subjects (7 in the treatment group and 7 in the 
control group) who had a motor scale of 3 or 4 at the 
start of the programme. Of the 21 subjects (10 in the 

4r---------------------------~ 
3 

2 

. 
o ~. 

Control Treatment ·1~ ____________________________ ~ 

Subjects 

treatment group and 11 in the control group) who had a Figure 1 Motor grading of all patients at the first 
motor scale of 0 in the first assessment 14 had assessment session [si] prior to the start of 
subluxation at the end of the programme. It appears treatment. There is no significant difference 
that initial motor score is a strong indicator for shoulder between the groups. 
subluxation. 

The results for subluxation grading are shown in figure 2. There was a significantly greater increase in 
subluxation in the control group over the treatment period [p = 0.067}. This changed over the follow-up period 
when the treatment group had significantly greater subluxation [p = 0.020] Over the whole programme there 
was no significant difference in the change in subluxation grading between the groups. Subluxation as 
measured by the distances on the radiographs showed similar results. The mean distances for the treatment 
group were: sl = 2.51, s2 = 1.88, s3 = 1.89. The mean distances for the treatment group were: sl = 2.40, s2 
= 2.18, s3 = 1.87. The control group had more subluxation than the treatment group over the treatment period 
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[p = 0.064] but this trend reversed over the follow-up period the treatment group [p = 0.023]. Over the whole 
programme there was no significant difference, between the groups, in the change in subluxation 
measurement. 
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3 A 

2 

o ~ ....... __ ....... • _______ • __ .. • •••••• 
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There were no changes in the verbal rating of pain. 
However, over the treatment period, from sl to s2, 
the pain free range of lateral of rotation (figure 3) of 
the treatment group decreased less than the control 
group [p = 0.015]. There were no other significant 
changes in the measurement of pain. 

Subluxation Grade 
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<Antrol Treatment 
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Figure 2 Subluxation grades of all subjects in the 
treatment and control groups at all three assessment 
sessions. Figure A shows the values at session sl pn'or 
to the treatment period, figure B shows the values at 
session s2 after the treatment period and figure C 
shows the values at session s3 after the follow-up 
period. The individual subjects are in the same order 
in all the figures and in the same order as in figure 1. 
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Figure 3 A comparison ofpainjree range of lateral 
rotation for each for the control and treatment 
group at each session. Means and standard 
deviations shown. 

nISCIISSION 

This study recruited forty patients very soon after eVA and only two had any sign of shoulder subluxation at 
the initial assessment [figure lA]. There was clear effect over the treatment period but two months after the 
withdrawal of electrical stimulation the treatment group were indistinguishable from the control group. It is 
unclear from this study what would be required to maintain the benefits post treatment. However it is 
reasonable to assume that commencing stimulation immediately post stroke on a prophylactic basis is 
advantageous. The results over the treatment period are consistent with previous reports however unlike 
Faghri /3/ this study did not detect any long term gain. This could be due to the shorter treatment period of 
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this study, the longer follow-up period, the different patient population (this study applied electrical 
stimulation immediately post stroke) or the different techniques of assessment. It is interesting to note that 
treatment significantly prevented the reduction of the pain free range of lateral rotation over the treatment 
period. It is this effect that may be of major importance to the stroke patient. 

Motor control lSI seemed to be a good predictor of shoulder subluxation. This study looked at 40 patients 
recruited over a ten month period. In 14 patients it would have been possible to predict that they were not 
prone to subluxation and this may have diluted the power of this study. 
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SUMMARY 

The efficacy of electrical stimulation [ES] in reducing contractures in post stroke hemiplegia was 
investigated in a single case study design with repeated measures on eleven subjects over a period of six 
weeks. Treatment with ES was associated with an increase in the range of movement and reduction in the 
resistance to passjye extension. 

STATE OF THE ART 

The loss of motor activity, secondary to a CV Po. is often associated with the fonnation of contractures on the 
affected side, in spite of the many prophylactic measures in practice /11. Although there is some degree of 
controversy on the actual cause /2,3/, a contracture is defined as a pathologic condition of soft tissues 
characterized by stiffness associated with loss of elasticity and fixed shortening of the involved tissues 
leading to a reduced range of movement [ROM] about the joint /4/. 

Previous studies on the effects of ES on the hemiplegic wrist /5/ have reported an increase in the ROM. In 
this study we examined the effects of ES on contractures after stroke and quantified changes in ROM, 
resistance to passive extension and fixed shortening in the flexors. 

METHODOLOGY 

Eleven subjects with flexion contractures or reduced ROM at the wrist, secondary to a CV Po. were recruited 
for this study. The group consisted of 3 female and 8 male subjects who were 4-weeks to 13-years post 
stroke. All subjects gave infonned consent to join the study. The study, which was six weeks long, comprised 
of control, treatment and follow-up periods, each lasting two weeks. In the treatment period the subjects 

1 

-I _ .... DiRctioll of 
movDaOlll 

received four 30-minute sessions ofES 
each day along with their nonnal 
rehabilitation therapy. In the control 
and the follow-up period the subjects 
received their nonnal rehabilitation 
therapy. Surface electrodes were used to 
stimulate the wrist extensors. 

Outcome measures 

The outcome measures used in the pilot 
study were the Resting Wrist Angle 
[RWA], maximum extension angle 

-:8 ..... 0--.6..-0--.4..-0--.2..-0--..... 0 --2"-0--4"-0--6"-0-.--.J.0 [PE], Threshold Angle [TA] and the 
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Figure 1. Sample moment angle curve. 
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measure of the average work done [WD] 
in extending the wrist. The RWA was 
defined as the angle at which the wrist 



came to rest when placed on the measuring device. PE was the angle at which there was maximum resistance 
to movement or pain. The TAwas defined as the angle, when stretching from full flexion to extension, at 
which a positive moment in the direction of extension was first applied. The average WD is defined as the 
area under the curve from the T A to PE divided by the difference between PE and T A [Fig 1]. 

The outcome measures were recorded at the start of the study [DO], end of the control period [D14], end of 
the treatment period immediately after the last ES session [D28/0], end ofthe treatment period one hour after 
the last ES session [D28/1], end ofthe treatment period 24-hours after the last ES session [D29] and end of 
the follow-up period [D42]. The outcome measures on nine subjects were taken using an electro-goniometer 
mounted on a mechanical device and on two subjects using a protractor. goniometer. 

RESULTS 

The changes that occurred at the end of the treatment period were defined by the changes in the RWA., PE, 
TA and the average WD. The Wilcoxon's matched pair rank test was used to test for significance. 

CJ) 
CI) 
CI) ... 
Cl 
CI) 

e. 
<: 

~ 

20~----------------------------------------------------------------~ 

Ot4 011 

(0.086) 
~- - - - - - - - - - - ~ (0.043) 

-----------~ 
0 

-20 

(0.047) . 
~------------------

- - --~ 
..... 0 (0.012) 

~- - - - - - - - - - - -.. 
(0.043) 

~- - - - - - - - - - - - - - - - - - ~ 017 

(p Value:) 

~O~ ____ ~~ ________ ~--------~--------~--------~--------~------~ 
It 

DO 
It 

014 
It 

D28/0 
to 

028/1 

Assessment period 

• It 

028 

Figure 2. Box and whisker plot of the changes in the RW A. This had moved closer to neutral at the end 
of the treatment period. 

The changes in the RW A [Fig 2] and T A followed a similar pattern. At the end of the control period these 
values had moved towards flexion and at the end of the treatment period they had moved towards neutral . 
However these changes started deteriorating from 24-hours after discontinuing ES and the general trend was 
continued deterioration to the end of the follow-up period. There were no significant difference in T A 
between the assessment periods. 

There was an increase in PE [Fig 3] immediately after treatment was discontinued, however a reduction in 
PE was recorded at one hour after treatment was discontinued. 
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Figure 3. Box and Whisker plot of the changes in PE over the study period. There was an increase 
immediately after treatment was discontinued. However a reduction was apparent at one hour after 
treatment was discontinued. 
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There were no significant difference, in the average WD, between the assessment periods [Fig 4]. The 
changes showed an increase in average WD over the control period and a decrease at the end of the treatment 
period. An increase in the average WD would imply an increase in resistance to passive extension and a 
decrease would indicate a decrease in resistance to passive extension. These changes deteriorate at one hour 
post ES. 

DISCUSSION 

The changes observed for the group at the end of the treatment period are consistent with a reduction in the 
formation of flexion contractures, i.e. there was an increase in the range of passive extension associated with 
a decrease in the resistance to passive extension. The decrease in the RW A and T A would also be consistent 
with a reduction in the adaptive shortening of the wrist flexors . However in hemiplegia these changes could 
also be associated with a decrease in spasticity and / or flexor tone. Any decrease in the flexor tone would 
manifest as a reduction in the resistance in the passive stretch and an increase in the RW A. The decrease in 
spasticity will manifest as a reduction in the resistance to a passive stretch and this reduction could be 
velocity dependent. Hence, as no attempt was made during the course of this study to quantitatively monitor 
tone and spasticity, it is difficult to state conclusively that the changes that were observed reflect a change 
in contracture formation only. 

This study has indicated that ES may reduce the fonnation of contractures and flexor tone at the wrist in post 
stroke hemiplegia. 
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Electrical stimulation exercise to improve hand function and sensation following 
chronic stroke. 
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SummaO' 

Twenty chronic Stroke subjects received electrical stimulation exercises of the hand and wrist muscles. 
Wrist and finger extensors were stimulated reciprocally with hunbricals, finger flexors or triceps. 
Subjects exercised twice a day for two periods of up to one hour for a period of three months. Three 
assessments were made, the Jebson-Taylor hand function test, static two point discrimination and 
palmer, pinch and key grip strength measurements. Results. 15 subjects improved their Jebson test 
score while 3 reduced their score and 2 were Wlchanged. The 16 subjects who were Wlable to 
complete the full test at the start of the trial, were able to complete an average of an additional 3.4 
tests, an increase of24.7% (p<0.001) There was a significant increase in key grip of38 % (p < 0.01) . 
The mean two point discrimination score increased from 1.80 to 2.44 (p<0.02). There was a 
significant difference between groups at the start of the trial but no statistical difference at the second 
static two point discrimination score. 

While statistically significant differences were fOWld in function, sensation and grip strength, it is not 
clear if these benefits were carried over into activities of daily living. Some subjects however reported 
improved function in activities such as fastening trouser buttons using both hands, and writing. Further 
investigation now required to verify these results. 

Introduction 

A seventy year old right eVA subject, seven years post eVA was referred to our department for 
electrical stimulation exercises to strengthen and improve the fatigue resistance of his wrist extensors. 
The wrist extensors were exercised using a Raymar Pocket Orthotron neuromuscular stimulator using 
300 micro second pulses at twenty pulses a second, for two periods of twenty minutes a day. The 
stimulator gave a duty cycle of eight seconds on and ten seconds off. After one month the subject 
reported a significant improvement in not only wrist function but also finger extension. The subject 
reported improved hand function such as doing up buttons, putting on his reading glasses and tying shoe 
laces. He also believed his ability to feel had been improved. These reports, while subjective, convinced 
us that the use of electrical stimulation exercises to improve eVA hand function should be investigated 
further. 

Materials and Method 

Twenty chronic eVA subjects received electrical stimulation exercises of the hand and wrist muscles. 
Wrist and finger flexors were stimulated together with lurnbricals, finger flexors or triceps. Subjects 
exercised at home for up to one hour a day. Three assessments were made. The Jebson - Taylor Hand 
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Function Test [1] consists of seven individual tasks and is performed by each hand. Each task is timed 
and if not completed. the number parts of the task completed recorded. The tasks are: 

Writing. A standardised text is copied. 
Turning 5 cards (75mm x 100mm). 
Picking up and placing in a tin (l80mm x 100mm dia) two bottle tops, two USA pennies and two 
·paper clips. 
Stacking four draughts pieces on a board (20mm thick). 
Simulated feeding . Using a tea spoon, five kidney beans are lifted and dropped in to a tin. 
Lifting empty 1 lb. baked bean tins (l15mm x 75mm dia) on to a board, open end down. 
Lifting full tins. As above but with unopened tins. 

It was found that most subjects were unable to perform the writing test so this was omitted. 

Sensation was tested using static two point discrimination [2]. The hand was divided up into 24 areas, 
four palm areas and four areas per digit. The subject was blindfolded and asked to say whether they 
perceived one point or two when the hand was touched with the probe. The hand was scored as follows: 

o = no sensation, 
1 = sensation but no discrimination or ambiguous answers given, 
2 = 10mm discrimination 
3 = 6mm discrimination 
4=4mm 
5=2mm 

discrimination 
discrimination 

Each area was tested using the 10mm probes first and the probe size reduced until no discrimination was 
possible. The subject was also tested with one point randomly throughout the measurement. The mean 
two point discrimination (the sum of the scores divided by 24) was recorded for each hand. 

Grip strength was recorded using an MlE Grip Strength Analyzer. Power, pinch and key grip were tested 
for each hand. Subjects were allowed three attempts and the greatest measurement recorded. 

Subjects were tested prior to exercise and again between two and three months after exercise. Results are 
given below. It was not possible to record all measurements on all subjects. Subject numbers have been 
given in each case. 

Results 

Jebson test. 

Overall, 15 subjects had improved scores, 3 deteriorated and 2 had no change. Four subjects completed all 
the tasks before and after, reducing their mean time per task by 37.9%. The 16 subjects unable to 
complete all the tasks, were able to complete on average 3.4 additional tasks by the second measurement, 
an increase of 24.7% (paired T test p < 0.001). There was no significant change in the unaffected hand. 
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Grip strength. 

There was a significant increases in key grip (n=9 38.3% increase, p<O.OI). There was also an increase 
in the power grip of the unaffected hand. (n=13, 15.1 % increase, p < 0.01.) 

Two point discrimination. 

The mean two point discrimination score changed from 1.80 to 2.44 between the assessments (p < 0.02). 
Using a paired T test, 7 subjects increased their score, 4 were unchanged and 0 reduced their score. No 
significant change was found in the unaffected hand, 2.91 to 2.78. There was a significant difference 
between groups at the start of the trial but no statistical difference at the second measurement. 

Discussion 

While overall statistically significant improvements were recorded in all three measurements, It IS not 
clear if these improvements were carried over into every day life. Some subjects reported improved 
function, for example one subject was able to do up his trouser buttons and belt using both hands, another 
was able to use a knife and fork, another manipulate a pepper grinder, and another was able to write all 
the families Christmas cards where previously they had only been able to do one or two. However some 
subjects received no improvement and none had a returns to normal function. No relationship can be 
found between the performance in the tests and the time since CV A, age or side of hemiplegia. There is 
also no indication that subjects with an initial very poor hand function improved their test scores any 
differently to subjects with initially reasonable hand function. 

Baker et al. [3] noted an increase in the wrist extension of spastic hemiplegic subjects who used electrical 
stimulation to exercise the wrist and finger extensors. This would be consistent with increased hand 
function. However, the group could not find any change in skin sensation. Kraft et. al. [4] showed an 
improvement in hand function measured using the Fulg-Meyer test after similar exercises. They also 
showed that when the stimulation was triggered by the subject using emg that the improvement was 
increased. 

It is not clear what the mechanisms behind these changes may be. The fact that a change in two point 
discrimination was recorded suggests that neural-plastic changes in the brain may have occurred and this 
may be due to increased activity in the hand while performing the exercises. While some increase in grip 
strength was recorded it is important to remember that the typical stroke subjects has significantly more 
difficulty in releasing his grip than in making a grip. A further trial would attempt to quantify the 
spastisity in the wrist and finger flexor muscles. Further work is required to validate these results in a 
more rigorously controlled trial and with a greater number of subjects, to establish which patient group 
can best benefit from this treatment and determine if the benefits are translated into improved function in 
daily living. 

Address: Department of Medical Physics and Biomedical Engineering, Salisbury District Hospital, 
Salisbury, Wiltshire, SP2 8BJ, UK. Tel. 01722 336262 Ex. 4065 
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RESIDUAL EFFECTS OF FES ON PATIENTS WITH CEBERAL PALSY 
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SUMMARY 

The objective of this research was to examine the effects, both during the treatment phase and after 
the termination of, functional electrical stimulation, FES, on children with cerebral palsy. Three boys 
with spastic hemiplegia participated ; one boy also exhibited dystonia. The three underwent FES 
programs targeting the distal upper extremity for a period of at least a year during which time they 
were periodically tested for range of motion, strength, and dexterity. When the subjects' 
performance reached a plateau, electrical stimulation was terminated and the participants' function 
observed over the next 6 months. By the end of the FES programs, all three had improved their 
voluntary wrist extension by over 60Q and grip strength by more than 10 Ibs, or 60%; the times 
required to complete certain tests of manual dexterity fell by 20-80%. Two subjects maintained the 
gains they had made during the FES program within 20% of those recorded at the end of the 
treatment period. The third participant, who is dystonic, maintained wrist extension, but became 
hampered by an uncontrollable hyperextension of the interphalangeal joint of the thumb to such a 
degree that FES was reinstated. 

STATE OF THE ART 

Functional electrical stimulation, FES, has been employed in efforts to either correct or compensate 
for a number of neuromuscular disorders, such as dropfoot, plegia, and spasticity. Thus, cerebral 
palsy, CP, a condition often accompanied by dropfoot and spasticity, would seemingly be a 
potential area for FES treatment. However, the number of studies conducted on the effects of FES 
in CP patients is relatively small and the results have been mixed at best [1-6]. Some of the studies 
conducted have questioned the merits of using FES on the CP population, often citing a lack of any 
long-term or residual effects [7,8]. 

This paper summarizes the results obtained both while an FES program was being conducted and 
for 6 months after FES was concluded. The FES treatment focused on the distal upper extremities 
of children with CPo Quantitative data was collected in conjunction with qualitative observations to 
better gauge any changes that might have occurred . 

