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M.R. Dimitrijevic (Houston, USA)



MOTOR CONTROL IN THE HUMAN SPINAL CORD

M.R. Dimitrijevic*, |. Persy**, C. Forstner**, H. Kern**, M.M. Dimitrijevic*

* Department of Physical Medicine and Rehabilitation, Baylor College of Medicine, Houston, Texas, USA.
** Ludwig Boltzmann Institute for Electrical Stimulation and Physical Rehabilitation, Vienna, Austria

Abstract

Features of the human spinal cord motor control
are described using two spinal cord injury models:
(i) the spinal cord completely separated from brain
motor structures by accidental injury; (i) the
spinal cord receiving reduced and altered
supraspinal input due to an incomplete lesion.
Systematic  studies using surface electrode
polyelectromyography were carried out to assess
skeletal muscle reflex responses to single and
repetitve stimulation in a large number of subjects.
In complete spinal cord injured subjects the
functional integrity of three different neuronal
circuits below the lesion level is demonstrated:
First simple mono- and oligosynaptic reflex arcs
and polysynaptic pathways. Second propriospinal
interneuron system with their cell in the gray
matter and the axons in the white matter of the
spinal cord conducting activity between different
spinal cord segments. And third, internuncial gray
matter neurons with short axons and dense neuron
contact within the spinal gray matter. All of these
three systems participate continuously in the
generation of spinal cord reflex output activitating
muscles. The integration of these systems and their
relative degree of excitation and set-up, produces
characteristic functions of motor control. In
incomplete spinal cord injured patients, the
implementation of brain motor control depends on
the profile of residual brain descending input and
its integration with the functional neuronal circuits
below the lesion. Locomotor patterns result from
the establishment of a new structural relationship
between brain and spinal cord. The functions of
this new structural relationship are expressed as
an alternative, but characteristic and consistent
neurocontrol. The more we know about how the
brain governs spinal cord networks, the better we
can describe human motor control. On the other
hand such knowledge is essential for the
restoration of residual functions and for the
reconstruction of new cord circuitry to expand the
functions of the injured spinal cord.

I ntroduction

In this review clinical and neurophysiological
features of motor control in spinal cord injured

(SCI) individuals are described using two models.
First, motor control is considered in subjects with
injury-induced complete division of the spinal cord
from brain and brainstem structures, and second, in
subjects with incomplete division (Fig.1).
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Fig. 1. Schematic drawing of three conditions:
fully integrated spinal cord (A), spinal cord
partially divided from brain (B) and completely
divided (C).

In the complete SCI model motor control is
considered as segmental and plurisegmental reflex
activity that dominates the motor output to the
muscles. In case of incomplete separation of the
spina cord from brain structures, motor control is
defined as the manipulation of spinal reflexes and
automatic activity by residual descending inpuit.
The profile of residual brain and brainstem
originated input is modified by the reduction in
descending long spinal tract fibers arriving at their
targets in the spinal gray matter. This results in
characteristic changes in motor output to the
muscles that lead to the development of new neural
strategies for control of segmental and
plurisegmental neural circuitry.

Spinal cord interneurons can maintain widespread
connections with a variety of motoneurons across a
large portion of the spinal cord. Through short- and
long-axon spinal interneurons, the degree of
excitation/inhibition exerted on motor nuclei of
several flexor and extensor muscles can be
adjusted so that they contract either alternatively or
simultaneously. We argue, that isolated spinal cord
neural circuitry is capable of organizing
characteristic reflex events and coordinated motor



outputs that depend on the characteristics of the
applied stimulus.

Material and M ethods

In complete SCI subjects we systematically
examined patellar and Achilles tendon jerks and
recorded electromyographic (EMG) responses to
single stimuli to study segmental organisation and
after discharges of stretch reflexes[1].

Functional characteristics of the propriospinal
interneuron system were studied by conditioning
Achilles tendon jerks with noxious electrical
stimuli applied to thoracic, lumbar, and sacrad
dermatomes [2].

Cutaneo-muscular reflexes and tendon reflexes
elicited by repetitive and regular trains of
stimulation were studied in complete spinal cord
injured and able-bodied subjects[3,4,5].

We dso studied a paradigm of spina cord
stimulation in complete spina cord injured
subjects with implanted electrode arrays. The
electrodes were placed for spasticity control in the
epidural space over the posterior structures of the
lumbar cord [6]. Stimulus-induced muscle
responses were recorded by surface electrodes
placed over the major muscle groups of both lower
limbs.

Results

Tendon tap can cause considerable activity in
muscles other than the stretched one in complete
SCI subjects. The muscles activated during the first
100 ms following the tendon tap are responding
according to the norma patterns of reciprocal
innervation. The spread of activity after the first
100 ms is due to after-discharge of the motor units
of the stretched muscle and of other muscles. The
distribution of this after-discharge follows no
pattern of reciprocal innervation. However, when
activity of the internuncial network is suppressed,
features of the segmental reciprocal activity can be
demonstrated, particularly by eliciting tendon jerks
and simultaneous recording of the EMG responses
in the agonist and antagonistic muscle groups.

Conditioning, noxious stimulation  applied
repetitively to thoracic, lumbar and sacral
dermatomes caused descending, ascending and
segmental effects in the form of modified
ipsilatera  and contralateral Achilles tendon
responses. This finding of changes in reflex
activity reflects excitability spread mediated by
intraspinal pathways below the lesion level (Fig.
2).

By applying repetitive and regular stimulation to
elicit cutaneous-muscular reflexes or tendon

Gray matter

Internuncial l
network ®

\

White matter

Fig. 2: Sketch of the effect of a single stimulus on
cranial and cauda irradiation of the internuncia
system in the chronic isolated spina cord (B).

reflexes, the spina cord responded with
modification of these responses. The successively
elicited responses demonstrated a characteristic
pattern of: build up of response; fluctuation of
response; diminution of activity; cessation of
response. The duration of each of these phases
depended on stimulus rate and intensity (Fig. 3).
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Internuncial
network

\ /

Fig. 3. Effect of repetitive regular nociceptive
stimulation in the isolated spinal cord (B). Circular
dark area represents the induced presynaptic
inhibition with a characteristic local response.

White matter

Epidural stimulation of the posterior lumbar cord
a 2.2 Hz dicited stimulus-coupled compound
muscle action potentials in the lower limbs. The
responses had short latencies, which were
approximately half that of phasic stretch reflex
latencies for the respective muscle groups.
Stimulation at 5-15 Hz elicited sustained tonic and
a 25-50 Hz rhythmic activity and could initiate
lower limb extension or stepping-like movements,
respectively (Fig. 4).

Discussion

Studies of SCI subjects with spasticity and
clinicaly complete cord lesions showed that
activity of internuncia network below the level of
lesion is highly increased and can generate slow,
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Fig. 4. Schematic drawing of the induced
configuration of the locomotor pattern generator by
continous multisegmental input (B). Circular dark
areas are representing presynaptic inhibition, white
ones indicate excitation.

uncontrolled movements [1,7]. This increased
activity of the internuncial gray matter network
overrides mono- and oligosynaptic segmental
reciprocal organization. The after-discharge is
proportional to the amount of local input to the
spinal cord. If reduced by any means, also the
after-discharge is reduced. As most features of
gpasticity are due to the after-discharge, a
reduction in the local input to the cord removes
many features of spasticity. Furthermore, a single-
impulse input resulting in a plurissgmental motor
unit activation hints on additional sources of
excitatory inputs to the spina cord interneuronal
circuitry from other peripheral inputs (i.e
cutaneous) or supraspinal sources in the
incomplete SCI model.

The observed increase of the Achilles tendon jerks
by conditioning noxious stimulation applied
repetitively to thoracic, lumbar and sacrd
dermatomes can be explained by excitation spread
from distant ipsilateral and contralateral segments.
It is likely that this effect is mediated by the fibers
of the fasciculi proprii of the spinal cord since this
propriospina system below the lesion level
survives complete transection of the spinal cord

9.

When nociceptive stimulus for €dliciting flexor
reflexes is delivered regularly and repetitively, the
previous hyperactive responses can habituate. The
cessation of the response is not due to a failure of
transmitter substance. Moreover habituation to
repeated cutaneous stimuli  occurs  within
internuncial circuits at the same time in al
responding muscles.

The question of whether a “lumbar locomotor
pattern generator” similar to the Central Pattern
Generator for locomotion found in animals exists
in humans could not be answered conclusively
until a short time ago [9,10]. In the complete SCI

model we have demonstrated, that stimulus
induced tonic input with particular frequency (25—
50 Hz) to the spina cord can set up a functiona
configuration of internuncial interneurons that
produces appropiate patterns for  stepping
movements. We suggest to consider this finding as
direct evidence of the presence of pattern
generating circuitry responsible for initiation and
control of rhythmic activity within the lumbosacral
cord [11,12,13].

In incomplete SCI patients, the organization of
brain motor control depends on the profile of
residual diffuse or restricted brain descending input
and its integration within the spinal network below
the lesion. The locomotor patterns in incomplete
SCI patients are consistent and result from the
establishment of a new structural relationship
between brain and spina cord caused by SCI.
These are expressed as altered neurocontrol, but
they are showing repeatable neurophysiological
characteristics of motor unit activity.
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Abstract

Bipolar electrodes placed in the dorsomedial
epidural space at lower (lumbosacral) spinal cord
levels stimulate only sensory fibers of the spinal
rootlets when amplitudes of 210 us pulses are
restricted to 10 Volt. For bypassing axons, spike
initiation occurs close to the cathode. Sensory
fibers located below the cathode level are
stimulated at their entry point into the spinal cord.
Dorsal column axons and other neural elements
within the spinal cord are not directly stimulated
even when they are closer to the electrodes than
the excited afferent axons.

In subjects with chronic, complete spinal cord
injury single pulses and low frequency stimulation
cause synchronized short latency muscle twitches
via monosynaptic pathways. Stimulation at, 5-50
Hz activates spinal interneurons that control the
motoneuronal discharge, and the transmission
through reflex pathways. Simulation at 5-15 Hz
can dlicit sustained tonic activity and lower limb
extension, and at 25-50 Hz stepping like lower
[imb movements.

I ntroduction

Computer simulation of the stimulating effect of
electric fields on neura structures, and the analysis
of latencies and shapes of electromyographic
(EMG) responses are useful tools for
understanding the evoked motor activities in the
isolated spinal cord circuitry.

Figure 1 shows (A) the arrangement of the
stimulating dipole and that of the electrodes for
EMG recordings, (B) a scheme for a monosynaptic
pathway that causes short latency muscle twitches
and a polysynaptic pathway involved in patterned
muscle responses and (C) recorded EMG activities
demonstrating the differences of both neura
pathways with respect to the envelope, latency and
shape of the measured signal.

In order to explain the measured effects [1,2] we
use a compartment model of a single neuron [3-6]
and asimplified network model [7-9].

Material and M ethods

Data were obtained from ten subjects with
accidental, motor complete spina cord injury at
low cervical or at thoracic level. At vertebral levels
ranging from T10 down to L1 they had an
implanted epidural electrode array which was
operated as a bipolar electrode with a contact
separation of 27 mm. The stimulator (ITREL 3,
Model 7425, MEDTRONIC) delivered continuous,
non-patterned stimulation with 1-10 V at 2.2-100
Hz and asymmetric biphasic pulses with a 210 s
main pulse and a long second pulse for avoiding
charge accumulation. Electromyographic activity
was recorded with pairs of silver-silver chloride
surface electrodes. For details see e.g. [1,2,5,6].

Electric potential distributions were calculated
with finite element software ANSYS. The
compartment models of the target neurons are
based on the CRRSS (Chiu-Ritchie-Rogart-Stagg-
Sweeney) model in the form described in [3]. The
resulting differential equations were evaluated with
software ACSL. Spike initiation points were also
analyzed with the activating function concept [3-
5,10].

The longer delays through polysynaptic pathways
were simulated with a simple model consisting of a
single interneuron that modulates the output by
presynaptic inhibition and disynaptic (oligo-
synaptic) excitation of the motoneuron [7,8].

Results

In afirst step we calculated the electrical field in
the vicinity of the bipolar electrode in order to find
the primarily stimulated neural elements (Fig. 2).
In the second step the extracellular potential along
a neura target pathway is used as input for a
compartment model. Two hot spots in the afferent
rootlet fibers are closely neighbored: the regions
with sharp curvature before the entry point in the
spinal cord and the entry point itself where a
sudden change of the electric conductivity at the
interface between two media support the initiation
of action potentials. Both cases result in large
values of the activating function, which is
proportional to the second derivative of the



A

Stimulation Muscle response
1-10V
2.2-50 Hz | ~—~\— Quadriceps (Q)
LTE_\ 2 § U PD—/\— Hamstrings (H)

og,
ooy oD ®
PR T smmeeiind,
4
|

Epidural electrode

a—l\f— Tibialis anterior (TA)
Triceps surae (TS)

Polysynaptic activity

-

B Monosynaptic activity

Input if Output

—o Excitatory =~ #—— Moto-
connection neuron

Input

—e Inhibitory
connection

----, Spinal interneuronal
"7 circuitry

Stimulation frequency: 2.2 Hz Stimulation frequency: 22 Hz

> >
B L £
sf[Ff TTTITETT time S
T x10 T
E “ h E ..M' '.'AA'._.JL..I'A'_A'I\_..;_'
g | S N
— T
0.1ls T 0.1s
| | time RO 5 A
Stimulus artifacts X|1|0 Stimulus artifacts
g A | I W AN
S W, S \J
A 0.01s ‘ 0.01s
- B |-
Stimulus Stimulus

Fig. 1: Outline of the assessment design and analysis of stimulus-evoked EMG responses. (A) all recordings were
conducted with the patients in a supine position. Pairs of surface EMG electrodes were placed over the lower limb
muscles to assess the effects of epidural stimulation. (B) Neura path diagrams in cross-sections at lumbar segmental
levels. Left: single pulse (2.2 Hz-) stimulation activates segmental primary sensory axons and affects monosynaptic
excitatory action on motoneurons; right: same afferent structures repetitively stimulated at higher frequencies activate
lumbar neuronal circuits that modulate the afferent flow through monosynaptic pathways by putatively presynaptic
inhibitory mechanism and control motoneuronal discharge by excitatory oligosynaptic pathways. Sustained stimuli at
25-50 Hz organize the lumbar spinal interneurons by temporarily combining them into locomotor centers that project
over severa segments and coordinate the neural activity. (C) EMG responses of triceps surae to epidura stimulation
at 2.2 Hz and 22 Hz. Potentials marked by gray backgrounds are shown in extended time scale (x 10) below the
origina EMG. Stimulus artifacts allow the identification of the onsets of applied voltage pulses.