MATERIALS AND METHOPS 

Subjects 

This research involved three boys, DS, CR, and ME, aged 12, 15, and 9 years at the beginning of 
the respective studies. All th ree had spastic hemiplegia; CR also exhibited dystonia. 

DS was affected on his left side. Before the advent of the electrical stimulation he held his hand with 
the wrist flexed and the fingers curled in the typical spastic CP posture. A cortical thumb inhibited 
grasping and pinching motions. A breech baby, he was not properly diagnosed until age 12. 

CR displayed spasticity and dystonia on the right side. At the start of this study he pinched by using 
the second and third digits as pincers. From the age of 14 months until 3 or 4 CR participated in 
physical therapy. 

ME was spast6ic on the right side of his body. He had a fairly good lateral pinch at the beginning of 
the study. but performed grasping and palmer pinching movements more poorly. 

FES protocol 

Surface stimulation was chosen because the boys were still growing and were too active for 
percutaneous or implanted electrodes and wanted to avoid the highly invasive nature of those 
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electrodes. Commercially available Medtronics Respond II, stimulators generated the stimulation 
pulses, each of which was 300msec. in duration. Pulse frequency was set to 53 Hz based on 
empirical findings examining maximal performance for a given level of comfort since the boys still had 
pain sensation . 

The FES programs were tailored to meet the individual needs of each participant. DS received 
electrical therapy for 21 months. The stimulation generated wrist and thumb extension and thumb 
abduction. CR's 12-month FES program sought to produce wrist and thumb extension, thumb 
opposition, and finger flexion. ME underwent a 12-month program focused solely on improving 
wrist extension. The subjects were involved in 5 stimulation sessions per week at the boys' homes 
under parental administration and supervision. Session durations gradually were increased from 10 
min. to 30-45 min. The percentage of time the Respond II, devices were on during the on-off cycle 
was increased from 8 sec. on and 15 sec. off to 20 sec. on and 8 sec. off. The subjects were 
exhorted to help the stimulation contract the muscle as much as possible. 

Testing 

The particil'lants were tested approximately once every three weeks. Voluntary range of motion of 
the wrist and thumb was assessed with a goniometer. Grip strength was evaluated using a JAMAR 
hand dynamometer. A pinch gage was employed to perform three tests of manual dexterity 
[developed to suit the CP subjects]. One task required the removal of a quarter, dime, nickel , and 
penny, one at a time, from a cardboard box. The second called for picking 5 pens out of a cardboard 
box and placing them into a cup. The third task entailed picking 5 small rubber balls out of a 
cardboard box. 

Post-Stimulation 

The three boys eventually reached a state in which their performances of a number of the 
aforementioned tests leveled. At this pOint it was decided to end the electrical therapy and monitor 
the subjects for 6 months. The subjects were instructed to continue the exercises, which had been 
part of the FES programs, without the stimulation. Measurements were still taken once every few 
weeks. 

RESULTS 

Table 1 shows the average scores for each subject during the course of the study. The first column 
represents the average of the first two testing sessions. The second column contains the mean 
values of the measurements recorded during the two testing dates prior to the discontinuation of 
the stimulation. The last column gives the mean scores for all of the data taken during the period 
when no FES was administered. Dashed lines indicate an inability to perform the listed task. 

DISCUSSION 

All three participants demonstrated substantial improvement while in the FES programs. Wrist 
extension increased by at least 602. Grip strength rose by at least 10 Ib (>60%). The time necessary 
to perform the given dexterity tasks dropped 20-80% with some decrease of over 150 seconds. DS 
and CR developed palmar pinching motions. The palmar pinch enabled CR to pick up small objects, 
such as coins. The data in the table attests to the extent of the improvement. Figures 1 and 2 
indicate that the pattern of amelioration tended to be logarithmic. Improvement went beyond the 
test setting to everyday life. The boys began to use their involved hands which previously they had 
not to hold and pick up items, reel a fishing rod, open doors, dribble a basketball, or tie shoes. 

DS and ME showed considerable carry-over effects of the electrical stimulation treatment over the 6 
months. Decreases in ME's performance as measured by the difference between average post­
stimulation and end-of-stimulation test scores were < 20%. Table 1 values actually show 
improvement in lateral pinch strength, picking up pens, and picking up coins. Post-stimulation data 
for the task entailing picking up the balls showed a statistically significant linear increase in time 
(p<.05), but the average increase was only 2.6 seconds. DS's post-stimulation performances were 
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TABLE 1 

START END OF STlMULAT10N PQST STIMUL.ATIQN 

TEST OS CR ME OS CR ME OS CR ME 

WEXT (0) -5 -29 -3.3 79 63 64 77 59 61 

GRP (Ib) 9 3.8 15 .5 34 33 25 .6 30 26 .3 22.8 

PPST (Ib) --- 2 .0 4.2 5.8 8.1 5.6 5.6 6 .7 5.4 

LATST (Ib) 3.7 3.6 5.5 11.2 11.9 6 . 9.4 8 .4 8.5 

PENS (sec) 72 250 83 25.0 64.2 35.9 28 .3 133 33.2 

CCNS (sec) 202 - 167 33.8 185 128 43 .4 4 .8 73.3 
-

Balls (sec) 16.9 63 29 11.2 30.5 15.5 13.3 52 18.1 

Text (0) -20 - - 25 - -- 39 --- ---

WEXT = wrist extension; GRP = grip strength; PPST = palmer pinch strength; LATST = lateral pinch strength; 
PENS = picking up the 5 pens and placing in cup; eNS = picking up quarter, nickel, dime, and penny; BALLS = 
picking up 5 rubber balls; TEXT = thumb extension. 
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within 20% of end-of-stimulation values in all but one case. Only the lateral pinch values led to a 
regression line with a slope signifying a decline in performance at p=.05 . The average decrease in 
strength, however, was only 16%. His thumb extension continued to improve. 

CR maintained his level of maximal wrist extension, but demonstrated statistically significant declines 
in strength and dexterity. Difficulty seemed to stem from involuntary hyperextension of the thumb 
IP jOint which translated into problems with curling the thumb in order to grasp and pinch. Electrical 
stimulation was reinstated with only the flexor pollicis longus targeted . Preliminary results give signs 
that he is improving once again. CR has dystonia as well as spasticity; thEl FES treatment may prove 
more effective with certain types of CPo 

In all three cases implementation of the FES program corresponded with very visible improvements 
in range of motion, strength, due to the attainability of a more mechanically advantageous posture, 
and dexterity. While definite progress was made during the FES programs, the advances cannot be 
unequivocally attributed solely to the electrical stimulation. Maturation, practice, and greater 
attention being paid to the involved limb may have played a role in the amelioration seen. 

Significant residual effects were seen even 6 months after the conclusion of the electrical therapy. 
The degree of successful carry-over of the FES treatment seemingly will vary within the CP 
population, but certainly it has been shown that it is possible. 
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SUMMARY 

The ODFS is a simple FES device for the correction of dropped foot. Improved reliability, fine control of 
stimulation parameters and careful application and follow-up have led to 80% compliance. Data on 56 
patients (27 hemiplegics, 5 MS and 1 SCI) who have used the system for between 6 and 18 months is 
presented and shows a statistically significant increase in walking speed, with the stimulator, at 3 months, 
of 14% (p<0.001). Decreased effort of walking, measured as Physiological Cost Index (PC!), of 39.5% 
(p<0.00 I) and statistically significant improvement in functional mobility tests and questionnaires. No 
statistically significant carry-over was seen, although 4 subjects had sufficient improvement in active ankle 
control and gait parameters to no longer need the stimulator. 
6 patients who use the stimulator all day everyday have had a problem with skin irritation which we have 
not yet been able to solve. Two patients have discontinued after experiencing increased spasticity in the calf. 

STATE OF THE ART 

Since the work of Liberson /11 in 1960 the use of common peroneal stimulation, timed with swing phase 
by a pressure sensitive heel-switch, has had a chequered history. A number of published studies have reported 
poor subject compliance/21 and inadequate system reliability 131 and poor subject selection 141 and poor 
follow-up lSI so that, despite improved function, the dropped foot systems are not widely used; particularly 
in Great Britain. The interim results of a clinical trial and data recorded from patients attending the FES 
Clinic show better compliance. This paper will suggest reasons for this and for the failure for the system to 
be useful in certain cases. 

MATERIALS AND METHODS 

Stimulation is applied through skin-surface electrodes placed over the Common Peroneal nerve and the 
Tibialis Anterior motor point. A pressure-sensitive heel switch triggers the stimulation with the swing phase 
of the gait cycle. Stimulation parameters such as ramp, timing, duration and output levels are easily adjusted 
to suit the individual persons needs. A bi-phasic asymmetrical wave form is used, pulse width 0.3 ms and 
a stimulation frequency of 40Hz. We have found that a variable pre-set a ramp at the beginning of the 
stimulation cycle is useful for patients who find the sensation of stimulation uncomfortable, or who walk 
very slowly. It is particularly useful in patients who have high levels of calf spasticity. Gradual recruitment 
of motor units thus achieved seems to reduce calf spasm. the mechanism is not entirely understood, but it 
may be that a slower muscle contraction of Tibialis Anterior and the Peronei is less likely to elicit a stretch 
reflex in the calf. Stimulation can also be triggered by either heel rise or heel strike, our experience has been 
that faster walkers respond better to heel strike and, when heel rise is used, careful positioning of the heel 
switch can control very precisely the moment of stimulation; moving the switch forward in the shoe delays 
the trigger time and allows a more normal movement for slower walkers. 
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Timing can be set to 'fixed time' or switch dependent, except with very slow, unsteady walkers switch 
dependent timing is more effective. 

Of the 56 patients who have been using the ODFS for a period of between 3 and 18 months. 20 hemiplegics 
were part of the randomised, controlled trial 
Criteria for selection: 
Suitable patients suffer from a variety of Upper motor neuron diseases, most commonly Stroke and Multiple 
sclerosis, and have a dropped foot resulting in: 
i) Toe catch during swing phase, . 
ii)Hip hitch or circumduction to avoid toe catch, 
iii)Passive range of ankle movement to allow a heel strike, 
iv)Effective ankle dorsiflexion with stimulation and without undue discomfort, 
v) Improved walking with ODFS assessed by gait analysis. 

Suitable patients are asked to attend the FES clinic for two sessions on consecutive days. During the first 
session the stimulator is set up to provide the most effective gait pattern. The patient is carefully instructed 
in it's use and application, this is considered to be of utmost importance as failure to apply the device 
correctly has been shown to be a common reason for non-compliance/2/. The patient is asked to attend the 
second session using the stimulator, this ensures that either they or their carer are able to set up the system 
and gives an opportunity to overcome any problems. 
Patients are given a simple clear instruction manual which explains how to set up the system, and includes 
a list of safety precautions. We encourage users to contact us immediately if the stimulator is not working 
well. 

Clinical assessment to evaluate the effectiveness of the system. 
i) Walking speed, measured over 10 metres with and without the stimulator (the average of three walks is 
taken whenever possible) 
ii) Physiological Cost Index, a measure of the effort of walking, is the ratio of increased heart rate ( from 
resting heart rate) over the speed of walking, also measured over 3, 10 metre walks. 
iii) Questionnaires .' Hospital Anxiety and Depression (HAD) scales, Nottingham Quality of Life Profile and 
a mobility questionnaire. 
ivY 10 simple mobility tests 

Some patients benefit from a short course of Physiotherapy. Many patients develop an abnormal gait pattern 
as a result of their dropped foot. Physiotherapy can make them aware of this and of the fact that with the 
stimulator they can walk more normally. The stimulator, through increasing speed and efficiency can also 
give the potential of a more rhythmic, balanced gait, but patients need to be givt:n confidence to achieve 
this. Sometimes, practising the components of the gait cycle, can make a patient aware of the abnormalities 
and when correct movements are practised in a secure environment their confidence can be improved. For 
any change in gait pattern to be effective it must be automatic, conscious changes in gait therefore need time 
and practise. 

Patients are reviewed after six weeks, sooner if they have problems. Walking speed and PCI tests are 
repeated and adjustments sometimes made to the stimulation parameters. At three months patients are 
reviewed again and complete a questionnaire which asks about how much and when they use the stimulator 
and what problems, if any they have encountered. Patients are then followed-up at six monthly intervals. 

RESULTS 

When the stimulator is first set up the alteration of the gait pattern can cause a reduction in walking speed. 
The rate at which patients adapt to a new gait pattern varies. By 3 months all the patients had adapted and 
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the improved gait pattern is reflected in the walking speed. 

Although the mean change in walking speed without stimulation was not significant it is important to notice 
that 5 out of the 16 subjects walked more slowly without stimulation after 3 months. There may be a 
tendency to become dependent on the stimulator, adaptations made to the gait pattern which are effective 
with stimulation may cause problems when the stimulator is withdrawn. 

Changes in walking speed with and without the ODFS, measured over 10 metres at three months (n=56) 
5 subjects walked more slowly, 42 more quickly (mean increase in speed was 14%, 27 subjects increased 
their speed by > 10%) 9 walked at the same speed. (A significant difference was shown in walking speed 
with and without the stimulator, Paired T Test p<O.OOI) No significant change was seen in walking speed 
over three months either with or without the stimulator. 
Not all patients benefit, 15 had less than 10% improvement, 9 no change and 5 walked more slowly. 

Changes in PCl with and without ODFS, (n=56) 8 subjects had a higher PCI. 7 no change, 41 a decrease 
in PCI (mean improvement was 39.5% with 32 subjects having an improvement of >20%) (Significant 
difference with and without stimulator, Paired T Test p<O.OOI) No change was seen in PCI over three 
months either with or without the stimulator. Improvement in PCI was immediate. 

The mobility questionnaire asks about use of wheelchair and walking aids, distance walked without stopping 
to rest, ability to walk outside, alone. on even and uneven surfaces. Changes in scores on the mobility 
Questionnaire. A significant difference was seen between the treatment and control group after 3 months, 
n=24 Fisher exact probability test p<0.0498. 

Objective tests include: standing from a wheelchair, stepping onto a block, standing unsupported and 
balancing on the affected leg, lifting the knee to touch a bar, walking with or without aid, and ability to, and 
style of. climbing stairs. Tests are carefully controlled in the laboratory. 
Changes in scores on the mobility tests, a significant difference was seen between the control and treatment 
group after 3 months use of the ODFS Fisher exact probability test p<0.0189 

Conclusion 
56 patients who have used the ODFS over a period of at lezst 3 months have shown 
1. An average 37% less effort in walking. 
2. An average 15% increase in walking speed. 
3. 86% compliance. 
4. Statistically no significant influence on recovery of active movement, although this has been seen in a few 
patients, enough in three, for them to no longer need the device. 

It has not been shown to have any statistically significant influence on recovery of active movement, 
although some patients (3) have experienced an improvement in voluntary control of ankle movement which 
has so far been retained despite discontinuing stimulation. 

DISCUSSION 

51 patients are continuing to use the system. 7 have discontinued, 3 because they have had sufficient 
improvement in voluntary control to enable them to walk as well without it. 
Problems: 3 patients are, at present unable to use the system regularly because of skin irritation. We do not 
know why. Heat and / or electro-chemical toxins may be a cause and we are about to experiment with a 
symmetrical bi-phasic pulse to avoid a charge imbalance. In some cases hygiene or changing make of 
electrodes has solved the problem. 
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Factors which adversely affect the use of the stimulation system need to be addressed. Why do some patients 
not show an improvement in the effort or speed of walking? could this be related to an increase in calf 
spasticity? A system to measure spasticity levels in the calf is being developed to answer this question. A 
two channel stimulator is also being developed to give a more normal gait pattern. 

A small change in the stimulator design now enables ramp at the beginning and end of swing to be adjusted 
independently producing in some patients a more normal gait and corrects foot slap. 
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SUMMARY 
The advantages of multichannel functional electrical stimulation (MFES) therapy for gait training and 
relearning in hemiplegic patients compared to conventional therapeutic methods (CONY) have already 
been proven. The purpose of this study was to evaluate on what levels and to what extent do the effects of 
different therapies take place. Three models of gait rehabilitation process were proposed: exponential, 
logistic and mixed~ The non-linear regression of experimental data was used for parameter estimation for 
each model respectively. A correlation coefficient was used to evaluate which model fits best. Gait speed 
during CONY and MFES therapy in 20 hemiplegic patients was used as a measure of gait recovery. The 
mixed exponential-logistic model showed the best fit to experimental data. The model incorporates two 
parameters which represent: direct effects of therapy to muscles (functional movements, weight bearing, 
etc.) and afferent effects of therapy to CNS (motor learning, plasticity, etc.). The comparison of group 
averages of calculated model parameters for CONY therapy and MFES therapy showed that both, direct 
and afferent effects during MFES therapy, are approximately 5 times greater compared to CONY therapy. 

INTRODUCTION 

Since it's introduction functional electrical stimulation (FES) has been widely accepted as a 
supplementary therapeutic method as well as an orthotic aid in patients with upper motor neuron 
dysfunction /1/. In rehabilitation of gait the effects of FES were investigated on two levels: instantaneous 
or direct effects can be observed in functional movements as a consequence of FES elicited muscle 
contraction, and long-term or indirect effects which manifest in permanent FES induced modification of 
gait even after the use of FES was discontinued. 

The direct effects were clear and easy to demonstrate since the beginning /2/. The reported results related 
to the study of long-term effects of FES therapy were somehow ambiguous. Some authors /3, 4/ reported 
prolonged effects of FES on one isolated parameter: the isometric ankle torque. On the other hand 
MaIdie et al. /5/ failed to demonstrate long-term effects of multichannel FES (MFES) therapy for 
correction of gait pattern in ambulatory hemiplegic patients. The results did show significant difference 
between the stimulated and control group at the end of therapy. However, after period of 6 to 12 months 
the difference between groups was not significant any more. The preliminary study of application of 
MFES in non-ambulatory patients with the purpose not to correct the anomalies of an existing gait pattern 
but to re-establish a new one, showed very promising results 16/. 