5V

-

LT
%ﬁ”’ oV
S\
N

-5V H@ i
% ~
i
— z
i y
] X
LLSpinal cord 1¢m
Cerebrospinal fluid

—Dura mater

y
L_l
SV lcm

Fig. 2. Computed potential distribution within the
dural sac in midsagittal and transversal plane
generated by a bipolar electrode with 10 V potential
difference between the two contacts.

A B C

Extracellular Activating
voltage [mV] function [mV/ms]

extracellular potential along the neural pathway for
axons with constant fiber parameters [3,5,10].

With the applied stimulus intensities spikes can
typically be generated in rootlets which enter the
spinal cord up to 2 cm below the level of the
cathode (Fig. 3) but there is no spike initiation in
the dorsal columns (indicated by vertical black
arrow in Fig. 3A).

Already a rather simple three-neuron model (a
stimulated afferent axon with a monosynaptic
contact to a motoneuron that is influenced by an
interneuron by presynaptic inhibition (Fig. 4) is
able to mimic a stimulus frequency dependent
network output as observed in the EMG recordings
(Fig 1C, right pictures). For details see [7.8].
Comparison of the lowest pictures in Fig. 1C
shows a longer delay for the polysynaptic response
and aso a change in the EMG shape. Similarly to
the observed temporal characteristics (lowest
pictures in Fig. 1C ), the model network output
switches to the polysynaptic response at higher
frequencies as a result of input accumulation at the
interneuron which responds with presynaptic
inhibition at the sensory-motoneuron contact.

We could further show that the changes in the
EMG shape occur gradually during stimulation
with constant parameters, e.g., in the extension
phase of the lower limb. Every single EMG
potential f(t) within the train of patterns can be
approximated by a weighted sum of two temporal
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Fig. 3. (A) 3-dimensional view of the lower spinal cord with a sensory fiber (within the posterior root, curved trajectory)
and its axonal branches in the back side of the spinal cord (hatched area, vertica arrow) with a single synaptic
connection to a motoneuron. Black arrows and the dotted line indicate the “hot spot” for the spike-initiation at the site
where the posterior root fiber enters the spinal cord. (B) Extracellular voltage generated by epidural stimulation, (C)
activating function and, (D) membrane voltage for an S1-posterior root fiber stimulated 4% above the characteristic

fiber threshold with a midsagittal electrode at L4-spinal cord

level. Note that the positive part of the activating function

is restricted to a single node (peak). In this hot spot an action potential is generated that propagates into the spinal cord

and in antidromic direction.
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components g(t) and h(t): f=a.g+b.h, whereaand b
are slowly changing variables [11].

||||_> disynaptic
Sensory delay
neuron
monosynaptic Inter-
delay neuron
\
Presynaptic /
inhibition
Motoneuron Q
Fig. 4. Modd network to smulate the

neurophysiologically observed transition from short-
(monosynaptic) to long-latency (disynaptic) responses
to a sustained train of stimuli. An interneuron exerts
inhibitory influence on afferent terminals on a
motoneuron. Depending on specific parameters of the
model neurons and the frequency of the sensory volley,
the network output is either solely mono- or disynaptic
or includes both components.

Discussion

In general, the complex interneural network of the
spinal cord is not easy to simulate. However, in
epidura stimulation of the human lumbar spina
cord we found rather simple relations between the
network input, that is, spike initiation in the
afferent axons are sharply synchronized to a train
of cathodic pulses, and the output. This
motoneuronal output, which is indirectly recorded
as EMG activity, switches from monosynaptically
generated muscle twitches at low frequencies to
well defined complex patterns for the extension or
for rhythmic stepping like movements of the lower
limbs for 515 Hz and 25-50 Hz stimulation,
respectively [1,2,11]. Also in these cases the
motoneuronal firing is always synchronized with
the stimuli.
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Abstract

It was previously demonstrated that tonic epidural
stimulation of posterior lumbar cord structures can
elicit stepping-like electromyographic (EMG)
activity in supine individuals with chronic,
complete spinal cord injury. In the present paper
we emphasize that the patterns and amplitudes of
the stimulus-evoked EMG activity is appropriate to
induce involuntary stepping-like movements of the
paralyzed lower limbs. Ten motor complete spinal
cord injured subjects with electrodes placed in the
posterior epidural space for spasticity control were
included in this study. Surface-recorded EMG
responses of the quadriceps, hamstrings, tibialis
anterior, and triceps surae muscles to 1-10 V and
2.2-50 Hz stimulation were analyzed. Goniometers
were applied to monitor stimulus-induced knee
movements. The results were compared with the
EMG activity induced in the paralyzed lower limb
muscles by manually assisted, weight-bearing
treadmill stepping. Non-patterned spinal cord
stimulation with 6-10 V at 25-50 Hz induced
alternating burst-style EMG activity in the lower
limbs leading to involuntary stepping-like
movements. Patterned peripheral feedback input
associated with passive treadmill stepping
generated EMG bursts characterized by low
amplitudes and co-activations. This muscle
activation was ineffective to induce independent
lower limb movement. We suggest that a tonic
component of the input delivered to lumbar
neuronal circuits is essential to activate locomotor
pattern generating networks and to induce
stepping movements.

I ntroduction

Epidural spinal cord stimulation can effectively
suppress the excitability within particular motor
nuclei and thus reduce spinal spasticity of lower
limbs, if the stimulating electrode is located at
upper lumbar segmenta levels, and the applied
stimulus train has frequencies of 50-100 Hz [1].
Stimulation at frequencies below 50 Hz enhances
the excitability of lumbosacral motor nuclei. We
found that tonic stimulation of the posterior lumbar
spina cord a 25-50 Hz can induce rhythmic
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stepping-like EMG activity in supine, complete
spina cord injured (SCI) subjects [2,3]. In the
present paper we emphasize that this muscle
activity evoked by non-patterned tonic stimulation
is effective to generate involuntary stepping-like
alternating flexion and extension movements of the
paralyzed lower limbs. The movement is initiated
under defined input conditions to the lumbar cord.