Vodovnik /7/ tried to explain the long-term effects of FES on the nerve-synapse-nerve level by a 
mathematical model. He 'considered muscle force to be proportional to a product of the volitional signal 
transferred by the nerve and a presynaptic potential that exponentially increases during activity. 
Diminished volitional signal in patients with upper motor neuron dysfunction could be replaced via the 
afferent nervous pathways by employing FES and thus increasing presynaptic potential. The presynaptic 
potential was assumed to remain higher for a period after FES. Thus the experimental data 14/ obtained 
for the isolated volitional movement were interpreted. However, the effects of FES on complex 
movement (e.g. gait) have not been experimentally clarified yet. 
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Since the standard statistical approach with tested and control groups proved to give inconclusive results 
lSI, probably due to large inter-patient variance in hemiplegic population, an alternative experimental model 
has been utilized in our study. Each patient served as hislher own control by testing both therapeutic 
modalities on each patient. To eliminate the effect of sequencing different therapies, two groups were 
randomly formed with reversed order of therapeutic modalities. The primary purpose of the presented 
study was to demonstrate the advantage of the MFES therapy for re-learning of gait in hemiplegic patients, 
compared to the corresponding "conventional" therapeutic methods. The results proved MFES to be 
significantly superior to the existing therapeutic methods 18/. The purpose of his paper is to present a 
mathematical approach to explanation of the MFES therapy effects. 

SUBJECTS 

Twenty non-ambulatory hemiplegic patients were included in the study. They were randomly assigned to 
two groups (10+10 subjects), one group starting with 3 weeks ofMFES therapy followed by 3 weeks of 
conventional therapy-and the other group with reversed sequence of therapies. Their gait and general 
physical status was evaluated in the beginning of our program, at switch over of therapies and at the end 
18/. The step length, gait velocity and cadence were measured by the stimulator during each session of 
MFES therapy and 4 - 5 times during the conventional treatment. 

MATHEMATICAL MODEL 

After stroke the CNS centers responsible for gait are generally severely disorganized. During the period of 
rehabilitation a combination of spontaneous self-organization of CNS and applied therapy result in 
subsequent more or less functional gait pattern. From the control point of view the process of recovery can 
be described by equation (1): 

x = f(x,u, v,k,t) (1) 

where x = x (u ,v ) is the state vector, u is the set of input vectors (e.g. therapy), v represents voluntary 

control, k = k (t ) is the vector of time dependent parameters and f is the non-linear function. Although this 

law is stated in general, its application could be accomplished e.g. by measuring the relevant gait variables. 

It is of primary importance to find an explicit model of equation (1), to estimate the time when the variables 
reach the stationary level and to determine how the switching between different therapy modalities affect 
the results. Various experiments show that time series describing gait variables have a general sigmoidal or 
exponential shape 19,1 O/. Therefore the equation (1) can be written as: 

x = k(x,u)(x. - x) (2) 
x(to)=xo 

where x s is a stationary state dependent on the physical properties and recovery level of the system, x 0 is 

initial value, and k (x ,u) is system gain dependent on the rehabilitation method u and on the state of the 

system. Expanding k in Taylor series and dropping terms of degree greater than one gives: 
k(u,x (u,v)) = Q -bx (3) 

where Q = Q 1 + Q2U and b = Q3. Substituting equation (3) in equation (2) we obtain: 

x = (a + bx)(x. - x) (4) 
Equation (4) represents state transition consisting of exponential and logistic law of motion. When b = 0 
(k independent of system state and therapy method) we have a linear system of first order, and when 
Q = 0 we have a logistic equation. For all three cases the analytical solution is known 1111. 

All three models: exponential, logistic and mixed have been verified on the experimental data. Gait speed 
was selected as a representative variable. It was measured and averaged during each therapy session. The 
moving average of lag 3 was applied for experimental data filtering. The non-linear regression was used for 
the comparison of the proposed models. 
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RESULTS AND DISCUSSION 

Fig. 1 represents raw data of gait velocity measurements in two typical subjects from each experimental 
group. The non-linear regression of all three models was performed on each patient's data. The correlation 
coefficient r2 was used as a measure for selection of the most appropriate model. In the CONY IMFES 
group there were no differences between combined and logistic model. Both, however, describe 
experimental data much better compared to exponential model. For combined model the average 
correlation coefficient was r2=0 .88 (range 0.71-0.98), for logistic model r2=0 .86 (range 0.73-0.98) and for 
exponential model r2=0.65 (range 0.45-0.84). In the MFES/CONY group the correlation coefficients were 
r2=0.95 (range 0.86-0.99), r2=0.93 (range 0.85-0.98) and r2=0.91 (range 0.85-0.98) for combined, logistic 
and exponential model. According to these results the combined model was selected as best fit. 
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Figure 1: Gait velocity curves (raw data) during 
therapy for four subjects participating in the study 
(subjects A and B started with MFES and continued 
with CONY therapy, subjects C and D had reversed 
order of therapies) . 

v 

x 

Figure 2: Simulation model of stroke patients 
recovery during therapy. 

In order to explain sensitivity of applied methods on functional recovery with possible neurophysiological 
implications a simulation model has been proposed. It was derived from equation (4) by integrating both 
sides and replacing the results of operation with formal blocks, which are used in system dynamics. The 
state of the system is the difference between the recovery rate and decay rate. The recovery rate consists of 
two parts: direct influence of therapy on muscles which is represented by U E U multiplied by constant a ; 
and influence on muscles by voluntary control represented by v E V multiplied by state of system 
organization x and constant b . The latter should be equivalent to post-synaptic strength of the motor 
neuron, where gain factor b can represent sensory influence on the motor neuron via interneuron /7 I. 
Variables u and were chosen as unit step functions, while a and b represent" gain" depending on the 
system input sensitivity. The decay rate determined as ratio of state of organization x and decay time 
constant, has been added to equation (4) to incorporate the disorganization process, which is imminent for 
such a system. The structure of the simulation model is presented on Fig. 2. 

For simulation purposes constants aM ,aC E a and bM ,bc E b(indexes M and C represent MFES and 
CONY therapy) were obtained by non-linear regression of experimental data in each patient and for each 
therapeutic modality respectively. Generally after therapy and especially after MFES the value of x fell to 
a new equilibrium, from which parameter T d was determined. By setting constants a,b and T d all 

experimental results were simulated. Fig. 3 presents the gait velocity simulation results for the same 
subjects as presented in Fig. 1. The results show good alignment with the experimental data. 
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The obtained simulation constants a and b 
were averaged over the patients for each 
therapy modality respectively. The statistical 
t~test between the constants showed that both 
constants are significantly higher for MFES 
therapy (p < .001). The calculated ratios 
between the average constants show that 
aM / ae = 4.64 and bM / be = 4.36. 
Constant a represents direct effects of 
therapy. It was expected to be much higher 
during MFES therapy, because of the 
effective functional movements produced by 
FES. The constant b represents indirect or 
afferent effects of therapy. At the current 
state of art these effects are impossible to be 
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Figure 3: Results of gait velocity simulation for the same 
patients as presented on the Fig.l. 

measured or assessed. Indirect effects are triggered by enriched sensory inflow to CNS and by higher 
motivation of the patient, which may affect CNS plasticity and motor learning. 

It premature to give a definite judgment about the therapeutic effects of MFES on the basis of presented 
results. However, the results presented on a simple simulation model give us an insight into the impact 
level of two different therapy modalities to neuro-muscular system and CNS, which could be a good basis 
for further research. 
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A FORWARD ERROR CORRECTING TECHNIQUE FOR 
CONTROLLED IMPLANTABLE SYSTEMS 
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SUMMARY 

This paper presents a reliable communication protocol pennitting an implant to recuperate safely the data 
and clock coming from external controllers over a noisy link. A forward error correction (FEC) technique 
using (15,11) Hamming code with a minimum distance of 3 has been employed and a novel 
implementation has been proposed. The presented protocol provides wireless communications for an 
implantable bladder stimulator and can be used for any implantable prosthesis. The proposed architecture 
has been designed using CMOS 1.2J..lm technology. 

STATE OF THE ART 

Recent advances in miniaturization techniques made it possible to design advanced multifunction 
implantable prostheses which result in a high quantity of data to be communicated to the implant. 
Presently, more than 1.5 million peoples have pacemakers implanted worldwide Ill. Extracorporal 
controllers need to communicate with implanted systems for both programming 121 or delivering stimuli 
131 using wireless digital communications. Since we deal with human being, the reliability of the 
communication is of great concern. The data transmitted to implant over a noisy link, programs the 
device or specifies stimulus parameters and can affect the health of the implant host, therefore error 
detection and data verification become critical issues for the implantable systems. Unfortunately, the 
majority of existing implantable prostheses suffer from the lack of an error detection and correction 
protocol and are susceptible to noise Ill. The aim of this work is to develop a secure communication 
protocol and the related architecture having multiple means of error detection and correction. 

MA TERIALS AND METHODS 

In this section we present the design and implementation of the proposed clock and data separator and the 
error correction approach. 

Digital Data and Clock Decoder 
During wireless asynchronous communication, data and clock are combined at the transmitter and are sent 
to the receiver. A technique that has received considerable acceptance is called Manchester coding. Fig. 
1 shows the simplified circuit schematic of the proposed Manchester decoder. It is based on detection of 
bit-center transitions. The incoming Manchester encoded data (MED) is passed through a Schmitt trigger 
to obtain a digital signal. When a bit-center transition is occurred the incoming MED is sampled after %T, 
where T is the clock period. Therefore, the MED is decoded with a delay ofY4T. The/REF is recuperated 
from the carrier frequency of the incoming AM modulated signal. The Manchester decoder has been 
tuned to a data rate of300 Kb/s. 

Communication Protocol and Error Control Strategy 
Implanted devices utilize either an inductive 12-31 or an optic link 14/. In both cases, the data transferred 
to the implant are serially organized and transmitted using digital communication techniques. 
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Fig. 1: ( a) Simplified schematic of the all-digital Manchester decoder and (b) decoded data and clock 
from the received MED. 

Fig. 2: Data frame for the implant receiver. 

Fig. 2 illustrates our proposed data frame. A key word establishes the communication and data are sent 
serially in IS-bit message words. The header is used to synchronize the data frame. Each message word 
contains 11 information bits (8 data bits and 3 op-code bits), and 4 parity bits. In order to reduce the 
transmission errors and increase the reliability of the system a conventional IS-bit Hamming code with a 
minimum distance of 3 (15,11) has been employed for single-bit error detection and correction. Hamming 
code is a linear block code and is an optimal choice because it has a satisfactory error correction 
performance with a very simple decoding hardware. Other coding strategies such as cyclic and 
convolutional codes result in complicated decoding hardware /5/ which is not desirable in miniaturized 
implants. Using (15,11) Hamming code, the probability of an undetected error is the same as the original 
probability of error in two or more of IS-bits. The probability of error in n or more bits of an N bit 
command word can be calculated using binomial distribution as follow: 

N N' _" . ( )1(1- )(N-I) 
Pn - ~ .!(N- .)' PI PI 

r=n' , . 

wherePI (=:I 10.0) is the probability of an error in anyone bit. In our case, by assuming thatp
2 

is much 
bigger than P3, ... , P 14' and P I~' the probability of an undetected error is reduced to P2 which is 
approximately: 

2 13 
P2 =:I I05(PI) (I-PI) 

At the transmitter, the check bits are determined from the following set of equations: 

PI = 13 $ IS $ 17 $ 19 $111 $ 113 $115 
P2 = 13 $ 16 $ 17 $ 110 $111 $114 $115 
P4 = 15 $ 16 $ 17 $112 $113 $114 $115 
P8 = 19 $110 $111 $ 112 $113 $114 $115 

(1) 

(2) 

(3) 

At the implant, upon receipt of a valid header (key word), the incoming bit stream is shifted into a serial to 
parallel converter; then on time FEe is performed. 

Design of Error Correction Module 

Fig. 3 depicts the block diagram of the proposed error corrector module. The decoding procedure is 
performed based on syndrome calculation /5/. Other techniques like trellis decoding /6/ are not suitable 
for hardware implementation and normally require soft decisions. 
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Fig. 3: Cgmplete block diagram of the error corrector module. (SDF: Start of data frame, POR: Power 
on reset, EM End of IS-bit message). 

The implemented structure operates as follow. The serial to parallel converter recuperates a IS-bit 
message (Mess) and then the syndrome calculator generates the corrector vector (S3-0) from the received 
message, based on equations 4, indicating whether the received message contains an error or not. 

so = PI EB 13 EB IS EB 17 EB 19 Ell 111 EB 113 EB 115 
S1 = P2 EB 13 EB 16 EB 17 EB 110 EB III EB 114 EB 115 
S2 = P4 EB IS EB 16 EB 17 EB 112 EB 113 EB 114 EB 115 
S3 = P8 EB 19 EB 110 EB 111 Ell 112 EB 113 EB 114 EB 115 

(4) 

The 4 to 11 decoder looks up the assumed error vector (Err 10-0) stored in the table 1 which represents 
the relationship between the syndrome vector (S3-0) and the error vector. Error vector addresses the 
erroneous bit. The sum Mess + Err implemented by the corrector (exclusive-OR gates) finally generates 
the corrected data. If there are no errors then S3-0 = (0000) and so the received message is not affected. 
In order to minimize the hardware, the elements of error vector related to parity check bits have been 
omitted because they are of no further interest. 

Table 1: Correction table for the (15,11) Hamming code 
with a minimum distance of 3. 

The divider modulo-IS separates the messages. When a message word is completed the correcting 
procedure is accomplished in less than one clock cycle and at the next clock cycle the signal EM is 
activated to latch the corrected message (DI0-0) in the output register. The control logic is a simple three 
states finite state machine and synchronizes all operations. 
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RESULTS 

The layout was generated using CadenceS> tool based on CMOS 1.2 Ilm technology of Northern Telecom 
of Canada. The proposed architectures occupy a very small area of silicon (0.41 mm2) in comparing with 
other techniques /6-7/. The circuit has been designed for structural testability by means of scan-based test 
approach. This technique guarantees high structural fault coverage. Since the small power dissipation is 
an important characteristic for implantable systems, the circuit has been especially optimized for low 
power. The proposed structures have been also successfully implemented on a single ACTEL Field 
Programmable Gate Array (FPGA). 

DISCUSSION 

A new clock and data separator for programmable implanted devices has been proposed. The Manchester 
code has proved to be a robust choice for digital communications addressing implants. A forward error 
correction communication protocol for implantable prostheses using (15,11) Hamming code has been also 
presented. This module increases significantly the reliability of implants and protects them against existing 
noise in the data link~ To our knowledge, it is the first error correcting architecture dedicated to 
implantable devices. Its architecture is quite simple and requires a very small silicon area in comparing 
with other decoding techniques. 
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DETOXICATION PROPERTIES OF SYNTHETIC CARBONS 
APPLIED AS ELECTRODE MATERIALS 

'fu. V. Basovo., N. T. Kart '21 

Institute for 30rption and Problem::: of Endoecologv 

SUMMARY 
In order to intensify detoxication processes. one way is throug~ 

direct electrochemical oxidation-reduction on 
carben, wich serves as a fluidized-bed electrode. 

t.he 
The 

surface of 
investigations 

on the electrochemical detoxication of patient plasma showed the 
possibility to intensify this processes for several 
metabolites,free-radical products and products of peroxide 
oxidation. The modification influence on carbon materials upon its 
electrochemical behaviour in a saline electrolute solution was studied. 

STATE OF mE ART 

The active synthetiC carbon seN are distinguished from natural raw 
materials by their biocompatible, phisicomechanical and sorption 
properties Ill. An extention of previous work 12/ on SCN sorbents has 
led to the conclusion that the usage of electrochrnical factors besides 
sorption was found to extend the application area of activated carbons 
and allow us to increase the selecti vity a'ld depth of extraction of 
various organic substanses from biological flUids. 
The pecul iari ty of molecular structure of car'bons, presence chemically 
bonded heteroatoms predefine the electrochemical behaviour in oxygen 
containing solution. Therefore changes in the surface structure of 
synthetic carbons caused by the modification of various metals 
can result in an alteration of sorption and electrocatalytic action. 
Taking into account mentioned above we have worked out a mass 
exchanger-electrolyzer "EChO-2" ,where spherical-granular sorbents 
act as a fluidized-bed electrode. 
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MATERIAL AND METHODS 

Electrodes 

and non-porous SCN-piacebo (SCNpl) used as a working electrode were 
balanced in a saline solution to create a stationary pment:Lal. Tn':? 

polarization of fluidized-bed electrode was provided bv potentiostate 
ITI1-50.1.1 t.hrough the platinwn current-carrier. 
The haemosorbents have been modified by hemosorpt.ion of the Ions u~ 

t::ansi tion metals (Cu 2.+, Zn 2-1-, Ni 2+ ,Fe 3 +) . 

Device 

Elect::ochemical investigations 
, .. EChO-:2' '(working volwne 30 

were carried 
m13 ).This device 

cu::::ent-carriers and semipermeable membrane. 

out 
contained platinum 

A fluidized-bed layer was created by the direct circulation of 
electrolut.e solution in the central camera of the device. 

RESULTS 

Measuring stationary electrode potentials in patient "[::,lasma were 
-0.14.Vrnhe) for SCN-2K and -0.32V for SCNpl. 
We have examined the possibility of electrochemical detoxication 
of middle mass molecules, cyclic immune complexes and malondialdehvde 
at the catode potent.ials from -0.2V to -O.?¥' in comparison with the 
sorption without an external potential (Fig. 1 a, b) . 
We have also specifically studied a stationar'V pot ent ial value 011 the 
surface of activated carbons SCNo and carbons modified by ions of 
.. ., . t' .r, 2+ 7 2+ 1\j'2.+ ,,_.3+, . th 1 t'tl-- 1 . d ,-.ranSH.I em mealS ll,U ,~n ,l' 1 ,r t' ) In . e vo ume 01 Ie e eClTo_ e 
(see table). 

DISCUSSION 

The results of the investigations suggest the possibility of employing 
act i vated car'bons as an eff ect. i ve electrodes to control the 
elimination processes of several metabolites, free-radicals products 
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Fig. L Kinetic curves of removal of cyclic immune complexes 0'), middle 
mass molecules (2') ,malondialdehyde (::r) from blood plasma after 
perfusion: a) through SCN-2K, b) through SCNpl, step catode polarized 
from external electric source;and without external potential (1.2,3,). 

Table 1 

ISorbent type Stationary 
potential,V(nhe) 

Sorbent type StationarY 
potential,V(nhe)! 

:SCNpl 
I C'f'hlp' i f'U 2+)' I ...-l '-'4 ..L. '" '-' • 

I SCNpl (Fe 3-1-) 

ISC'NG 

0.080 
0.22e, 

0.271 
0.060 

SCNo (Cu 2+) 

SCNo (Fe 3+ ) 

SCNo(Zn 2+) 

SeNo (N i 2+ ) 

a'ld products of peroxide oxidation on 
fluidized-bed electrode.We have found 
polarization of haemosorbents increases 

the 
the 

the 

O. "165 

0.296 
0.400 
0.141 

surface of 
step-shifting 

elimination of 

carbon 
catode 
cyclic 

immune complexes,middle mass molecules and rnalondialdehyde (Fig."1). 
The experiments carried out on SCN-2K and non-porous SCNpl made it 

possible to eliminate a sorption component and prove the existance of 
electrochemical ones in the removal processes. 
Chemical modification of haemosorbents by transition metals as well as 
electrochemical polarization from the external power source allows us 
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to change the electrochemical potential on the surface of carL1C'I! 
(Table 1) in order to direct elimination of various metabolites. 
In using electrochemical method it is possible to obtain the 
following: inhibition of free- radical react ions, i'a.5t correct iOl-1 of 
anti oxi dati onal abil i ty of the organizm to exert prOlect ion2~ 
adaptation reactions against disease-producing factors. 
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A WIRELESS LINK FROM CRUTCH INTEGRATED SENSORS TO FES 
CONTROLLERS 

S. Fiedler, M. Bijak, H. LanmiiUer, W. Mayr, G. Schnetz~ 

Department of Biomedical Engineering and Physics, University of Vienna 
(Vienna Austria) 

INTRODUCTION: 

In 19H2 the Vienna ~orking Group of Functional Electrostimulation started to mobilize paraplegics by 

use of FES I. This leg pace maker system consisted of two eight-channel implantable nerve stimulatorsc 

with epineural e!ectrodes·1.45, external antenna and external control device. External and internal parts 

were radio-linked. The stimmulation sequence for stand up, stand and walk was controlled by the patients 

with crutch integerated switchesO, which were connected to the control device by wires. 

For several reasons the leg pacemaker system required a redesign . Active hip-knee-flexion was now added 

in the 20 channel sytem 7.X to the active hip-knee-extension of the older eight channel system. In the scope 

of this revision we also renewed the connection of the crutch-integrated command switches and the control 

device. To increase patient" s comfort we replaced the hindering wire connection by a radio remote control 

system. 

MATERIALS AND METHODS: 

Demands: 

The following points had to be considered during the development of the remote control system: 

• As a transmilling frequency of 27Mhz is required to supply the implant with power and information, 

the frequency of the remote control system must be far beyond from this. 

• The whole arrangement must be integrateable in an on market crutch. 

• As the energy is supplied by ballery, the energy consumption should be on a lowest possible level. 

• The digital input of four onloff command switches must be read. 

• Four analog channels must be read and digitized. 

• The complete channel information (four switches, and up to four analog channels) has to be passed on 

digitally to the transmillcr module using a RS232 protocol. 
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511"11('ll/re nO/1(' remole ('olllrol s)'slem: 

_---, ON/OFF 

AAAA DODD 
12341234 

~ ~ ~ ~ ~ ~ ~ ~ 
ON/OFF_--

STEP UP 1"-----1 
CON- IJ-CONTROLLER 1----,1 TRANS-

VERTER PIC 16C71 MITTER 

MAX 731 5V DATA 

RS232 

,~------------------------------------------~/ 

CRUTCH INTEGRATED TRANSMITTER SYSTEM 

REF II\) E R 1------' 

CIRCUIT I--D_AT_A, / 

---" DATA ---­

RS232 

,~------------------~/ 

RECEIVER SYSTEM 

Fig. I: Block diagram o(the Irallsmiller and receiver syslem 

7/,l' ('ml('h illlq!rolcd lransmiller sl 's lem: 

Power supply: 

Two rechargeable batteries are stored in the grip of the crutch . The accommodation in an already existing 

narrow srace in the grip enables an easy exchange of the batteries and keeps th e origin appearance of the 

crutch almost unchanged. The voltage provided by the batteries is too low to supply the chosen transmitter 

module. Therefore a MAX 731 ster-up-converter doubles the supply voltage up to 5V. A maximal current 

of approximately 200 mA can be drawn from this DC/DC converter. The status of the converter (on/off) 

can be controlled via its shutdown-pin. 

u-controller: 

The p-controller PIC 16C71 is the central device of the transmitter system. It offers an internal eight bit 

real time counter. 13 I/O pins including an external interrupt pin and four analog input pins. The analog 

module mUltiplexes four analog channels into the R-bit A/D converter. Further useful features are the 

power on reset. and the power saving sleep modus. 

Transmitter module: 

The transmitter module transmits the RS232 protocol frequency modulated with a transmitting rate of 

9600 Raud at a carrier frequency of 433.92 Mhz. 

Rl'l ·eil'el" s)'slelll : 

The receiver system wnsists of an on market available receiver module and a signal refining circuit. It is 

located close to the external control device. The refiner circuit ensures the faultless data recognition by 

wmpensating the receiver entrance low pass. which limits the transmission rate to 10 kBaud. Due to this 

low pass. the edges of the rectangular data pulses are flattened . The refiner circuit restores the edges and 
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enables the exact temporal recognition of the RS232 protocol. Logic schmittriggered components shut 

down the data output when the carrier is lost. 

O{J('mtinll nOlte ('rutch integrated transmitting srstem: 

The p-eontroller is the central element of the crutch integrated transmitting system. It controls the recep­

tion of information its transmission and also the power supply by switching the step up converter on or off. 

As any output pin is able to source 20 rnA, the transmitter module is supplied via a processor output pin 

and can be easily shut off to minimize power consumption. Leaving the command switches inactive for 

approximately 30s will lead the controller and also the complete transmitting system to the energy saving 

sleep modus . This efficient energy saving modus is revoked by pressing any of the command pushbuttons. 

During one interro_gation cycle the state of the digital channels (command pushbuttons) and the value of 

one of the analog channels are read and coded into the following two bytes: 

The lNFOBYTE: The DA T ABYTE: 

I bit71 bit6 ! bitS ! bit4! bit3! bit2! bitt ! bitO I I bit7! bit6! bitS! bit4 ! biOi bit2! bitt ! bitO I 

RO A7 CO! Ct ! 8t I 82 ! 83 ! 84 I Rt A6 AS A4 A3 A2 At AO 

Fig. 2: The configuration o(lhe two hytes information package 

The bits S I to S4 show the status of the command switches. AO to A 7 represent the 8-bit value of the 

analog channel belonging to the channel number shown in CO and C I. The status of the bits RO (=0) and 

R I (= I) destinguishes the two bytes. The processor delivers the two bytes result of one interrogation cycle 

in fom1 of a RS232 protocol to the transmitter. The number of the transmitted analog channels as well as a 

special succession of them can be easily arranged by software. 

Using a transmission rate of 9600 Baud 480 DATA- and 480 INFOBYTES could be transmitted each sec­

ond. The following table shows how often a channel is sampled and its value is transmitted per second de­

pending on the number of the used analog channels : 

Number analog Digital channels Dx (x: t ,2,3.4) Analog channels Ax(x: t,2,3,4) 
channels: (l/s), (tis), 

I 480 480 
2 480 240 
:I 480 160 
4 -480 120 

TaM .: Sample rate o(lh(! digital and analog channels 
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CONCLUSION: 

With this new development we simplified the use of the leg pacemaker system. Now patients are not hin­

dered by wires connecting the crutch integrated command switches to the control unit any longer. Due to 

its flexibility the new remote control system can be used for other applications as well. Simple software 

changes adapt the remote control system to other user defined subjects. So it can be used for any purpose 

concerning remote controlled devices. 
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ELECTROPHYSIOLOGICAL EVALUATION OF LOWER LIMBS 
IN PARALITICS USING MACRO EMG 

N. Konishi, Y. Shimada, K. Sato, H. Kagaya, 
S. Miyamoto, T. Matsunaga 

Department of Orthopaedic Surgery, Akita University School of Medicine 

SUMMARY 

Functional electrical stimulation (FES) is used for the restoration of locomotion in paraplegics, 
including thoraco-Iumbar spinal injury (TLSI) patients who have damaged to both upper and 
lower motor neurons. The purpose of this study is to explain how to detect mixed lower motor 
neuron damage in paraplegics. Macro EMG, a quantitative electromyography technique de­
scribed by Stalberg in 1980, was used in our evaluation. Two parameters, the area and the 
amplitude, of macro MUPs from the tibialis anterior (TA), the vastus lateralis (VL), and the vastus 
medialis (VM) of 12 paraplegic patients that included 6 TLSI patients, were compared with those 
of 41 normal subjects. The mean values of median areas in normal subjects were 372.4 ± 100.2 
(± SO), 629.4 ± 120.7, and 480.0 ± 98.2 nV-s in T.A, V.L, and V.M; the amplitudes were 145.0 ± 
35.2, 242.1 ± 29.2, and 218.1± 42.8 !lV, respectively. In patients, only the TLSI patients had a 
significant increase of parameter values, and showed insufficient contraction of muscles by elec­
trical stimulation because of denervation. Our results suggest that macro EMG is useful in detect­
ing denervated muscles in FES patients. 

STATE OF THE ART 

Functional electrical stimulation (FES) has been performed at Akita University Hospital, mainly 
for the restoration of locomotion of the lower limbs of paraplegics, since 1990/1, 21. In some FES 
patients, especially in the TLSI patients, electrical stimulation is not effective in contracting 
strongly paralytic muscles 121. In these patients, mixed damage of both upper and lower motor 
neurons exist, so that muscles stimulated by FES are actually denervated. In our study, dener­
vated muscles were evaluated by electrophysiological examinations, particularly by electromyo­
graphy. It is difficult to detect slight denervation, however, using the conventional EMG. There­
fore, a quantitative electromyography technique called macro EMG, that was described by 
Stalberg 131 in 1980, is used for the evaluation of denervated muscles in this study. 

MATERIAL AND METHODS 

Subjects 

Forty one normal ~dults, ranging in age from 24 to 76 years (average age: 38 years) were 
NORMAL group. They were tested by macro EMG to define the normal (for Japanese) limit of 
EMG parameters (area and amplitude) at three muscles: the tibialis anterior (TA), the vastus 
lateralis (VL), and the vastus medialis (VM). Twelve paralytics, ranging in age from 22 to 63 years 
(average age: 44 years) years were the PARALYTICS group, and were examined by both macro 
EMG and conventional EMG. Three of these patients had cerebrovascular disease, and nine had 
spinal injuries (including six TLSI patients).The 12 patients were devided into two subgroups: the 
"TLSI"group, and the "UPPER INJURY" group (Table 1). 
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Procedure and equipment 

The macro EMG electrode /3, 4/ con­
sists of a modified single fiber EMG 
(SFEMG) electrode with a steel 
cannula, insulated except for 15 mm 
proximal to the tip, and a platinum wire 
exposed in a sideport of the bared 
cannula. Recordings were made on two 
channels; one channel records from a 
"single fiber" electrode with the cannula 
as a reference, for triggering the record­
ing of the cannula potentials. The other 
channel records the signal between the 
bared cannula "macro" electrode, using 
the surface electrode, placed at least 30 
cm away, as a reference. After averag­
ing approximately 256 times, until the 
signal no longer changes and the 
baseline becomes smooth, the cannula 
potentials could be defined as the 
macro motor unit potentials (macro 
MUPs) at each individual site (Fig.1). 

Most of macro EMG examinations 
were performed according to the proce­
dure described by Stalberg /3-5/. 
Macro MUPs were recorded from at 
least 20 different sites in each muscle 
during slight voluntary contraction (be­
ing less than 30% of maximal force). 
Parameters of measurements of the 
given wave shape were the area and 
the peak-to-peak amplitude. 

The equipement used included the 
MYSTRO MS25 (Medelec, England), 
the macro EMG electrode (No. 17915, 
Medelec, England) and the Blue Sensor 
(P-OO-P, Medicotest, Denmark) as a 
surface reference electrode, in macro 
EMG. 

Definition of abnormality 

Table 1.Paralytic subjects 

periods manual muscle testing 
age sex Tibialis Antenor Quadriceps case diag. (years) (Yrs. Mos) Rt. Lt. Rt. Lt. 

C.H 44 female 16Y N F· N N-

'Upper 2 C.I 47 female 2Y 2M N T N N-

injury • 3 C.I 53 male 6M N T N G' 
group 

4 C5S.1 22 male 1Y6M G P G· G· 

5 T8S.1 43 female 5M G+ G+ N- N-

6 T10S. I 48 male 10M T T p' P 

7 T12S. I 63 female 10Y Z Z G+ N-

'Thoraeo- 8 T12S. I 38 male 1Y2M Z Z G G-
lumbar 9 L 1 S. I 33 male 1Y6M Z Z P p-
spinal 

10 L 1 S.I 22 male 4Y 1M Z Z G- F+ injury' 
group 11 L 1 S. I 57 male 1Y 2M G G+ G+ N-

12 L 1 S. I 56 male 7Y 2M P p+ G- G+ 

C.H : Cerebral HemorThage C. I : Cerebral Infarction S. I : Spinal Injury 

Electrode 2 

l a 
_---'" ...... Single fiber ----.,~ 

EMG ~ 1 trigga,;ng A 

Cannula ~r. 
.-----....- potential ~ 

! A,a,ag:Jrt:: 
macro MUP 

r:=1 

Fig. 1 Principle of macro EMG. The macro EMG elec­
trode has a "single fiber" electrode in the middle of the 
bared cannula, "macro" electrode. a, b : Signals from 
"single fiber" electrode with cannula. A, B : Cannula 
potentials from "macro" electrode with a reference 
(electrode 2). A+B : Macro MUP is the average of 
cannula potentials. 

The following two procedures suggested by Stalberg /4/, were used to define the upper and 
lower limits of "normal value". 1 ) "Median method" : A mean value of 20 macro MUPs in an 
individual subject is not very useful because of a skewness in the distribution of the macro MUP 
parameters; the "median" value, however, is useful. If the "median" value of an individual para­
lytic subject is outside the normal maximal value and minimal "median" values of the normal 
subjects, the subject is defined as abnormal. 2) "Outlier method" : The extreme values at each 
end of the parameter range are discarded in each normal subject; the normal range is then 
defined as being between the (new) maximal and minimal values remaining in the normal sub­
jects. If more than one value of the individual paralytic subject is outside the normal range, the 
subject is defined as abnormal. 
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Table 2. Macro EMG results in the normal subjects 

Tibialis Anterior Vastus Lateralis Vastus Medialis 

No. of tested muscles 40 40 41 
No. of MUPs 784 831 861 

Area ( nV· s ) 
Median; mean ± S.D 372.4 ± 100.2 629.4 ± 120.7 480.0 ± 98.2 

upper - lower limits 210.0 - 687.0 412.0 - 935.0 266.0 - 706.0 

Outlier; upper - lower limits 70 - 1300 110 - 1700 120 - 1800 

Amplitude ( I-l V ) 
Median; mean ± S.D 145.0 ± 35.2 242.1 ± 29.2 218.1 ± 42.8 

upper - lower limits 78.4 - 241.0 187.0 - 327.5 117.0-316.0 

Outlie(; upper - lower limits 30 - 400 70 - 640 60 - 560 

RESULTS 

The mean values of the median of the Table 3. Macro EMG results in the paralytic subjects 
area in normal subjects were 372.4 ± ___________________ _ 
100.2,629.4 ± 120.7, and 480.0 ± 98.2 TA VL VM total 

nV·s in TA, VL, and VM; the amplitudes -------------------No. of tesled muscles 5 9 9 23 

in normal subjects were 145.0 ± 35.2, 
242.1 ± 29.2, and 218.1 ± 42.8 IlV, re­
spectively. The suggested normal limits 
are shown in Table 2. 