Material and M ethods
Subjects

The analyses performed in this study are based on
stimulus-evoked EMG activity of paralyzed lower
limb muscles. These data were obtained from ten
subjects with accidental, motor complete SCI at
low cervical or at thoracic level (8 x ASIA A, 2 X
ASIA B). At the time of data collection the
subjects met the following criteria: closed, post-
traumatic and chronic SCI; no antispastic medi-
cation; preserved stretch and cutaneomuscular
reflexes; complete absence of volitional or other
suprasegmental activation of motor units below the
spinal cord lesion confirmed by brain motor
control assessment [4]; and presence of surface
recorded lumbosacral evoked potentials [5].

Recording set-up

EMG activity of quadriceps, hamstrings, tibialis
anterior, and triceps surae was recorded with pairs
of slver-silver chloride surface electrodes. A
proximal electrode pair placed over the lumbar
paraspinal trunk muscles was used to record
stimulus artifacts during spinal cord stimulation.
To monitor movements of the lower limbs,
position sensors or goniometers were applied
bilaterally to the knees.

Epidural Spinal Cord Stimulation

The subjects had an epidural electrode array
implanted at some vertebral level ranging from
T10 down to L1 (average level T11/T12). Each
electrode lead had four cylindrical contacts 3 mm
long and 1.27 mm in diameter (PISCES-QUAD
electrode, Model 3487A, MEDTRONIC). The
electrode array was operated as a bipolar electrode
with a contact separation of 27 mm. The stimulator



(ITREL 3, Model 7425, MEDTRONIC) delivered
continuous, non-patterned stimulation with 1-10 V
at 2.2-100 Hz and a pulse width of 210 ps. During
the recording sessions, the subjects were placed in
a supine position on a comfortable examination
table covered with soft sheepskin. This configura-
tion allowed flexion/extension movements of the
lower limbs to unfold smoothly and minimized
friction between the heel and the supporting
surface. During induced movements the lower
limbs were weight-supported by physical therapists
if necessary, providing a passive — but not
activating — manual antigravity support.

Manually assisted treadmill stepping

Phasic peripheral feedback input to the spinal cord
was induced by passive treadmill stepping in three
of the studied subjects. The subjects were partially
body weight supported, stepping movements were
manually imposed by two physical therapists.

Results

Figure 1 displays continuous EMG recordings
from lower limb muscles along with a position
sensor trace  measuring  flexion/extension
movements of the knee (subject 1, ASIA A). The
cathode was located at the T11-T12 intervertebra
level. The functional cathode level identified by
muscle twitch distribution patterns was at upper
lumbar cord segments. Stimulation frequency was
25 Hz and constant, while the stimulation strength
was increased in 0.5-Volt steps during continuous
recording. At the threshold level of 3.5 V, low
amplitude EM G activity was induced in quadriceps
(Q). At 4 V the amplitudes of quadriceps activity
increased and additionally hamstrings (H)
responses of smaller amplitudes were induced. A
further increase in stimulation strength to 4.5 V
eicited faint activity in the tibialis anterior (TA)
and triceps surae (TS) muscles. The EMG activity
of quadriceps decreased, while hamstrings showed
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reciprocal temporal changes in EMG amplitudes.
This reciprocal influence is substantially different
from muscle twitch responses to 2.2 Hz-
stimulation. EMG amplitudes of twitch responses
increase with increasing stimulus strength. The
sustained stimulus train at 25 Hz and strengths of
3.5, 4and 4.5V induced atonic EMG activity. The
lower limb remained in extended position, the
muscles were visibly contracting.

Another 0.5 V-increase in stimulation amplitude to
5V abruptly replaced the tonic EMG activity with
rhythmical activity of the lower limb muscles.
Phases of burst-style activity alternated with
phases of inactivity/low activity. The pattern and
strength of the stimulus-evoked muscle activity
was appropriate to induce stepping-like, alternating
flexion and extension movements. This finding
could be repeated in the same subject during
different sessions, aswell asin different subjects.

Optimal  stimulation frequencies for inducing
stepping-like lower limb movements were 25-50
Hz. The cathode position had to provide a
dominant stimulation of the upper lumbar cord.
Such position was characterized by lower
activating thresholds of quadriceps than of triceps
surae (see muscle recruitment order in Fig. 1). The
average vertebral cathode level to obtain this
recruitment order was the upper third of T12. The
threshold for inducing stepping-like movements
was above the level for eliciting responses in
quadriceps as well as triceps surae for a given
cathode position (Fig. 1). Stimulation generaly
induced unilateral stepping-like flexion/extension
movements. This is a consequence of an
asymmetric position of the epidural electrode array
with respect to spinal cord structures. In these
cases stepping-like movements of the side
associated with the lower motor thresholds were
induced. The contralateral lower limb responded
either with tonic activity or with synchronous
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Fig. 1. EMG activity of quadriceps (Q), hamstrings (H), tibialis anterior (TA), and triceps surae (TS) induced by
continuous spinal cord stimulation; knee movement sensor (KM). The cathode was at upper lumbar segmental level.
Stimulation strength was increased from 3.5V to 5V at a constant frequency of 25 Hz (subject 1, ASIA A).



burst-style co-activations.

Figure 2A compares the motor output induced by
(i) non-patterned epidural spinal cord stimulation
(10 V, 31 Hz) applied in supine position and (ii) by
patterned sensory input from the lower limbs
related to manually assisted, weight-bearing
treadmill stepping. In both cases data was derived
from quadriceps (Q) and hamstrings (H) from the
same, complete spinal cord injured subject (subject
2, ASIA A). Epidura stimulation elicited
dternating burst-style EMG  activity  with
maximum amplitudes in the range of 200-300 pV
and appropriate patterns resulting in rhythmical
flexion/extension movements of the lower limbs.
Peripheral feedback input related to passive
stepping generated EMG bursts which were
characterized by low amplitudes (< 50 yuV) and co-
activation of muscles. No activity was generated in
quadriceps, while EMG bursts temporally
synchronized to the step cycle were induced in
hamstrings. Tibialis anterior and triceps surae
demonstrated co-activation during the stance
phases (not displayed). No independent lower limb
movement resulted from this muscle activation.
Figure 2B displays burst-style phases in extended
time scale of quadriceps (#1) and of hamstrings
(#2) induced by spinal cord stimulation. The onsets
of applied stimulus pulses are indicated by black
dots. During the burst-style phase, each pulse of
the stimulus train elicited a single compound
muscle action potential (CMAP). The CMAPs
were subject to well-defined  amplitude
modulations resulting in a burst-like shape of the

EMG activity. Between two burst-style phases, the
same continuous stimulation induced low-
amplitude CMAPs or even failed to elicit any
response. Figure 2C demonstrates that the
hamstrings activity (#3) induced during the late
swing and early stance phase of assisted treadmill
stepping is composed of a rather continuous EMG
“interference pattern” of low amplitude. Note the
difference between the cycle duration of the
movement induced by spina cord stimulation (~1
s) and the step cycle duration during manually
assisted treadmill stepping (~3 s, determined by
treadmill belt velocity and manually imposed
movements).

Discussion

Tonic stimulation of the posterior lumbar spinal
cord can induce locomotor-like EMG activity and
rhythmic limb movement in supine individuals
with chronic, motor complete SCI. Stepping-like
movements of the paralyzed lower limbs were
initiated under following defined input conditions
to the spina cord: (i) no supraspina input (ii)
insignificant sensory feedback input (lower limbs
initially in extended position, no conditioning by
leg movement before the onset of stimulus-evoked
movements) and (iii) externally-controlled tonic
input generated by spinal cord stimulation. When
stepping-like movements were induced and
maintained by the spinal cord stimulation,
conditions were set to minimize afferent feedback-
input from load receptors (see methods). It was
shown that afferent feedback input associated with
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Fig. 2. A: EMG activity of quadriceps (Q) and hamstrings (H) induced by (i) tonic spinal cord stimulation (10 V, 31 Hz)
and by (ii) patterned sensory input related to passive treadmill stepping (treadmill speed: 0.33 m/s; body weight support:
50%); kneejoint angle (KA); subject 2 (ASIA 2). B, C: Burst-style phases displayed in extended time scale.
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“air-stepping” aone is ineffective to induce
rhythmic locomotor-like EMG activity in the
paralyzed lower limbs [6,7]. Indeed, the analyzed
EMG bursts consisted of separate CMAPs which
could unequivocally be related to the stimulus-
pulse which had triggered it (Fig. 2B). The EMG
potentials did not interfere with each other like in
the case of passive leg motion-related activity (Fig.
2C).

Epidura stimulation provided a repetitive, regular
input to several lumbar and upper sacral cord
segments via the posterior roots [3]. While coming
from “periphery”, the tonic input at a constant
frequency is unlike physiological sensory feedback
information. We speculate that this tonic input of
particular frequencies can partialy “mimic” the
missing tonic components of brainstem-originated
supraspinal driving input to the lumbar cord which
had been abolished by accidental SCI. The input
generated by spinal cord stimulation was capable
of modifying the central state of lumbar networks
and of establishing a pattern generating set-up of
lumbar neuronal circuits.

Studies have also shown that rhythmic EMG
patterns in individuals with clinically complete SCI
could be induced when leg movements were
assisted externally to provide stepping-related
sensory signals to the spinal cord [8,9]. These
patterns could not be solely attributed to rhythmic
segmental reflexes, such as stretch reflexes [6]. A
critical combination of (load- or hip joint-related)
afferent signals was essential to generate a
stepping-like EMG  activity. However, no
independent leg movements resulted from this
muscle activation in complete SCI individuals [9].
There was only passive leg motion imposed by the
physical therapists. Thiswas also seen in our study

(Fig. 2).

Activating spina pattern generating networks with
phasic feedback input to generate functional
stepping-like EMG activity in incomplete SCI
subjects requires a regular locomotor training for
an extended period of time. In complete SCI
subjects, stepping-related sensory input to the
spinal cord is ineffective to generate lower limb
movements. This might be due to a not optimal
code of the sensory feedback input used to activate
the pattern generating networks, i.e. the lack of
tonic components with particular freguencies.
Therefore we suggest that sustained stimulation to
elicit a multisegmental tonic afferent input with a
“central code” to the lumbar spinal cord might be a
valuable adjunct to treadmill training in spinal cord
injured patients.
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METABOLIC AND PERFORMANCE EVENTS FOLLOWING EPIDURAL SPINAL
CORD STIMULATION (ESCS) IN SUBJECTS WITH SPINAL CORD INJURY

Herman R "*°, Willis W °, He J 2, Carharts M >

Banner Good Samaritan Medical Center, Phoenix, AZ, USA (1)
Harrington Dept. of Bioengineering and Arizona BioDesign Institute, Arizona State Univ.,
Tempe, USA (2)
Department of Kinesiology, Arizona State University, Tempe, USA (3)

We have observed that two incomplete, wheelchair-dependent, Spinal Cord Injury (SCI)
subjects (“low ASIA C”) trained to elicit rhythmic locomotor patterns following 4 months of
Partial Weight Bearing Therapy did not exhibit corresponding changes in preferred rates of
walking, endurance and perceived sense of effort (PE) during overground walking.

Hence, a trial of ESCS was conducted. Overground walking was examined: (1) under 2
conditions in one tetraplegic subject (C5,C6), i.e., with (suprasensory, submotor) and without
ESCS; and (2) under 4 conditions in one paraplegic subject (T8), i.e. with no stimulation, with
FES of the common peroneal nerve to elicit a phase-dependent reflex activity, with ESCS at
suprasensory and motor threshold levels with/without FES.

When the ESCS system was implanted to excite upper lumbar neural segments, there was a
strikingly rapid switch in locomotion behavior in that endurance and preferred rates of
walking increased by 3-fold and sense of effort for a given distance decreased by roughly the
same magnitude. ESCS more than FES improved locomotion performance with respect to
preferred rates of walking (increasing in order of conditions in the second subject), endurance,
PE, and reliance on a walker but improvement in ESCS-related movement kinematics was
much less significant. Indirect calorimetry revealed that the enhanced physical performance
and attenuation of PE was associated with only a modest reduction in O2 cost of transport; in
contrast, ESCS promoted a profound switch in fuel selection by active muscle, increasing the
apparent fat oxidation rate by ~ 8-fold.

We posit that the change in fuel selection accounts for the observations of “sense of lightness”
of the limbs and reduced PE among MS patients treated with ESCS (Cook and Weinstein,
1973) and for the recovery of functional locomotion at home and community. Recruitment of
an oxidative motor unit pool may be a mechanism.
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COMBINED CENTRAL AND PERIPHERAL ACTIVATION OF CPG RESULTS IN
EFFECTIVE RESTORATION OF LOCOMOTION IN SPINALIZED CATS.

Nikitin O ', Gerasimenko Y ', Okhocimski D %, Platonov A 2, Ilieva-Mitutsova L *

[.P.Pavlov Institute of Physiology RAN, St-Petersburg, Russia (1)
M.V Keldysh Institute of Applied Mathematics, RAN, Russia (2)
Institute of Mechanics BAN, Sofia, Bulgaria (3)

Recently we have shown, that the epidural stimulation of L4-L5 spinal cord segments evoke
locomotorlike movements of hind limbs in decerebrated and spinalized cats. This
phenomenon is connected with intraspinal CPG activation. It is known also, that the
locomotor training by using forced walking movements can promote the process of
restoration of locomotor of spinal cord abilities in spinalized animals. In the present study the
comparative analysis of central and peripheral influences effectiveness to the restoration of
the locomotor capacities of the spinal cord in chronic spinalized cats was carried out.
Locomotor training was provided by special the robotic device. It was shown, that during the
month period after spinalization the training of induced stepping by robotic device was not
effective in restoration of the stepping. The epidural stimulation alone was not sufficient for
generating of walking. Only their combination produce stepping movements. Such 2-month’s
combined training resulted in the possibility to initiate the stepping only by periphery input.
Moreover, 3-4 month later the spinalized cat was capable to realize quadripedal waking on the
treadmill belt and on the floor under body supporting. Crosscorrelation analisis of the spinal
cord neurogramm and hindlimbs muscles EMG have shown, that the hindlimbs muscles
reciprocness is not firmly fixed in spinalized cats spinal cord, but it is composed during
waking movements, probably under the influence of afferent input. So, the combination of the
central and peripheral (especially- hindlimbs pressure receptors) influences to the CPG is
essential in restoration of the locomotor function.