In the upper injury group, no muscle 
was defined as abnormal according to 
either the macro EMG or conventional 
EMG (Table 3). In the TLSI group, most 
subjects had a significant increase in pa­
rameter values according to macro EMG 
data. Twenty-five muscles out of the ex-
amined twenty-eight were defined as ab­
normal, denervated muscle (Table 3). In 
both the area and the amplitude param­
eter, the results were almost the same. 
In the case where only one parameter 
was abnormal, the muscle was eventu­
ally considered abnormal. According to 
conventional EMG, denervation poten­
tials were found in seven muscles; five of 

Upper 
injury No. of abnormal muscles 0 0 0 0 
group 

area 0 0 0 0 Increase of 
parameter 

amp. 0 0 0 0 

No. of tested muscles 4 12 12 28 
Thoraco· 
lumbar 

No. of abnormal muscles 3 spinal 12 10 25 

injury 
area 2 11 10 23 group Increase of 

parameter amp. 3 12 9 24 

T A : tibialis anterior VL : vastus latera lis VM : vast us medialis 

Table 4. Conventional EMG results in the paralytic 
subjects 

TA VL VM total 

denervation potentials 

No. of tested muscles 9 9 9 27 
Upper No. of abnormal muscles 0 0 0 0 
injury 

neurogenic findIngs group 
No. of tested muscles 5 9 9 23 

these were completely paralyzed. Neu- __________________ _ No. of abnormal muscles 0 0 0 0 

rogenic findings of the MUP shape were 
found in seventeen muscles. Eleven 
muscles had normal MUPs (Table 4), of 
which, eight muscles, most being mod­
erately or slightly paralyzed, were de­

Thoraco-
lumbar 
spinal 
injury 
group 

denervation potentials 

No. of tested muscles 

No. of abnormal muscles 

neurogenic findings 

No. 01 tested muscles 

No. of abnormal muscles 

12 12 12 36 

5 2 0 7 

4 12 12 28 

2 8 ' 7 17 
fined as abnormal by only the macro ---~--------------­

T A : tibialis anterior VL : vastus lateralis VM : vastus medialis 
EMG technique. 
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DISCUSSION 

In the early period of denervation, denervation potentials can usually be observed. In the late 
denervation period (when reinnervation occurs as peripheral sprouting from survival motor neu­
rons), neurogenic potetials begin to appear clearly. Finally the motor unit has much more muscle 
fibers than before the injury. This innervation ratio increase causes EMG parameter value 
changes; these values usually increase. But in most conventional EMG examinations, and occa­
sionally in the case of TLSI patients, it is difficult to clearly locate these abnormal potentials 
because of following reasons. 
1 ) Lower limb muscles, such as the quadriceps femoris are innervated by neurons from several 
nerve roots. 2 ) Lower limb muscles are larger than upper limb muscles, and their motor unit size 
is also larger. 3 ) In a traumatic spinal injury, reinnervation occurs in only part of the muscle. 4 ) 
The concentric needle electrode picks up signals from fibers within only 1 mm radius, and can not 
cover the entire motor unit territory (it being 5 - 10 mm diameter). 5 ) In TLSI patients with both 
upper and lower motor neuron damage in various grades and portions, the complexity of neuron 
damage makes it difficult to detect the denervation. 

On the other hand macro EMG electrode territory is larger than concentric needle electrode 
territory, and should preferably cover the entire motor unit. The macro MUP shapes, therefore, 
reflect more sensitively the minimal changes of the motor unit, when reinnervation occurs /3 - 5/ 
. In this investigation, eight denervated muscles of TLSI patients were detected using only macro 
EMG. 

Electrical stimulation to those patients defined as abnormal by macro EMG, could not cause 
sufficient contraction of muscles because of denervation. Our results, therefore, suggest that 
macro EMG is useful in detecting denervated muscles in FES patients prior to surgery. 
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BIDIRECTIONAL INTELLIGENT TELEMETRY SYSTEM (BITS) 

Paul Meadows, Primoz Strojnik, Terry Flach 
MicroTech Designs, Inc., La Canada, CA 

SUMMARY 

A microprocessor based telemetry system has been developed which will enable a 
controller of an FES system to acquire analog and digital signals necessary for the 
control of stimulated muscle mqtion in the hemiplegic or hemiparetic patient. The 
signals will be derived from transducers positioned on the patient's body, such as 
foot sensors, goniometers and accelerometers. The system can pre-process these 
signals and either upon demand or in a regularly timed report format send the 
content of those signals to the FES controller. The FES system would consist of 
multiple physLcally identical units. Each unit will be individually programmed for a 
certain task or function . Several working prototypes of the telemetry system were 
fabricated and tested . The performance of the RF sections and the operating 
system characteristics are described. 

INTRODUCTION 

Functional Electrical Stimulation is a rehabilitation method to restore function of 
paralyzed limbs in patients with cerebral or spinal cord injury. By applying electrical 
pulses to paralyzed muscles or their innervating nerves, functional limb motion can 
be achieved. A typical FES stimulation system consists of a stimulus 
generator/controller, electrodes and sensors. External electrode wires can be 
eliminated by being implanted together with the stimulus generator under the skin, 
thus constituting an implantable stimulator. To make an FES system even more 
attractive to potential users, sensor wires should also be eliminated and the 
stimulation system must be as easy to don and doff as possible. The objective of 
this project was to eliminate these sensor wires by developing bidirectional 

. telemetry transceivers which can process sensor data and send appropriate 
information to the stimulation controller. 

MATERIALS AND METHODS 

The transceiver contains three major subsystems, a digital microcontroller, a VHF 
receiver, and a VHF transmitter. In normal operation the transmitter portion of the 
transceiver may send data to a remote location, or it may receive data from the 
remote location. It cannot transmit and receive simultaneously, and must use a 
transmit receive protocol that insures proper half-duplex operation. The receiver 
and transmitter share a common loop antenna. A digital microcontroller controls DC 
power to the transmitter and receiver, as well as receiving the digital output from the 
receiver, and provides digital modulation for the transmitter. It receives information 
from the external device providing the data requiring the telemetry, ie, sensor status, 
etc. Since the required range for the system will never exceed a few meters, the 
antenna need not provide exceptional performance. 

In the absence of a real transmission, the remote receiver will still have a steady 
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stream of random data at its digital output. Noise from the receiver's front end has 
sufficient amplitude to provide random threshold crossings at the receiver's data 
output. Most, if not all, of this random data will generate framing errors, overrun 
errors, or noise flag errors in the microcontroller's serial input circuitry. Occasionally 
a random valid start condition could occur. A message CRC or checksum provides 
immunity from this condition. 

A valid transmission will "quiet" the receiver for at least one data frame in length. 
From this startup condition the receiver can detect the conclusion of the transmitter's 
start up condition, and un~mbiguously determine the f.irst start bit of the actual data 
stream. After correctly decoding a message from the transmitter, the receiver 
becomes the transmitter and then sends an acknowledge message back to the 
original sender. 

RESULTS 

The prototype transceiver operated from a raw power source of 2.0 to 4.5 volts DC. 
A voltage converter generates a regulated 5.0 volts from the raw input which then 
powers all of the systems in the transceiver. The actual current consumption from 
the 5.0 volt regulated source for the subsystems follows: Microcontroller 
(MH68HC805B6 @ 2.0 MHz Crystal): 4.3 mA, Transmitter: 5.4 mA, Receiver: 5.6 
mA. The receiver will start providing error free data at quieting levels of 1 OdB or 
greater. A quieting level of 10 dB occurs at about a 15 microvolt signal level. Full 
quieting occurs at about 22 microvolts. Error free detection of any transmit signal 
starts at the 15 microvolt level. 

The transmitter must provide a range of 1 to 2 meters. At this range the receiver 
and transmitter operate in the "near field" range of any antenna used. This close 
range greatly reduces the necessity for an efficient antenna. At no point out to a 
range of 84 inches (more than 2 meters) does the transmitter's signal level drop 
below the receiver full quieting threshold of 22 microvolts. The above transmit power 
levels would extrapolate to an effective maximum range of about 16 to 20 feet (six 
meters). 

The microprocessor chosen for this project has allowed us to realize a single chip 
solution to the design of the telemetry controller. All program, data storage, AID, I/O 
capabilities are available to us on the microprocessor chip, the MC68HC805B6. 
The major reason for choosing this particular microprocessor were its low power 
consumption, the high level of function integration (analog to digital conversion, 
timing, storage options), and its memory structure, allowing a sealed factory 
released device to be programmed in the field for the particular application at hand 
and for it to receive and execute downloaded code transferred to it over the RF link. 

The firmware of the proposed project was designed around a model patient to 
demonstrate the abilities of the telemetry system. Our model was a hemiplegic 
patient with disabilities in the ankle and the knee, and using a cane. Four pressure 
sensors mounted in the sole of the shoe of the affected leg, goniometers in the 
ankle and the knee, a pressure sensor in the cane and two finger controlled 
switches on the cane grip. (These signals were all simulated during the 
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development with potentiometers.) Accordingly, the transceiver locations will be the 
ankle, the knee and the cane and the FES controller. Based on the sequence of 
events, the telemetry system would detect standing and walking patterns and 
convey relevant information to the FES controller. 

In its minimal configuration, the system is able to support a communication link 
between two sites, one sensor site and one FES controller site. The sensor site 
transceiver is able to provide eight digital and eight analog data signals either on 
request from the FES controller transceiver or in preprogrammed intervals. Analog 
data has eight bit resolution. In its expected maximum configuration, the telemetry 
system can consist of (but will not be limited to) eight telemetry sites. Again, each of 
the seven sensor sites is able to provide eight analog and eight digital signals. 
Multiple patients will be able to operate their systems in close proximity by 
appropriate channel selection. The FES controller site will either request individual 
sensor data qr automatically receive data from the remote sensors in a sequential 
pattern. 

The ankle transceiver measures analog data from four force sensors located in the 
sole of a shoe and analog data from the ankle goniometer. From these data the 
microprocessor in the transceiver can detect, encode and transmit the following 
events: 

Gait phase: heel strike, support phase, push-off, swing phase; Ankle position: 
neutral position, slight dorsiflexion, moderate dorsiflexion, excessive 
dorsiflexion, slight plantar flexion, moderate plantar flexion, excessive plantar 
flexion. The knee, foot and cane transceivers will obtain data likewise detect 
and encode relevant events. 

The model requirements above drove the design of the command and interrogation 
structure of the system software. Commands were designed which would describe 
the signal boundaries for the sensors processed and allow the slave devices to 
assemble status byte information for the model requirements. The flexible bit test 
opcodes of the 6805 microcontroller greatly enhanced the ability of the system to 
store and act on this information. Because of the compact nature of the encoded 
information only a small amount of information needed to be transferred to the host 
controller to give an updated report of sensor status. 

DISCUSSION 

Throughout the development and testing of the telemetry transceiver, many details 
of the expected approach changed as the design evolved. The prototype circuit 
implementation allowed for a great deal of flexibility in final configuration, and many 
different variations of the original design were evaluated. For instance, the voltage 
tuned input filter and quadrature tuning, although working, were discarded in favor 
of a more straightforward approach using trimmer capacitors. Most tradeoffs 
involved choices that reduced the system component count and/or current 
consumption. 

The prototype design achieved all initial design goals, and resulted in a 
configuration suitable for further miniaturization. The design demonstrates the 
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feasibility of developing a human worn telemetry transceiver that can provide 
reliable two way wireless digital communications between a belt worn controller unit 
and sensor units located elsewhere on the body. The testing indicated that the 
demonstrated transmission range far exceeded the requirements for the system. 
This fact validated the decision to use a simple single chip receiver configuration. 

All of the circuitry comprising the transceiver can operate from a 3.0 power source 
directly. The feasibility system used a 5.0 volt supply for the actual circuitry. A 
practical transceiver may use a 3.0 volt lithium coin cell battery directly to provide 
system power. In addition, the MC68HC80586 microcontroller can operate from a 
32,768Hz clock oscillator 'rather than the prototype's 2.0MHz crystal. The combined 
effect of these two changes will reduce the average current consumption to a level 
161 microamps with the receiver and transmitter in the standby mode; 3.3 
milliamps with the receiver on, and 6.7 milliamps with the transmitter and receiver 
both on._ This would seriously impair the data transfer rate and processing time of 
the telemetry device however and would not be of sufficient benefit to warrant the 
savings in power consumption. Other methods of current reduction are possible -
using the microcontroller's slow mode and WAIT instructions to reduce overall 
consumption to a minimal level. The actual average current will also depend on the 
duty cycle of operation for the receiver and transmitter. A lithium coin cell 
(Panasonic CR2477) could provide as much as 24 hours of continuous service at 
the 6.7 milliamp drain. At a more reasonable transmission duty cycle of 10 to 25% 
the battery life easily increases to about one week with 12 hours per day of use. 

The system software provided a flexible operating system supporting device 
addressing, single byte command parsing, polled or interrupt data status reporting, 
CRC and checksum support, downloadable and sensor specific program language 
support. High data transfer rates were achievable with the prototype devices. 

The only serious technical problems encountered during the development of the 
system were mechanical. The multipin connector chosen for the system uses 0.025" 
center to center contacts and is surface mountable. This connector turned out to be 
much too fragile and additionally too small to be practical for the user or care-giver 
of a user of this system to easily manipulate. For this reason, the next iteration of 
the transceiver will use more robust and smaller pin count connectors. We will have 
to sacrifice the quantity of analog and digital events that can be transduced and 
probably make use of a jumper header to select the functionality of the connector 
chosen. This should still support the processing of the desired signals as well as 
support the interfaces to the host controller. 

Paul Meadows 
MicroTech Designs, Inc. 
5030 N. Hill Street 
La Canada, CA 91011 USA 
(818) 952-2664 Voice & FAX 
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A MATHEMATICAL MODEL MEASURING ENERGY COST 

FOR RESTORATION OF STANDING-UP IN PARAPLEGICS 

S. Miyamoto, Y. Shimada, K. Sato, N. Konishi , T. Matsunaga 

Department of Orthopaedic Surgery, Akita University School of Medicine 

SUMMARY 

The energy cost of the quadriceps, which chiefly generate the knee extension torque, was 

calculated in healthy adult men during the standing-up motion under various conditions. When 

subjects stood up without fixation of the ankles during the motion, the results indicated that 0° of 

the ankle angle was most efficient. When subjects stood up with the anterior ankle-foot-orthosis 

(AFO) during the motion, the results indicated that the AFO with 0° of ankle angle was most 

efficient. In the restoration of standing-up by using the functional electrical stimulation (FES), the 

AFO of 0° may be most efficient. 

STATE OF THE ART 

In the practical restoration of motions by using FES in paraplegics, it is significant to minimize 

muscle fatigue. The standing-up motion from a chair and wheel chair is the most common and 

repeated motion everyday. Paraplegics have to make more effort to stand than healthy persons 

since muscle fatigue appears quite soon. In the restoration of standing and walking by using FES, 

the AFO, which is fixed at the planter-flexion (PF) 5° of the ankle angle, has been applied . It has 

been considered that the AFO is effective from the point of view of ground reaction vector. But no 

report has described the ankle angle of the AFO during the standing-up motion. For paraplegics to 

stand up, FES must create sufficient knee torque. The source of the knee torque is the quadriceps. 

The purpose of this study is to estimate the energy cost of the quadriceps under various conditions 

of standing-up in healthy persons in order to find the most efficient condition. 

MATERIALS AND METHODS 

Subjects 

The group A consisted of ten healthy men with their ages ranging from 23 to 29 years (mean 25 

years). Their weights ranged from 52.4 to 72.6 kg (mean 63.3 kg), and their heights ranged from 

162 to 182 cm (mean 171 cm) . The group B was five healthy men with their ages ranging from 24 

to 30 years (mean 27 years). Their weights ranged from 59.4 to 63.5 kg (mean 61.4 kg), and their 

heights ranged from 164 to 175 cm (mean 169 cm). None of the subjects had any previous dis­

ease or injury of their musculoskeletal systems and no abnormalities were found by examination. 
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All subjects provided an informed, written consent to participate in the study. 

Test procedures 

Subjects sat with their feet 0.25 m apart on a force plate embedded in the floor. The seat was at 

the height of each subject's knee level. Subjects were asked to stand up with their arms crossed in 

front of their chests. The speed of movement was not controlled . In group A, the initial ankle angle 

was set at dorsiflexion (OF) of 10°, ?o, 0° and planter flexion (PF) of 5°, 10°. In group B, subjects 

were asked to wear an AFO of PF 10°, 5° and 0° during the motion . The standing-up time was 

determined from the first hip angle motion (more than 0.5° during 1/60 second motion) to the last 

hip angle motion (more than 0.5° during 1/60 second motion). 

Instrumentation 

Automatic coordination system (Quick-MAG system, Ohyo Keisoku Kenkyusyo Inc. Japan) was 

used to find each joint angle. Markers were stuck on 1) the lateral malleolus, 2) the lateral side of 

the knee joint lines midway between the patella and popliteal fold, 3) the great trochanters of the 

femurs, and 4) the acromions of the shoulders. 

A Kistler force plate (9281 B) was used to collect the vertical and the antero-posterior forces. 

The joint angle and floor reaction force were synchronized with time. 

Calculation 

The three-segment link model, as described by Yukawa 11 I, was used for the numerical analy­

sis. We calculated the hip, knee and ankle joint torque and the angular velocity of each joint during 

the standing-up motion. 

The musculoskeletal model described by Yamazaki 121 was used. The model included the nine 

lower limb muscles: gluteus maximus, iliopsoas, vastus lateralis and medialis, short head of bi­

ceps femoris, soleus and tibialis anterior (all one-joint muscles) and, rectus femoris, hamstrings, 

lateral and medial heads of gastrocnemius (all two-joint muscles). 

Both muscle force and energy cost were calculated with Ehara's method 131 from each joint 

torque, angular velocity of each joint, and Yamazaki's model. The relationship between force and 

contraction velocity on the muscle, as described by Hill 141 (and modified by Mashima 151), was 

considered in Ehara's method. 

We examined the data in the Fisher's Protected Least Significant Difference test. 

RESULTS 

In group A, the energy cost of the quadriceps of OF 10°, 5°, 0° and PF 5°, 10° were 18.8 ± 5.6, 

12.6 ± 4.3, 9.7 ± 4.9, 11 .7 ± 5.3, 19.2 ± 6.6 (± S.D.) cal/kg/min, respectively. Both OF 5° and 0°, 

and PF 5° were significantly smaller (p<0.05) (Fig.1). In group B, the energy cost of the quadri­

ceps with the AFO of PF 5°, 10°,0° were 0.79 ± 1.0, 1.98 ± 1.4, 2.04 ± 1.8 cal/kglmin, respectively. 