The work is supported by RGNF grant Ne 03-06-00315.
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MECHANISMS OF CPG ACTIVATION IN DECEREBRATED AND SPINALIZED
CATS UNDER EPIDURAL SPINAL CORD STIMULATION

Musienko P ', Bogacheva I ', Gerasimenko Y '
Pavlov Institute of Physiology RAN, St.Petersburg, Russia (1)

Micropolarization is the new treating method using direct current and high selectivity of
influence.

The aim of the investigation was to study the ability of the spinal cord to produce of stepping
pattern in response to the epidural spinal cord stimulation (SCS) in decerebrated and
spinalized cats. It was determined that electric stimulation of dorsal surface of lumbar
enlargement can evoke the rhythmical movements of hind limbs both in decerebrated, and
spinalized animals. The rhythm of movements, interlimb coordination, reciprocity between
proximal and distal muscles and between antagonist muscles correspond to stepping. The
effective zone for inducing stepping is located in the fourth to fifth lumbar segments in cats.
The optimal frequency of epidural stimulation for eliciting of the stepping pattern was 5-10
Hz. The data suggesting the impotance of the weight support and afferent input from foot
pressure receptors in initiation locomotion. It was shown that afferent feedback is not a trigger
but it acts as a correcting factor. The studies performed on acute spinalized model showed that
the role of support and afferent input for generating locomotion significantly increases. One
hour after spinal transection the delayed polysynaptic activity arises in the structure of EMG
responses to epidural stimulation and becomes more pronounced with time. After 4-6 hours
the delayed polysynaptic components combined forming bursts of EMG activity which
occurred with certain rhythm. Visually this pattern of EMG activity corresponded to stepping
of animals.

Fundamental significance of this study is to prove that the spinal cord can produce and control
the locomotor pattern. These findings suggest a method which may be applied clinically for
the induction of limb alternations following epidural stimulation of the spinal cord. It can be
used for the rehabilitation of the patients with vertebrospinal pathology.

Supported by RGNF grant Ne 03-06-00315.
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TRANSVERTEBRAL MICROPOLARIZATION IN THE COMPLEX TRIATING OF
THE SPINAL DISORDERS: CLINIC EFFECTIVENESS

Greshnova |

Regional Hospital of Ulyanovsk, Ulyanovsk, Russia (1)

Micropolarization is the new treating method using direct current and high selectivity of
influence.

The aim of this research is: the investigation of the transvertebal micropolarization (TVMP)
effectiveness as treating method, its utilization in complex treating of chronic spinal
pathology (spinal trauma, ishemic mielopathy, syringomielia). Similar processes are wide
expanded, are badly subjected to traditional therapy and lower the level of patients life. Under
the spinal pathology the disturbances of supraspinal control of nerve cells functional state
below the injury level is observed and micropolarization permits to restore functional
connections lost in the result of pathologic process.

Electromiographic characteristics: latency, duration and amplitude of H-response under the
stimulation of n. tibialis served as criterion of TVMP effectiveness. Firstly these parameters
were investigated in healthy peoples before and after TVMP under different electrodes
localization (4 volunteers: anod in projection of C3 vertebrae, cathode-C5; 4 - opposite
localization).

Under the rostral anode localization parameters of H-response changed: latency and duration
increased, amplitude decreased, H-response was depressed by the less current strength. These
changes evidence about decreasing of neurons excitability. Under the rostral cathode
amplitude increased, H-response was depressed by the more current strength. This indicates
the increasing of lumbar enlargement motoneurones excitability under TVMP of cervical part
of the spinal cord.

Secondly we used TVMP in complex treating of patients. Before and after TVMP neurologic
status and H-response parameters were studied. TVMP resulted in positive influence:
vegetative disturbances and paresthesia became diminished, pathological muscle tonus
decreased. After TVMP curse it was observed the appearance of H-response under the lower
current amplitude, enlargement of its amplitude and decreasing of latency. It was proved the
effectiveness of TVMP in the norm and pathology
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EMG SIGNAL ANALYSIS OF THE LOCOMOTORY ACTIVITY EVOKED BY
EPIDURAL SPINAL CORD STIMULATION.

Scherbakova N !, Bogacheva I ! Kucher V', Musienko P ', Gerasimenko Y '
Pavlov Institute Physiology of the Russian Academy of Science, St.Petersburg, Russia (1)

The recent experimental researches evidence that the spinal cord (SC) of mammals, including
human, contains a network of interneurons acting as generator of stepping movements —
central pattern generator (CPG). Such network produces coordinated rhythmical patterns
activity, providing the locomotion. For this purposes we analysed the electromyographyc
activity (EMG) of the leg muscles in response to electrical epidural stimulation of the spinal
cord dorsal surface in the decerebrated cat. We used the frequencies of stimulation in range
from 1 to 20 Hz with the current amplitude twice exceeded the threshold amplitude for
reflectory responses of leg muscles. It was found that the optimal stimulus frequency for
eliciting locomotor activity was SHz. Methods of EMG analysis with Hilbert transformation
was performed for calculation of the EMG envelope so far as just the EMG envelope
describes the muscles efforts. Then autocorrelation functions (ACF) were calculated for EMG
envelopes for cases with stimulation of different frequencies. The shape of ACF for EMG of
m. tibialis ant. (TA) and m. gastrocnemius (GM) to L4 stimulation with 5SHz are different
from the shape of ACF calculated for activity of these muscles to stimulation of other
frequencies. In particular the marked ACF peaks correspond exactly to the frequency of
stimulation in cases of non-optimal frequencies, while in case of SHz stimulation these peaks
are insignificant relatively whole ACF and new peaks appear at frequency about 1 Hz. Cross-
correlation analysis of the relation between EMG and stimulus signals reveals the marked
weakening of the relation of the EMG activity patterns with stimulus impulse successions for
SHz stimulation only. The results of our investigations allow us to speculate about the
mechanisms of initiation the CPG and locomotion triggering. It is possible that the CPG
works in regimen of taking the phase under non-optimal stimulus frequencies (with response
on each stimulus impulse). But under certain optimal stimulus frequency the CPG turns into
the regimen of its own fluctuations and produces the rhythmic locomotor pattern. The
experimental data shows that the generation of locomotor activity continues after the
cessation of the stimulation with the same properties of the bursting activity.

Supported by RGNF grant Ne 03-06-00315.
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THE EUROPEAN PROJECT RISE:
GENERAL OVERVIEW AND ENGINEERING ASPECTS
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Abstract

It was and rather commonly still is general believe
that restoration of denervated degenerated mus-
culature (DDM) or even slowing down the muscu-
lar atrophy and the degeneration process after
denervation is impossible. In contrast to this
believe recent experimental and clinical work gives
strong evidence that functional electrical stimula-
tion (FES) is a powerful tool for regeneration,
functional restoration and maintenance of dener-
vated muscles.