The AFO of 0° was significantly smallest (p<0.01) (Fig .2) . 
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Fig.1 The energy cost of the quadriceps Fig.2 The energy cost of the quadriceps 

in group A. (* IXO.05) (mean ± S.D.) in group B. (* IXO.01) (mean ± S.D.) 

DISCUSSION 

When subjects stood up without fixation of the ankles during the motion, the results indicated 

that 0° of the ankle angle was most efficient. When subjects stood up with the AFO during the 

motion, the results indicated that the AFO of 0° was most efficient. The energy cost of the quadri­

ceps with the AFO was much smaller than without the AFO. We think the AFO decreases the 

energy cost of the quadriceps during the standing-up motion. The results suggest that the most 

energy efficient manner of standing-up for paraplegics can be found by this method. 

REFERENCES 

/1/ Yukawa T., Dynamic characteristics and stimulation of biomechanical systems, Department of 

Mechanical Engineering, Akita University Mining College, Thesis, 1991 (in Japanese). 

/2/ Yamazaki N., Hase K., Biomechanical criteria for determination of cadence and stride length in 

free walking, Biomechanism, 11, 1992, pp 179 - 190. 

/3/ Ehara Y., Beppu M., Nomura S., Kunimi Y., Estimation of energy consumption during level 

walking, Biomechanism, 10, 1990, pp 163 -172. 

/4/ Hill A.v., The heat of shortening and the dynamic constants of muscle, Proc. R. Soc. B 126, 

1938, pp 136 - 195. 

/5/ Mashima H., Akazawa K., Kushima H., Fujii K., The force-load-velocity relation and the vis 

- 397-



cous-like force in the frog skeletal muscle, Jap. J. Physio!., 22, 1972, pp 103 - 120. 

ACKNOWLEDGEMENTS 

The authors are indebted to Professor G. Obinata and Mr. K. Niwa of Akita University Mining 

College for their advice and assistance. 

AUTHOR'S ADDRESS 

Dr. Seiya Miyamoto 

Department of Orthopaedic Surgery, Akita University School of Medicine 

1-1-1, Hondo, Akita 010, JAPAN 

- 398-



The Value of EMG-Triggered Electrostlmulation in Spastic Hemiparesis Following Stroke 

Thomes Mokrusch end Verene Kllmmek 
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Clinic for Physicel Medicine end Rehebllltetion, Neurology end Orthopedie 

Hedonellee 1, D-49803 Lingen (Ems) 

Abstract 

The therepy of spes tic peresis hes two eims: Spesticity hes to be reduced, voluntery movement end 

contrection force shell be improved. The method of EMG-triggered electrostimuletion intervenes in the 

circuit of ·plenning . performence • feed-beck of quellty/quentlty of movement· in so fer es en Inltieted 

voluntery movement Is completed by meens of electricel stlmuletion. We report on prelimlnery results of 

e current investlgetion of petients with spestic hemiperesls following stroke. At present, the mejority of 

petlents show e distinct reduction of spestlclty end e slight Improvement of mobility. 

Stak of the art 

A unileterel cerebrovesculer lesion leeds to e centrel, spestic hemiperesis. Although the perlpherel nerve· 

muscle-epperetus is Intect, e normel movement is impossible beceuse the centrel nervous pethweys ere 

Interrupted, end the centrel mechen isms of movement control ere demeged. Spestlclty developes with 

Increesed tendon reflexes, pyremldel signs end increesed muscle tone. Peresls end increesed muscle tone 

both Impeir the normel voluntery mobility. 

There ere severe I therepeuticel concepts to counterect this development, such es entispestic drugs, 

physiotherepy, messege, physicel therepy end verious forms of electrotherepy, most of them reducing 

spestlcity es e short·term effect. 

·Conservetlve" electrotherepy eims to reduce spestlclty by meking use of inhibiting processes on the 

spinel level. Hufschmidt tried to Imitete the locomotion ectivlty, hoping thet en edequete efferent flow of 

informetlon would induce e functionel reorgenisetion (4). Alfieri steted thet electrotherepy of the 

entegonists leeds to e better reduction of spestlclty then stlmuletlon of the spestic egonlsts (1). He 

thought thet erees In the supplementery motor cortex could be rellched vie en efferent pethwey of e 

long· loop reflex, the pyremidel trect being the efferent pethwey. 
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The EMG-triggered electrostimulc!ltion is not c!I new type of conservc!ltive electricc!ll therc!lpy, It c!lims c!lt c!I 

functionc!ll goc!ll. The Initlc!ll sltuc!ltion Is c!lS follows: A movement is corticc!llly inltic!lted, but It cc!lnnot be 

performed due to the lesion of the efferent ce ntrc!l I nervous pc!lthwc!lYs. Thus, c!ln c!llwc!lYs negc!ltive feed­

bc!lck is sent from peripherc!ll receptors to the cortex sc!lying "I wc!lnted to perform this movement, but I 

Wc!lS not c!lble to". This circuit now shc!lll be interrupted, c!lnd the c!lfferent informc!ltion shc!lll be replc!lced by c!I 

positive feed-bc!lck: The pc!ltient Intends c!lnd stc!lrts c!I movement, the mc!lximum muscle tension is 

mec!lsured c!lnd the vc!llue is stored by the stimulc!ltion device. After c!I short period of complete relc!lxc!ltion, 

the pc!ltlent c!lgc!lin performs this movement c!lS strongly c!lS possible. When the mc!lximum possilbe vc!llue of 

mu!>Cle tension I~ reached, the device c!lutomc!lticc!llly stc!lrts to stimulc!lte the muscle for severc!ll seconds, 

thus completing the movement c!lnd sending c!I positive informc!ltion to the brc!lin. This positive feed-bc!lck 

is thought to c!lctivc!lte populc!ltions of neurons c!lnd pc!lthwc!lYs in c!lnd c!lround the c!lrec!l of infc!lrction thc!lt c!lre 

stili inmct or cc!ln be rec!lctivc!lted or reorgc!lnized. 

Material and Methods 

The entire study compc!lres the vc!llue of EMG-triggered stimulc!ltion with the "conservc!ltive" coninuous 

eiectrostimulc!ltion, c!l1I pc!ltients receiving c!I bc!lsic progrc!lm of physiotherc!lpy c!lnd occupc!ltionc!ll therc!lpy. A 

control group only receives this bc!lsic progrc!lm without electrotherc!lpy. At present, two groups of pc!ltients 

with spc!lstic hemipc!lresis following stroke were trec!lted: Group 1 (EMG-triggered electrostimuic!ltion c!lnd 

bc!lsic progrc!lm) : n= 12, 10 mc!lles, 2 femc!lles, c!lge 51. 7±11. 9 yec!lrs (33-69), durc!ltion of disec!lse 4-104 

weeks. Group 2 (control group, bc!lsic progrc!lm): n=4 mc!lles, 64.5 ± 6.0 yec!lrs (56-58), durc!ltion of disec!lse 

4-8 weeks. 

Stimulc!ltion is performed by c!I specic!ll device (Per-y Rehc!lbilc!ltor, NeuroCc!lreUnits, Rheurdt). Sensitivity of 

EMG is 0.1-1 000 ~V, the stimulc!ltion Impulse is c!lsymmetric-biphc!lsic, durc!ltion 0.3 ms, frequency 20-100 

Hz, intensity 0-90 mA. The pc!lrc!lmeters of sensitivity, Impulse Intensity c!lnd frequency were chosen 

Indlvlduc!llly different, c!l1wc!lYs rec!lching the sc!lme clinlcc!l' effect (completion of movement). Stimulc!ltion Wc!lS 

performed on four muscle groups, being c!lntc!lgonlstlc to the spc!lstic muscle groups: Triceps muscle c!lnd 

extensors of the forec!lrm, biceps femoris c!lnd c!lnterlor tlbic!ll muscle. During the whole session, the pc!ltient 

Wc!lS c!lsked to relc!lxe c!lnd to concentrc!lte . Ec!lch muscle group Wc!lS stimulc!lted c!lbout 10 times within 15 

minutes, the durc!ltion of one single stimulc!ltion Wc!lS 3-9 seconds. 

Control investigc!ltions were performed immedic!ltely before c!lnd four weeks c!lfter the onset of therc!lpy. 

For estimc!lting the ADL (c!lctivities/c!lbillties of dc!llly living) c!lnd the psychologicc!ll stc!ltus, we used the 

modified Ashworth sCc!lle, dync!lmometry (Myometer, Penny & Giles, Christchurch), the Bc!lrthel index, the 

Hc!lmilton depression sCc!lle (HAMD) c!lnd the v. Zerssen feeling sCc!lle (Bf-S). Optionc!llly we used the 

pendulous test (6) c!lnd the H-reflex. 
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Results 

All of the potlents indicoted 0 subjective Improvement of sposticlty. Most of the potients showed 0 distol 

spostlclty without mojor pothologicol findings in the pendulous test. An increose of sposticity, only wos 

found in the control group. In both groups, Borthel Index Increosed (group 1: 0-35, group 2: 15-25 pts). 

Both groups Improved in the HAMD ond Bf-S (HAMD: 7.3 ± 3.5 vs. 7.5 ± 3.6 pts, Bf-S: 11.7 ± 6.3 vs. 7.3 ± 

2.3 pts). Dynomometry showed 0 distinct Increose of controction force in group 1 (shoulder: obduction 

2.0 i<p, onteversion 1.4 kp, retroversion 1.3 kPi ellbow: flexion 2.8 i<p, extension 3.2 kPi hip: obduction 

3.0 kp, flexion 3.6 i<pi knee: flexion 2.7 i<p, extension 2.2 kPi foot: flexion 3.3 kp, extension 4.7 kp) ond 

only 0 slight increose In group 2 (shoulder: obduction 0.6 i<p, onteversion 2.4 kp, retroversion 4.4 kPi 

ellbow: flexion 2.0 i<p, extension 0.2 i<pi hip: obduction 3.5 i<p, flexion -2.0 kPi knee: flexion 1.5 kp, 

extension 1.1 i<pi foot: flexion 1.1 kp, extension 3.3 kp). 

None of the results shows stotisticol slgnlflconce. 

Discussion 

Potients receiving EMG-triggered electrotheropy showed 0 higher Increose In controction force thon 

potlents from the physiotheropy group. This Is not necessorlly equivolent with 0 better mobility, ond the 

Borthel index did not show cleor differences between the groups. Borthel index, however, is 0 very 

simple scole, ond thus ollows only 0 rough estimotlon of the obllities of dolly living. 

In this study, potlents were oble to perform voluntory movements ogoinst their sposticlty. In such coses, 

eoch motor commond is implemented incorrectly, thus reinforcing the deficient centrol progromming. The 

replocement of this negotive informotion by 0 positive feed-bock con often help in clinicol routine 

the ropy to Improve the potient's mobility (2, 3, 5). So wos the result In this study. Possibly due to the 

smoll number of subjects, no stotlsticol slgnlflconce wos found. The clinicol experience of 0 positive 

effect on mobility ond force, however, seems to be confirmed. 

Wortenbergs pendulous test (6) which is thought to be of greoter volue in estlmoting chronic spostlcity 

did not prove very voluoble in these coses, probobly becouse of the preponderontly distol spostlcity thot 

occurs In eorly stoges of stroke. For this, other methods hove to be developed. 

Meosuring the outcome of electrotheropy is not the some os estimoting Its volue for the potient. There 

ore potients with 0 distinct Increose of muscle force, reduction of sposticity ond increose of mobility, 

which, however, will never be content with their results, ond others might be hoppy with on only smoll 

Improvement of their obilities of dolly living. Cllnicolly there Is 0 generol occeptonce thot feotures of the 

potient such os depression or low motivotion might hove 0 mojor Influence upon outcome. We hope thot 

the HAMD ond Bf-S scoles will be oble to demonstrote 0 possible Influence of mood upon theropeuticol 

success, or vice verso, resp. Potients thot receive EMG-triggered electricol stimulotion seem to profit from 

this type of theropy. After four weeks of the ropy they "feel better" (Bf-S) thon potients from the 

physlotheropy group. Much further reseorch Is needed, however, to develop clinicolly useful, volld 

meosures of hondicop ond quollty of life. 
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Abstract : Walking orthosis o/a new kind (Parapodilllll PW) .fiJI' paraplegics is descrihed Parapodillll1 is operated by 
still active lIIuscies o/the disabled person (upper limhs). There is no need to use crlllches while walking. During breaks 
in Ivalking hoth ha/1(!\' are free Clnd different tasks might he perji)l'llled. 

Keywords: Parapodium, Walking orthosis, Paraplegic, Man-parapodiulll system 

Introduction 

Walking 011hoses for paraplegics can be supplied from 
external sources of energy or operated by still active 
muscles of the disabled person. A Ithough a tremendous 
progress in the development of the first group of devices 
has been observed recently they are expensive and rather 
out of reach for an average invalid. In the second group, 
only one device, as a matter of fact, based upon the 
invention of Louisiana State University (L.S.U. device) 
found practical application [I]. Some limitations and 
drawbacks of that device stimulated our recent research in 
this field. In 1994 four variants of a new kind walking 
orthosis were built and tested by our group. The most 
mature variant is described in this paper. 

Walking with the para podium. 

(Device ralenlcd in Poland in 1995. Palelll nUlIlber I' ~07 (20) 

In Fig. I and 2 the usage of parapodium is illustrated. Gait 
in this device diners from the normal human gait since 
knee joints are fixed here (no flexion of the knee). Foot 
platforms are all the time parallel to the floor. Easy to 
learn, slight swinging along horizontal axis is necessary to 
initiate gait. [t is also accompanying all the steps, while 
using the device. That swinging is decreasing load on the 
activated leg and enables its movement without a friction 
between the foot and the floor. Parapodium is activated by 
hands using two lewers. Specially designed, patented 
mechanisms enable user to make turns. During the turning 
legs turn round the vel1ical axis passing through hip joints. 
Comparison between normal gait and gait in parapodium is 
given in Fig. 3. 

In case of normal human walking two main phases are 
present : stance phase (- 60 % of the whole cycle) and 
swing phase (.- 40 %). Such a normal walk is depicted in 
Fig. 4a [2]. In the same figure (Fig. 4b) phases of walking 
while using parapodium are also shown. 

Parapodium is depicted in Fig. 5. Torso frame (vest) Illade 
of composite might be adjusted to the size of the user. The 
same concel'lls both legs. Total weight of the device now 
equals I I kg. but wi II be reduced in the future. 
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/) - vertical pelvic 
4° 0° rotation (axis y) 

horizontal dip of 
pelvis (axis z) 8° 0° 

h - veltical max. 
displacement of the 50 mm 54 mm 
pelvis 

k - length of one step 660 mm 500 mm 

Fig. 3. Comparison between normal human 

Fig. 2 Baek side of parapodium. 
gait [21 and gait with para podium. 

------- -

LEFT LEG LEFT LEG 

HS MS TO HS MS TO FS MS FO FS MS FO 
stanee swing stanee 

swing Strulce stance 
-- . 

/ , , J , 
'. ., 

swing stance swing swing stance s",;ng 

TO HS MS TO FS FO FS MS FO FS 
RIGHT LEG RIGHT LEG 

0 40 100 140 0 50 100 150 
(% OF THE CYCLE) 

(% OF TIlE CYCLE) 
. '. 

, .double support Fig. 4a. Almost no double support. Fig. 4b. 

Normal human gait Gait with parapodium 

TO - toe off; FO - foot off; HS - heel strike; FS - foot strike; MS - middle stance. 

Fig. 4 Phases of walking 

- 404-



...;, .... ,,. ,~ 

.~.i.· 1. ~ , 
,~ .. 

Fig. 5 Parapodium PW. Fig. 6 Device of the firm "Rollsthul Richter" 

Future plans. 

At the moment our device needs some external help of the additional person to be used by an invalid. 
In the nearest future we plan to build improved version of the device which will enable self-reliant standing 
up of the disabled person (probably with a surface electrostimulation). It will have similar properties as a 
well known device of the firm " Rollstuhl Richter" (Fig. 6) [3] and in addition to that will enable walking 
without crouches. 
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AN IMPROVED NERVE CUFF RECORDING CONFIGURATION FOR FES 
FEEDBACK CONTROL SYSTEMS THAT UTILISE NATURAL SENSORS 

Ch. Pflaum'" R.R. Riso+ G. Wiesspeiner* 

Center for Sensory-Motor Interaction (SMI), Aalborg University. Denmark+ 
Institute of Biomedical Engineering, Graz University of Technolog.)', Austria* 

SUMMARY 

In recent effons, researchers developing techniques to record ENG acnvIty using nerve cuffs have 
employed a recording configuration described by Stein /1/ (1975) and his colleagues /2,3/ which we wilJ 
refer to as "quasi-tripolar" arrangement. While a cuff containing three electrodes is used, the outer 
electrodes are connected to each other before being led to one end of an amplifier. The other amplifier 
input is connected to the cuff central electrode. We compared this "quasi-tripolar" confIguration with our 
tripolar configuration in terms of the ability to suppress interference currents through the cuff caused by 
biopotentiaJs (EMG) or FES-Pulses. Our tripolar configuration consists of a tripolar cuff-electrode that is 
connected to two frrst stage high-impedance amplifiers with adjustable gain. The outer electrodes are not 
shunted together, as is done in the "quasi-tripolar" configuration. In a second stage the outputs from the 
two instrumentation amplifiers are in effect subtracted from each other. An investigation in an animaJ 
preparation demonstrated that the tripolar confIguration suppresses interference currents through the cuff 
su bstantially better (27.1 dB) than the "quasi-tripolar" configuration. 