Based on these promising preliminary findings the
European project RISE was established within the
5th Framework Program to develop an efficient
rehabilitation method and the associated technical
equipment for the treatment of flaccid paraplegia.
The project started with November 2001, has a
lifetime of 4 years and includes 10 primary con-
tractors, 3 additional contractors and 6 subcon-
tractors from Austria, UK, Italy, Germany, Slove-
nia and Island.

The experimental and clinical results acquired so
far have confirmed the sustained regenerative and
myogenetic capacity of DDM even after denerva-
tion periods of more than 10 years. Restoration of
heavily degenerated musculature requires years of
daily training with biphasic long duration
impulses, initially with durations of up to 300 ms,
later gradually reduced to 30 - 40 ms. For post
denervation time spans of less than about 2 years
the dominant mechanism of muscle wasting is
obviously atrophy and functional restoration of the
musculature is significantly easier and less time
consuming. The studies within RISE are ongoing
and final results will be available with the end of
2005.

Introduction

Practically all established clinical FES applications
are based on direct excitation of neural structures
and in case of muscle functions indirect activation
of the muscles. For the functional activation of
denervated and especially denervated degenerated
muscles (DDM) the technical requirements differ
substantially from those for nerve stimulation. Due
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to the absence of the neuromuscular junction and
decomposition of motor units muscular contrac-
tions can only be elicited by depolarizing the
cellular membrane of each single muscle fiber. The
electrical membrane excitability strongly depends
on the state of degeneration or restoration of the
muscle cell, but in any case it is much lower than
the excitability of a nerve cell.

As we know from preliminary experimental and
clinical work, biphasic rectangular impulses with
durations between 30 and 300 ms - the later in case
of long term denervation and severe degeneration -
have to be applied in order to achieve contractions
in DDM. Consequently also the required amplitude
values are significantly higher than for comparable
nerve stimulation. The recruitment of a sufficient
fiber population is depending on a homogenously
distributed electrical field more or less concen-
trated on the target muscle. The later condition is
essential to minimize unwanted co-contractions of
adjacent other muscles and intact neural structures
in the adjacent tissue. Biphasic rectangular
impulses are obviously the most efficient impulse
shape for FES of DDM. In selected cases biphasic
ramp-shaped impulses are advantageous. Those are
less efficient in force development, but provide a
significantly reduced excitation of neural structures
lying within the stimulating electric field.

A severe problem that strongly inhibits the appli-
cation of FES on denervated muscles lies in the
current EU regulations for stimulators that limit the
output energy to 300 mJ per impulse. This is by far
not enough to elicit functionally usable contrac-
tions in denervated muscles, unless they are very
small and not degenerated. To induce strong fused
contractions is in addition to functional aspects not
at least an important condition for an efficient
muscle training.

The first real functional application on FES of
denervated muscles was published by Valencic et.
al. in 1986. He has demonstrated correction of
dropped foot by stimulating the denervated tibialis
anterior muscle in a patient study [1].

Based on the results from an extensive experi-
mental study on sheep [2,3], where implanted



electrodes were used, and very promising prelimi-
nary clinical results with surface electrode based
FES [4,5] we have successfully applied for the EU-
project RISE: “Use of electrical stimulation to
restore standing in paraplegics with long-term
denervated degenerated muscles” that started with
November 2001.

Material and Methods

The target patient group is the population of
persons with flaccid paraplegia. This kind of
paralysis is caused by a lesion in the region of the
cauda equina, the lowest part of the spinal column.
In this case the lowest part of the spinal cord
respectively the originating spinal roots are
concerned and the resulting damage of the lower
motor neuron leads to a denervation of the more or
less entire lower extremity musculature. Such an
injury concerns about 20 persons per million EU
citizens every year, about one third of all spinal
cord injuries that result in paraplegia.

The objectives of RISE are

1) Development of a new efficient rehabilitation
method for the target patient group, transferable to
clinical practice

2) Development of the associated stimulation
equipment for home based training, and test and
measurement equipment for outpatient supervision,
ready for transfer to industry

3) Establishing a firm scientific basis for adapta-
tion of the EU regulation for stimulation equip-
ment to the needs of FES of denervated muscu-
lature.

The project work is organized in 5 work packages:

Workpackages 1 is an experimental study on
rabbits that aims in determination of save and
efficient stimulation and training parameters first
for restoring DDM and in a later phase for
maintaining the restored muscle. The work is
carried out by Stanley Salmons and his group in
Liverpool, UK.

Workpackage 2 is a study on pigs under the
responsibility of Werner Girsch in Vienna, Austria.
It is dedicated to a transformation of the findings
from the rabbit study to a bigger species with a
musculature that is better comparable to the human
one. In addition the pig provides the opportunity to
test surface electrode based patient stimulation
equipment under realistic conditions.

Workpackages 3 und 4 are dedicated to technical
development of patient stimulation equipment for
home based training respectively test and meas-
urement equipment for patient supervision by an
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outpatient clinic. The development work is
performed in Vienna, Austria by Winfried Mayr
and colleagues.

Workpackage 5 is a patient study on application of
FES in persons with a lesion in the cauda equina
that results in a complete flaccid paraplegia.
Helmut Kern is responsible for this study that
involves 9 clinical centers in Austria, Germany,
Italy and Island. Special main topics within this
workpackage concern muscle physiology with
research focused on muscle regeneration and myo-
genesis by Ugo Carraro, Padova, Italy and on
metabolic capacity by Helmut Gruber, Vienna,
Austria, and the development of a comprehensive
neurological assessment protocol by Milan
Dimitrijevic, Ljubljana Slovenia

The project RISE is coordinated by the first author
of this paper.

Results

After passing the Mid-term Review we are now in
the second half of the RISE project. We have
obtained many preliminary but in most of the tasks
of course not jet the final results. Especially all
three studies are still under way. Initially we had
some unexpected delay in obtaining the animal
licenses due to new tightened regulations.

In the rabbit study we had a pilot study with 20
rabbits to obtain basic data for development of
stimulation and measurement hardware and the
experimental methodology. In addition to a bench
stimulator and a dynamometer for the final
assessments a battery powered single channel
stimulator with a wireless control and program-
ming link was developed. It is capable of deliver-
ing biphasic rectangular constant current impulses
with up to +/- 10mA and impulse durations
between 0,5 and 80ms per phase. The epifascial
electrodes for the tibialis anterior muscle and
cables are made of stainless steel and silicone.
Meanwhile 50 stimulators were implanted. The
time course of chronaxy after denervation for up to
36 weeks has been determined and several series
applying different stimulation protocols have been
started.

In the pig study we have denervation of the tibialis
anterior in five animals and are in the phase of
determining the time course of denervation with
electrophysiological measurements and biopsy
analysis for this model.

In the patient study 25 persons out of 93 meeting
the inclusion criteria were selected for the study.
Following the developed assessment protocol
primary electrophysiological, biomechanical and
biopsy data were obtained and therapy with a



standardized stimulation protocol was started. In a
pilot phase data - including biopsy data - were
obtained from pre-RISE patients with different
state of muscle degeneration and FES induced
restoration.