STATE OF THE ART 

In a typical tripolar nerve recording cuff, the three electrodes are mounted on the inside of a cylinder made 
of an insulating material such as silicone which electrically isolates the nerve from the surrounding tissue . 
To perform well in rejecting the registration of EMG-activity, the outer electrodes are shunted together and 
a bipolar amplifier is employed to measure the potential difference between the middle and outer electrodes 
("quasi-tripolar configuration"). The tissue impedance of the nerve itself C2,tl and 2,(2) and the impedance 
of the nerve-electrode interface (Zel, Ze2 and Ze3) are connected to the amplifier, as modeled in Fig. la. 

!,-t~ I mterf. V J :f,el 

Ztl 
Ze2 

V mlerf V2 

Zt2 VSlgnal 
:f,e3 

V3 

Figure la 

!,-t3 I inlerf. V J bel A 
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Figure I b 
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Assuming 2,tl=2,t2 and ZeI=Ze3 

( 
VI+V3) V .. = G · -V2+ (Ia) 

qULl.WfI 2 

2,t3, 2,t4 .. .Tissue impedance between 
interference source 
(V interf.) and recording 
cuff 

Assuming GI=G2=G 

( 
VI+V3) 

V = 2· G· -V2+ (lb) 
IrI 2 



In theory, external interference currents passing through the cuff are rejected if the two voltage dividers 
consisting of Zt 1, Zt2 and Ze 1, Ze3 are well matched. In practise, however, considerable artefacts caused 
by muscle activity and by FES pulses are still present in the cuff recording.s, because such precise 
impedance matches are not realisable. 

In our recording confIguration the outer electrodes of the tripolar cuff are not shunted together. rather they 
are connected in pairs to two first stage high-impedance instrumentation amplifIers with adjustable gain 
(Fig. 1 b) . The outputs from the two amplifiers are then in effect subtracted from each other in a second 
amplifier stage. When our tripolar arrangement is used, the interface-impedance (Ze I, Ze3) mismatch 
becomes negligible because of the high input-impedance of the amplifiers, and the remaining imbalance of 
the nerve-impedance (Zt 1, Zt2) can be matched by adjusting the gain of the first stage amplifier. As will be 
shown, this recording arrangement performs well at rejecting interference currents passing through the cuff. 

MA TERIALS AND METHODS 

A tripolar nerve recording cuff was implanted around the sciatic nerve in two rabbits. The cuff was formed 
using a silicone tube having an overall length of 22mm. Three circumferential platinum foil rings (lmm 
wide x 3mm diameter) attached to the inner wall of the cuff with a centre to centre separation of 10rnnl 
formed the electrode surfaces. Three stainless steel lead wires extended from the cuff, and a 19 g.auge 
needle placed subcutaneously and 25 mm lateral to the cuff, provided a reference for the amplifIer. Two 
AMP-O 1 (Analog Devices Inc.) units formed the first stage (gain 100 or 500). The adding stage ( TLC 
2201, Texas Instruments Inc.) permitted adjustable weights for the gains from the inputs . Two switches 
allowed the amplifier to be configured from "quasi-tripolar" to tripolar (ie. points A and B were shunted 
and one input (point C) from the adder stage was connected to the circuit ground) . The two configurations 
were thus studied sequentially, and in either case, a secondary amplifier and I st order bandpass filter (1-
6kHz) was applied before storing the data on DAT -recorder (sampling freq.=24kHz). 

To provide a defined and equal level of nerve activation for both measurement situations. we used 
supramaximal stimulation applied through hook electrodes in an oil bath to the transected and isolated 
peroneal nerve just distal to the knee. 

The ability of the two alternative recording confIgurations to reject artefacts was studied by driving 
constant current pulses (100 J..ls, various amplitudes) through the tissue. These were delivered in the 
vicinity of the nerve cuff using a pair of needle electrodes positioned first parallel to and then transverse to 
the long axis of the recording cuff and about 2 cm from the cuff. 

RESULTS 

The results of the noise measurements are presented in Table lao The rows "Ampl" and "Amp2" refer to 
data taken when values of I 00 and 500 were used, respectively, for the first stage amplifier gains. RMS 
noise measurements for the whole system (recording cuff and amplifier) were performed for both recording 
configurations and several different gain settings using a Keithley 2000 multimeter with the animal deeply 
anaesthetised and no externally applied interference currents present. 

While the lripolar configuration showed a higher absolute noise level (Table I a) compared to "quasi­
tripolar" configuration, the former has a superior signal-noise ratio (SIN), because the signal output of the 
tripolar configuration is two times higher than the quasi-tripolar configuration. This can be seen from 
Figure 2 where the behaviour of the tripolar and "quasi-tripola(' configurations are compared for 
supramaximal stimulation of peroneal nerve. 

Despite our using an additional instrumentation amplifier ( in the first stage) the SIN is not degraded, as 
shown in Table I b. This occurs because the signal output for the tripolar arrangement is double that of the 
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Input Noise [in !l V RMS ] 

Amplifier Quasi- Tripolar 

Type tripolar 

Amp 1 1.05 1.63 

Amp 2 0.795 1.476 

Table la 

Comparison of 
Signal*INoise Ratio [in dB] 

Amplifier Quasi- Tripolar 
Type tripolar 

Amp 1 -2.416 -0.065 
Amp 2 0** 0.797 

* peak-to-peak value of signal response for 
supramaximal stimulation ot peroneal nerve 

** SIN values are normalized (OdB) to the quasi­
tripolar configuration using Amp2 

Table Ib 

mV 

0.4 

o 

-0.4 

· · · · · 

I Iii iii' Iii i j Iii ii' iii f i f I I iii I 

o 2 4 6ms 

_ .. QU2Si-tripolar Configuration 
- Tripolar (adjusted) Configuration 

Figure 2 

"quasi-tripolar " arrangement, while the noise added by the amplifier is only increased by the square-root 
of 2. Since the noise from the resistive components of the cuff-impedance is approximately doubled for the 
tripolar arrangement, depending on the contribution of amplifier noise (Vamp) and noise coming from the 
cuff (Vcuff), itself the SIN can be improved up to a factor equal to the square root 2. Moreover, in the 
worst case the tripolar configuration will still perform at least as well in terms of SIN as the "quasi-tripolar" 
confIguration. 

To realise the benefits of the tripolar configuration the gain of the weighing stage was adjusted (Fig.3) to 
obtain a minimal response to current pulses (100!ls , 5mA . 2,5 kHz) applied in the vicinity of the recording 
cuff. 

Figure 4 compares the performance of the "quasi-tripolar" and properly adjusted tripolar configuration 
during application of 100!ls stimulation pulses at various amplitudes. For currents up to 5mA (cases A, B 
and C) the tripolar confIguration suppressed the stimulation pulses much better than for the "quasi-tripolar" 
arrangement. Note that the tripolar confIguration showed no further suppression ability when the 
amplitude of the interference pulses reached 5.5 mA, because the first stage amplifiers saturated. In that 
case it still performed as well as the "quasi-tripolar" confIguration, however it had another advantage in 
that the system recovered from saturation more quickly (i.e. compare point a with point b), because only 
the fIrst stage amplifIers were affected. 

The average interference suppression ratio (10.28) was calculated by comparing the peak to peak voltages 
of the signal outputs during the application of interference currents. Since the signal output for the nerve 
response of the tripolar arrangement is approximately double that of the "quasi-tripolar " arrangement (In 
this case the adjusted tripolar confIguration had a factot of 2.2), after taking this into account, we obtained 
a normalised interference suppression ratio of 27.1 dB (20 log (10.28 x 2.2)). 
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DISCUSSION 

In this paper we showed that the tripolar configuration has a superior ability to suppress interference 
currents passing through the cuff, and the SIN is improved. This may be especially useful to compensate for 
the increased amplifier noise associated with operational amplifier components for implatable hardware 
because of their extreme low bias currents. We look forward to confmning these results in the near future 
in a human volunteer subject who has a chronically implanted nerve recording cuff. 
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LASER WELDING TECHNIQUES FOR IMPLANTABLE CASES 

G. Schnetz, H. Lanmuller, W. Mayr, E. Unger 

Department of Biomedical Engineering and Physics 
University of Vienna, Austria 

INTRODUCTION 

Packaging and encapsulation of implantable electronics must provide suitable long-term 
protection for the electronic circuitrY which is compatible with the body's internal environment 
and meets all requirements for proper operation. Encapsulation procedures should not 
adversely affect the stimulator circuitry during construction, and provide all the appropriate 
interfaces to the tissues /1/. Materials used for the package must be sterilisable, have sufficient 
mechanical stability and chemical resistance, not evoke excessive tissue response, and provide 
maximum circuitry protection without unnecessary volume or weight. Multi-channel applications 
like complex nerve stimulators or measurement devices require multiple electrically isolated 
feedthroughs. 
Excellent biocompatibility and bioresistance are provided by pure metals of group IV and V of 
the table of elements, especially titanium, tantalum and niobium. A self healing oxide film 
protects them against corrosion. Neither excessive foreign body reaction nor release of metal 
ions occur an, implant stays incorporated even in case of inflammation of the surrounding 
tissue. 
In the following an example for the construction of a hermetic titanium case with 12 electrical 
feedthroughs is presented, where the application of CNC-Iaser techniques led to a flexible and 
economical solution. 

MATERIALS AND METHODS 

The implant case consists of a deep-drawn cup and a base plate. The base plate forms an 
exact seat for the cup and carries the feedthrough seals, elements for mounting the electronic 
circuit and the battery on the inner side and a perforated element for fixation of the electrode 
connectors outside. 
Beside deep drawing and milling, laser-cutting and-welding plays an important role in the 
manufacturing process. It is used for cutting titanium parts to size, mounting the different 
fastening means to the baseplate, weld-in the prefabricated feedthrough seals (figure 1) and 
welding the lid to the base plate to seal the whole implant. 
A pulsed neodyn-YAG laser (Yttrium/Aluminium/Garnet) with a wavelength of 1,061Jm and 
equipped with numeric control is used (LASAG LP300, NUM570). This machine provides 
excellent reproducible results in cutting or welding titanium or the other above-mentioned 
metals as long as a suitable protective gas is used to avoid reaction of molten metal with 
oxygen. Therefore the workpiece is moved relative to the laser beam inside a chamber filled 
with argon for welding and filled with helium for hermetic sealing of the case. 
Machinability of materials with lasers can be estimated by the socalled "difficulty factor S", 
based on optical, physical and thermal properties of the worked material /2/. 

"A.Ts. p.e 
s= 2 

A 

A heat conduction, Ts melting temperature, p density 
c specific heat, A coefficient of absorption 

The factor "S" should be as small as possible to achieve high welding quality. For titanium the 
difficulty factor is about 0.006, for niobium 0,011 and for stainless steel 316L 0,05. In 
comparison for gold "S" amounts 11,15. 
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Quality of a welding seam is investigated via metallurgical micrographs for parameter 
optimization and microscopical inspection during manufacturing. Hermeticity of the whole 
implant case is checked via helium fine leak test after the sealing procedure. 

Figure 1: Welded-in feedthrough seal Figure 2: Implantable battery operated stimulator 

RESULTS 

To give an example the following parameters were optimized for the welding seam between 
base plate (0.8mm titanium) and lid (0.5mm): 

objectiv focus 
expander 
tuning out mirror 
duration of impulse 

150 mm 
20/200 
type 44.076 with 190 mm 
1.05 ms 

aperture 
final mirror 
voltage 
frequency 

5.8 with 90 mm 
type 44.008 with 190 mm 
350 V 
8 Hz 

Figure 2 shows a battery operated implantable stimulator based on the described titanium case. 
The leak rate of the laser sealed cases amounts between 10.9 and 10.12 mbarls·l. 

DISCUSSION 

The neodyn-Y AG laser serves as a useful tool in the construction of hermetic cases for 
implantable electronics, providing high flexibility in design, minimal thermal and mechanical 
stress to the feedthroughs and the sealed electronic components and reproducible results . 
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CONCEPT OF A RETINA IMPLANT 

FOR GANGLION CELL STIMULATION ApPLICABLE FOR 

PATIENTS SUFFERING FROM RETINITIS PIGMENTOSA 

M. Schwarz l , B.J. Hosticka, M. Scholles, and R. Eckmiller' 

F'raunhofer Institute of Microelectronic Circuits and Systems, Duisburg 
·Institute for Informatics VI, University of Bonn 

SUMMARY 

This work describes the concept of an implant for electrostimulation of retinal ganglion cells 
applicable for patients suffering from retinitis pigmentosa. The proposed system is based on a 
novel combination of microelectronic and micromechanical methods that will allow the fabrica­
tion of miniaturized flexible silicon multielectrode structures with integrated CMOS circuitry, 
e.g. for power and data transfer as well as stimulation pulse generation. 

INTRODUCTION 

Biological research on disease of retinitis pigmentosa as well as macula degenerations has shown 
[1, 2] that visual sensations can still be achieved by electrostimulation of ganglion cells despite 
photoreceptor degeneration [3, 4]. In this contribution we propose a system for stimulation of retinal 
ganglion cells for patients suffering from retinitis pigment os a (RP) which can be divided into two 
major components: The implanted stimulator unit and an external retina encoder. Both are coupled 
by a combination of radio frequency (RF) and optical links for power supply and data transmission. 
The implantable part, the Retina Stimulator Unit, can be realized only by applying advanced methods 
of microelectronics and micromechanics, e.g. flexible silicon multicontact stimulation arrays with 
integrated CMOS microelectronic circuits and lithographically formed (LIGA) [5] contact electrodes. 
The structure of the system architecture is shown in Fig. 1. 

IMPLANTABLE RETINA STIMULATOR 

The implantable retina stimulator itself will be divided into the telemetry receiver unit that will be 
placed inside the eye in the position of the crystalline lens and the multicontact electrode which is a 
flexible structure of a few millimeter diameter. The latter is placed on the retina surface for epiretinal 
stimulation and coupled to the receiver by a highly flexible silicon ribbon cable for power and serial 
data transfer inside the eye. The telemetry receiver unit provides wireless link between the stimu­
lator and the external encoder. It transforms RF-transmitted power into regulated supply voltage 
and decodes electrical patterns for the stimulator. Both receiver and stimulator will be fabricated 
on silicon substrate and can be processed using our in-house CMOS technology to implement inte­
grated CMOS circuitry for contact selection and stimulation pulse forming. Although the stimulator 
itself carries circuitry, it also forms a flexible silicon structure. This is achieved by applying a novel 

IThe authors Dr. M. Schwarz, Prof. R. Eckmiller, and Prof. B.J. Hosticka are members of the Retina Implant Team 
that also worked out a scenario for a Retina Implant device in the study "Neurotechnology-Report I" contracted 
by the German Federal Ministry of Research and Technology, Bonn. 
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Figure 1: Architecture of a retina implant system for epiretinal ganglion cell electrostimulation 

etching process which allows mechanical decoupling of substructures while creating small "islands" 
of silicon keeping single or small groups of electrodes and their associated CMOS circuits (Fig. 2). 
This is in contrast to approaches pursued by some U.S. researchers who use passive polymide plastic 
electrodes [6] . It has been estimated that for the first experimental phases 20 to 200 microelectrodes 
with electronic contact selection and pulse generation are realistic. Encapsulation, biocompatibility, 
surgery and fixation methods, as well as long time stability of the implantable retina stimulator are 
subject of extensive investigation by associated research groups. 
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Figure 2: Microelectronic multielectrode structure for intraocular epiretinal stimulation 
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RETINA ENCODER 

The major tasks that will be performed by the external Retina Encoder include image acquisition , 
computation of receptive field functions, encoding of the stimulus pattern for telemetric transmission 
of command sequences for stimulation, and common steps for channel coding and data integrity 
test (Fig. 3). At input to the Retina Encoder a dedicated microelectronic photodetector-array will 
be attached, which implements all functions of an image acquisition subsystem on a single chip. A 
CMOS-photodetector array with a hexagonal grid structure, optimized for receptive filed computation 
was proposed for this purpose and seems to be realistic since comparable structures have been 
fabricated and tested successfully at our institute [7J. On-chip readout electronics perform addressable 
readout of single gray values as well as fast collective readout of all gray values within a definable 
hexagonal region. In contrast to CCD-devices with full frame serial readout , our method allows a 
more efficient spatio-temporal filtering inside the retina encoder. Additionally, nonlinear mappings 
of space for the purpose of resolution adjustment according to the distance from fovea center, can be 
carried out by the on-chip hardware. 

patient parameters 

Image acqulsHlon 

photodetector IlTIIy 
using Ictlve pixel 
sensors 

ENCODER 

calculation of 
stimulus 

transmission 
unit 

signal processor based RF power Ind 

spatlo temporal filtering dlta transmlulon 

telemetric link 

~I 

STIMULATOR 

receiver unit 

energy transmission 

data decoding 

stimulator control 

Figure 3: Structure of the retina encoder with image acquisition and telemetric link for power and 
data transmission to the intraocular stimulator 

For a prototype system all spatio-temporal filtering for implementation of receptive field functions 
will be performed by a programmable signal processor (DSP) (Fig. 3) which is powerful enough to 
emulate neural encoding of visual signals in real-time. This programmable Retina Encoder System, 
which emulates an adaptive neural net using a DSP, gives us a great flexibility and thus allows 
extensive testing of various receptive field functions, which is necessary, since patient feedback will 
not be available in the first project phase. All results will be proven using animal models, e.g. mouse 
and rabbit, by acquisition of optical nerve and cortical signals. 

PERSPECTIVE AND PRIMARY GOALS 

Although no tests on patients are planned in the first phase, we assume that we can show feasibility of 
a ganglion cell stimulation system for retinitis pigmentosa patients within the next decade. First steps 
include the design of a variety of flexible and light-weight implantable stimulator structures made of 
silicon, which allow the integration of CMOS microelectronic circuits, e.g. for electrostimulation, data 
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and energy transfer, into the stimulator substrate as a novel feature. Accompanying medical research 
performed by associated groups will concentrate on optimization of the implantation ophthalmo­
logical surgery and long-time implant fixation with minimal penetration of the retina. Biomedical 
research will test biocompatibility and stability of encapsulated implants in cell culture, penetration 
of stimulated cells and stability of the implant itself, especially for electrodes and encapsulation. 
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EMG-CONTROLLED WRIST EXTENSION . 

S0ren Sennels, Rune Thorsen'. Fin Biering-S0rensen·', Steffen Duus Hansen. Ole Trier Alldersen. 

Electronics Instit.ute. Technical University of Denmark 
-ASAH MEDICO A/S, Copenhagen 

··Centre for Spinal Cord Injured. The National University Hospital. Copenhagen 

SUMMARY 

In order to restore an EMG-controlled key grip in spinal cord injured C5-C6 tetrClplegics. (j system 
using surface electrodes has been developed which measures the patient's volunt.ary EM G from the 
forearm muscles, and through proper signal processing applies an electrical stimulation to t.he same 
muscle. A filtering routine has been developed to extract the patient's voluntary EIvl G from the 
recorded signal, and the entire system has been implemented in a microprocessor controlled device. 

STATE OF THE ART 

Much work has been published using implanted electrodes for restoring functionality in SCI­
patients, but the literature on using surface electrodes for restoring a hand grip is sparse. The work 
presented here is mainly based on /1/, /2/ and /3j. 

The purpose of this study is to rest.ore a useful hand grasp for C5-C6 tetraplegics with partly 
paralyzed forearm muscles. By stimulating the forearm wrist extensor muscles and making use of 
the so-called tenodesis effect it. is possible to obtain a key grip which will be useful in daily living. 

The key grip is obtained by stimulating m. extensor carpi radialis (longus/brevis) in the forearm. 
This is causing a wrist. extension followed by a passive finger flexion and thumb adductioll. A hand 
grasp is thus obtained by stimulating one muscle only. The grip can be strengthened by simultaneous 
stimulation of the finger flexor muscles and/or the t.humb a.dductor muscles. 

Since the wrist extensor muscles are innervated from the C5 to the C8 spinal nerves, a. C5-C6 
tetraplegic will have some voluntary control of the wrist extensor muscles, but not sufficient \'0 achieve 
a normal function. It is possible to detect this weak activity and use it for controlling the stimulation 
of the same muscle. By using \'isual feedback the patient is able to control the position of the wrist 
by activating his/her extensor muscles. The system provides the patient with a more natural control 
of the established grip. 

The system. using surface electrodes, has been implemented in a 2-channel microprocessor con­
trolled device. The system has been tested on 3 tetraplegic patients. 

MATERIAL AND METHODS 

Functional Electrical Stimulator. The system is implemented as a 2-channel device consisting of 2 
EMG-amplifiers with a shut-down facility . 2 constant-current stimulators and a digitaJ signaJ proces­
sor, which takes care of the signal processing and the control of amplifiers and stimulators . In the 
following only one amplifier and one stimulator is considered as shown in fig. I. 

When the patient wishes to establish a grip or alter an existing grip, he/she contracts or relaxes 
his/her wrist extensor muscles. The amplifier records the muscle activity at the recording electrodes, 
and feeds the signal to the digital signal processor. The signal processor first performs a filtering of 
the recorded signal in order to extract the patient's voluntary EMG. The extracted signal is then used 
to calculate an appropriate stimulation current and the stimulator is activated. The resulting muscle 
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Figure 1: Schematic overvIew of the FES­
system 

x 10-3 Stimulation arti£a.ct 

Figure 2: Decomposition of the signal mea­
sured at the recording electrodes. Top: Stim­
ulation artifact. Middle: Stimulation re­
sponse. Bottom: Voluntary El\IG. 

contraction is thus a result of the recorded EMG-activity in the same muscles as being stimulated. 
When recording the EMG from a muscle, which is being simultaneously stimulated. the measured 

signal will consist of 3 components as shown in fig.2: 1) a stimulation artifact. which is due to the 
direct spill-over from the stimulation electrodes to the recording electrodes 2) a stimulation response, 
which arises from the synchronous activation of many muscle fibers due to the stimulation 3) the 
patient's voluntary EMG, which can be regarded as a bandpass filtered white noise signal. This 
signal contains the patient information regarding the desired hand movement. The filtering task is 
then to separate the voluntary EMG from the stimulation artifact and the stimulation response. 

Suppression of stimulation artifa.ct. The stimulation artifact (top of fig.2) is due to the direct spill­
over from the stimulation electrodes to the recording electrodes. This artifact is usually much larger 
than the other components of the signal. If it was applied directly to the type of EMG-amplifier used 
here, the amplifier will, due to the large gain, saturate typically with a recovery time which is larger 
than the stimulation period. In order to maintain the large amplification of the voluntary EMG, the 
stimulation artifact must be suppressed before entering the amplifier. The EM G-amplifier is therefore 
equipped with a switch, which is controlled from the signal processor. During the stimulation pulse 
the amplifier is shut-down and opened again during recording. The result of the shut-down is shown 
in the middle of fig.2. The amplifier is here not saturated and therefore active in the entire recording 
period, and the signal now only consists of stimulation responses and the voluntary EMG. 

Suppression of the stimulation response. The stimulation response is due to the simultaneous acti­
vation of many motor units; therefore the stimulation response is dependent on both the amplitude 
of the stimulation and of the electrode position relative to the muscle. ThE' response will vary in 
both shape and amplitude during change in stimulation and during movement of the halld. The 
stimulation response is therefore a highly non-stationary signal, and in order to deal with the non­

'----------"----_ .. _ .... _----

Figure 3: Adaptive linear prediction filter 

stationarity an adaptive filter solution is necessary. 
The stimulation response is suppressed effectively 
by an adaptive linear prediction filter as depicted 
in fig.3. 

The filtering idea is to divide the input signal 
into frames of N samples, where N is the ratio be­
tween the sampling frequency and the stimulation 
frequency. Each frame will then consist of exactly 
one stimulation response (d. middle of fig. 2). 
The stimulation response in a given frame is pre­
dicted from a number M of previous stimulation 
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responses and subtracted from the actual response. This leaves (after some scaling) a signal which 
has the same rms-value as the voluntary EMG. This procedure is carried out b\' means of a FIR 
filter as shown in fig.3. It is a classic adaptive filtering problem, and the optimal filter coefficients 
can uniquely be determined by solving the normal equations obtained by using the method of Least-

. Squares /4/: 

where <l' = 

c,b( 1, 1) 
6(2,1) 

<1>(1,2) 
¢(2,2) 

q)(M, I) IjJ(Al,2) 

c,b(l. M) 
c,b(2.M) 

c,b(M,M) 

(1 ) 

e = [c,b(0, 1), <1>(0, 2),·" , d>(0. M)f 
b = [bJ, b2 ,···. bMf 

N 

c,b(j, k) = Lx(i - Nj);r(i - .Vk) 
i=J 

The term ¢(j, k) can be interpreted as the cross correlation between frame j and frame k except 
for a scaling facCor. The normal equations are solved for each new frame arriving. and therefore the 
filter is always in its optimal stage, provided that the stimulation responses have the same shape in 

the observed blocks. If the shape of two consecutive stimulation responses are approximately the 
same, a filter with M=1 will often be sufficient. 

RESULTS 

An example of a filtering with M=l of a sequence, where the stimulation amplitude is applied as 
a ramp is shown in fig.4. 

Figure 4: Filtering (M=l) of a sequence with increasing stimulation. Top: The input sequence 
consisting of voluntary EMG mixed with muscle responses. Bottom: Filtered sequence. 

Fig.4 shows the filter performance during no stimulation (0-3000), increasing stimulation (3000-
6000) and constant stimulation (6000-10000). Note that the stimulation responses are effectively 
eliminated, even during til(' sequence of non-constant stimulation. The effectiveness of the filter is 
dependent mainly on the difference in shape between the observed stimulation responses. The filter 
allows fast anel large variations in the amplitude of the stimulation response, as long as the shape 
exhibits only slow variations compa.red to the observed time window. 

Since the filter uses the information of M+1 frames to predict the output-signal a delay of M+1 
frames is introduced. At 20 Hz stimulation the delay equals 100 ms for a system with M=1 and 150 
ms for a system with M=:2 . The parameter M should be kept as low as possible to ensure a short 
reaction time for the total system. 

With increasing M. the filter has more parameters to adjust when trying to fit the frames to the 
actual stimulation response. 1t is therefore capable of tolerating more variations in the shape of the 
stimulation responses and the over all performance improves. 
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ID I Age I Time of Injury I 

JBS 31 July 1994 
HJ 40 Ma.\-' 1994 

KTN 39 1970 

Injun' 
" 

Incompl. C5 
Compl. C,S 

Incompl. C4 

I Muscle Str. I 

1-2 

1-2 
2 

So far the entire systems has 
been tested on 3 tetraplegics. All 
3 patients had unconditioned wrist 
extensor muscles. and all of them 
were able to control the stimula­

tion to some degree. B\ altering 
their voluntary EI\1G. JBS and HJ were able to turn the stimulation on and of I'. but had difficulties 
graduating it. l\TN could easily start and stop the stimulation, and could furthermore graduate 
the stimulation to at least four intermediate levels. In this case the stimulation ,vas applied as a 
staircase function of the voluntary EMG. His maximum EMG was about :3-4 times the background 

noise (the EMG from the relaxed muscle and amplifier noise), and he could easily and reproducibly 
control the stimulation by altering his' EM G to the following levels: 62%, 75%. S7t;;' and 100% of his 
maximum EMG. Since his muscle was very weak, it was tired out relatively fast, and it has not yet 
been possible to test the system with a larger number of intermediate levels. 

DISCUSSION 

Some of the difficulties concerning extraction of the voluntary EMG from the mixture of artifacts 
arising, when doing simultaneously recording and stimulation at the same muscle, have been solved. 
The filter effectively eliminates the muscle responses and leaves a signal with the same rms-value 
as the patients voluntary EMG. This is true also during changes in stimulation amplitude and slow 
movements. 

The 3 test individuals had all unconditioned forearm muscles, therefore the obtained maximum 
rms-value of the voluntary EMG is only 2-4 times the background noise. Still it was possible to use 
the EMG for turning the stimulation on and off for all 3 individuals, and one was even capable of 
adjusting the stimulation to several intermediate levels. The system performance might improve, 
when it operates on conditioned patients, who are capable of developing a larger EI\1G, 

Two of the test individuals expressed that it was an unusual task to relax a muscle, when it is 

being stimulated at the same time, and they had to concentrate to relax it. This was especially 
difficult, when the muscle started to fatigue. Both individuals had the impression, that changing the 

activity in the muscle during EI\1G-controlled stimulation can be improved by training. 
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MINIATURISATION TECHNIQUES FOR IMPLANTABLE ELECTRONICS 

E. UNGER, H. LANMOLLER, W. MAYR, G. SCHNETZ, H. THOMA 

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

SUMMARY 

During the last fifteen years different implantable stimulation systems for FES were developed 
at our department. The field of application for these implants reaches from the first 8-channel 
phrenic pacemaker to a battery powered cardiomyoplastie implant. After finishing the 
electronics and the first tests of an implantable stimulator the miniaturisation process can be 
started. Important for a successful design is a close cooperation of the circuit design team and 
the case design team. 
Three different miniaturisation methods are used: the SMT (surface mounted technology), the 
thick film technique and thin film technique. The choice between these methods dependents on 
the production cost and time and the desired degree of miniaturisation. SMT is the best method 
for prototyping of implant circuits because it is cheap and produces fast results. SMT combined 
with COB (chip on board) increase further the component density and leaves all advantages of 
SMT. Thin or thick film substrates in conjunction with customized chips are used for the final 
version of standard implants. 

MATERIALS ANP METHODS 

An implantable stimulator consists of the miniaturised circuit, the hermedically sealed case, the 
electrodes and their connectors. An important demand for the electronic design is the reduction 
of used components and the simplification of the circuit. This keeps the required case volume 
and the amount of electrical connection low and the durability is increased. 

SMT-Surface Mounted Technology: 
The cheapest way to miniaturise electronic cercuits is the use of double side attachment in 
SMT, which is a standard production method. This technology provides fast results and is 
sufficient for simple implant circuits and prototypes The layout design can be done with 
standard CAD-systems. The equipment for the production as well as the SMT components are 
problemless available. These components need approximately the half or third of the area than 
standard components, except condensators. Condensators limits the reduction ratio for all 
miniaturisation methods. To reduce the attachment area of condensators they can be placed in 
upright position (Lit.1.). 

COB-Chip on Board: 
COB is a technology to connect uncased chips to an SMT board or a thick film substrate. This 
reduction technology is a new production method in combination with SMT circuits. First we use 
COB by our 20-channel thick film substrate (Lit.2.). Due to the complexity of the implant it was 
necessary to connect a customized CMOS chip to the hybrid. Second we used this method for 
the batterypowered cardiomyoplastie implant (Lit.3.). During the development of these implant 
three electric components with S020 SMT case should be used. All this components together 
need an area of 0,6 in2 (387mm2), to much for the desired case. The use of caseless chips 
reduced the needed area to 0,17 in2 (109mm2) and solved this problem. The principle of COB 
(fig. 1) is to diebond a chip to an ceramic-substrate or an epoxy plate (FR4) using a thermally 

- 421 -



conductive epoxy. After the cure time the chip is bonded with 1 mil (25I-1m) thick gold-wires. To 
bond direct to a SMT -board (FR4) the cooper conductor must be metalised with 0.1-0.3mil (3-
81-1m) nickel and more than 0.04mil (1I-1m) gold (Lit.4.). After the bonding procedure the chip 
area is covered with an epoxy blob top to protect the sensitive part against mechanical and 
environmental shocks. 

blob top 

gilded cooper pad 

epoxy adhesive 

substrate (e.g.FR4) 

0- · 

N : .. 

w = 

Fig.1.: left: principle structure of COB (chip on board) 
right: SMT-prototype of the cardiomyoplaty implant with COB 

Thick film substrates: 
A mechanically robust and safety technology is realised with the thick film substrates. The 
substrates were made of ceramic plates. The layout of the conductors and resistors were silk­
screen printed on the ceramic plates with different thick film pastes. Then the substrates were 
sintered in a furnace corresponding to a defined temprature profil. This temprature profil 
defines the temperatur coefficient of the resistors. The resistors were trimmed with a laser to 
their desired value. The on board resistors reduces the attachment costs and tolerances and is 
an advantage compared to SMT -boards. The thick film substrates have the similar reduction 
ratio as SMT-boards and can be realised in single or double side attachment. If COB will be 
used on a thick film layer it is necessary to make bondable gold pads with special pastes. 
Figure 2. shows our 20 channel stimulator in thick film technology and double side attachment. 

Thin film substrates: 
The highest reduction ratio (10-20 to standard components) apart from customized chips can 
be reached with thin film technology. The substrates are made of coated glass plates. The 
coating is built up of a resistance layer (0.004mil Ti+Pd(100nm}) and a bondable gold layer 
(0.06mil (1.5I-1m}). For the coating procedure a metal-mask will be provided. The thickness of 
the resistance layer and its geometric design defines the values of the resistors on the 
substrate. The layers can be drawn with a standard CAD program. Relative resistor tolerances 
are defined by the CAD system precision. All electronic components are uncased attached with 
adhesives. An electrical adhesive for the diebonding of capacitors, diodes and transistor and a 
nonelectrical adhesive for integrated circuits is used. After the diebond procedure the electrical 
connection are made with a thermosonic ball-wedge bonder using a gold wires. Every bond is 
mechanically and electrically tested according to MIL-STD-883 (e.g. bond pull test, Lit.5.). All 
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described steps are performed by hand. Therefore the production costs of thin film technology 
are very high. Additional the working tools and the necessary clean room are to expensive 
equipment to manufacture only a few number of pieces. Figure 2. shows our 8 and 20 channel 
stimulator in thin film technology. 

Fig.2.: left: 8 and 20 channel stimulator in thin film technology 
right: 20 channel stimulator in thick film technology 

RESULTS 

SMT thick film thin film 
resistor size R0805 on board chip resistor 

3875miI2/2.5mm2 31 00mil2 / 2mm2 1600mi12/ 1 mm2 

capacitor size same same same 
chip size NAND 4093 NAND 4093 chipform 

O.085in2/ 53mm2 0.085in2/ 53mm2 0.004in2/2.5mm2 

typo wire with 1 Omil / 0.25mm 8mil/0.2mm 2mil / 0.05mm 
reduction ratio 2-3 to standard 3 to standard 10-20 to standard 
attachment double side double side single side 
layout costs ATS 1800.- / 2 layer ATS 10000.- /10 layer ATS 17000.-
substrate costs ATS 23000.- ATS 50000.- ATS 45000.-
{10Qp_csJ 
attachment time 1 da~ 3 days 10 days 

Fig.3.: overview of the production costs 
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Figure 3 gives an overview of the production costs and the results of the described 
technologies. The thin film technology reduces the circuit area to 10% of a SMT -board. But also 
the costs for material and reproduction costs are raised to by a factor of ten. The middle curse 
is the use of thick film technology, which has distinct fewer reproduction costs. Additional thick 
film technology in combination with COB is a well proofed technique in comparison to SMT.The 
thick film substrates are not so fragile as compared to the thin film substrates. Therefore the 
ideal miniaturisation method is the thickfilm technology with or without COB, if the reduction 
factor is sufficient. But for the prototyping of these circuits the cheap and fast SMT technology 
with the possibility of the COB is an ideal addition for cicuit design. 
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