Within the technology workpackages the first
generation of stimulation equipment for patients
was developed: It is a dual channel version
programmed by a Palm PDA via infrared link and
powered by rechargeable batteries. It is capable of
delivering biphasic impulses of various shapes
with amplitudes of up to +/-80V and lengths of up
to 150ms per phase (Fig. 1).
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Fig. I:
based 2-channel stimulator for denervated musculature

Schematic diagram of the surface electrode

For save and comfortable electrode application we
work on electrode garments with integrated elec-
trodes and cables that have to be made in such a
way that the user is able to handle them when
sitting in a wheel chair. To obtain valid data from
even very far degenerated musculature new meas-
urement techniques had to be developed. A
pendulum test measures resistance data under
different intensities of stimulation even if no
muscle reaction is palpable. A twitch sensor
applied at the patella tendon provides exact
dynamic time constants of quadriceps twitches
independently of unavoidable stimulus intensity
dependant co-contractions of the antagonistic
hamstring muscles.

Discussion

The experimental and clinical results acquired so
far have confirmed the sustained regenerative and
myogenetic capacity of DDM even after denerva-
tion periods of more than 10 years. Restoration of
heavily degenerated musculature requires years of
daily training with biphasic long duration
impulses, initially with durations of up to 300 ms,
later gradually reduced to 30 - 40 ms. For post
denervation time spans of less than about 2 years
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the dominant mechanism of muscle wasting is
obviously atrophy and functional restoration of the
musculature is significantly easier and less time
consuming.

The studies within RISE are ongoing and final
results will be available with the end of 2005.
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Introduction

The aim of the “RISE”-project is to develop a new
rehabilitation method for patients with Long Term
Denervated Degenerated Muscles (DDM) and to
create a systematic body of basic scientific
knowledge about the restorative effects of
Functional Electrical Stimulation (FES).

With this scientific basis

e cxisting EU Regulations governing the use
of electrical stimulation which currently
exclude the possibility of therapeutic use
in patients with DDM should be revised.

e cquipment should be constructed and
designed and brought to the point of
commercial adoption.

e new diagnostic and  measurement
equipment for monitoring the progress of
the therapy should be designed and
constructed.

Material and Methods

Until now 28 patients (23 men, 5 women), 54 legs
met the inclusion criteria of a flaccid paraplegia of
the m. quadriceps femoris.

Paraplegia was caused by traumatic fracture mostly
of Th 11 and 12 (Th 5 — L 1). At the beginning of
the study the mean age of men was 36 yrs, of
women 43 yrs. The mean denervation time in men
was 4.9 yrs, in women 5.8 yrs. Mean weight of
men was 77.8 kg, of women 64.8 kg, mean height
of men 179 cm, of women 164 cm.

Patients who met the inclusion criteria were
invited to Vienna. They were informed about the
project and had to give their informed consent.

Afterwards all patients followed a clinical
protocol and had to undergo the following
assessments.

To achieve a more accurate description of the
type of lesion and the remaining motor and
sensory function and to be sure that m.
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quadriceps fem. is completely denervated, we
use apart from the conventional examinations a
series of methods.

Electrical stimulation test of m. quadriceps:

Two rubber electrodes, each inside a wet sponge
bag, are positioned above the thigh (m. quadriceps
fem.). The muscle is stimulated with defined
electrical stimuli (impulse duration 145ms, 42ms,
Sms, 2.6ms and 1.3ms). The contraction of the m.
quadriceps fem. is tested manually on the muscle
belly and the patella.

Needle EMG of m. rectus femoris:

The m. rectus femoris is examined by inserting the
needle in different depths and four directions.
When necessary additional needle EMG will be
performed in m. vastus lateralis and medialis.
Insertion activity, spontaneous activity during
relaxation (fibrillation potentials, positive sharp
waves) and volitional activity are assessed. Needle
EMG examination is completed by stimulation of
femoral nerve at the groin with a supramaximal
single stimulus in order to elicit an M- wave.

BMCA - Brain Motor Control Assessment
(Assessment of motor control in spinal cord
injury):

Multichannel surface EMG recordings are used to
document the absence of reflexes and motor unit
action potentials during attempts of volitional
movements. We use a standardised sequence of
motor tasks with the subject in a supine position to
characterise features of motor control. [1]

Transcranial and lumbosacral magnetic
stimulation:

Recording conditions are the same as in BMCA.
For transcranial stimulation a double coil is placed
over Cz and the stimulus amplitude is increased
from 30-100% (in steps of 10%). A symmetric
response in biceps brachii and thenar must be
reached. Lumbosacral stimulation is carried out at
the level of Th12, L2, L4 by using a circular coil.



LSEP (Lumbosacral Evoked Potentials):

Surface recorded lumbosacral evoked potentials
are used to assess the functions of the posterior
structures and grey matter of the spinal cord and
the dorsal and ventral spinal roots. To this end
evoked potentials induced by stimulation of the
tibial nerve (popliteal) are recorded with surface
electrodes placed over the vertebral levels S1, L4,
L2 and Th12 in reference to a Th6 positioned
electrode.  Corresponding  cortical  evoked
potentials are additionally recorded with a pair of
electrodes. 120 successively evoked potentials are
averaged for each channel.

Evoked potentials are analysed for the presence of
an R-wave (conducted by sensory axons within the
posterior roots), A-wave (reflexively initiated
efferent volley conducted by motor axons) and S-
wave (generated by spinal neurons) and any
pathological differences of the waveforms and
there latencies from common standard data of
healthy subjects.

SSR (Sympathetic Skin Response):

SSR is used for examination of spinal cord injuries
and represents an addition for the proof of
disturbances of the vegetative nervous system. The
response is recorded from the palm and dorsum of
the hands and sole and dorsum of the feet. In order
to release the sympathetic skin response, the N.
medianus is electrical stimulated with a current of
25 mA and a duration of 0.1 ms.

To quantify the morphological status of the thigh
the following investigations are done:

CT- Scan
to quantify the muscle cross-sectional area, muscle
density and diameter of the cortical bone.

Skin biopsies
Muscle biopsies

for  histological, electromicroscopical
biochemical analysis. [2]

and

Bone density measurements

Based on the experience from our pilot work an
electrical stimulation protocol and a special
electrical stimulation device especially adapted to
the needs of denervated muscles was developed.
[3, 4] The patients were carefully instructed how to
put on the stimulation electrodes and operate the
electrical stimulator. The training with electrical
stimulation is carried out by the patient at home
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and is adapted regularly throughout the study
depending on the condition of the muscle and the
findings of the accompanying animal experiments.

In the beginning the training protocol consists of
two different stimulation patterns: in one program
impulses last 120ms (1.6Hz), 5sec on, 2 sec off, in
the other program impulse duration is 40ms
(20Hz), 2 sec on, 2 sec off. The daily amount of
stimulation per muscle is 15 to 30 minutes. [5]

The electrical stimulation and the force output are
checked regularly.

The clinical study is designed as an uncontrolled
cohort study. This means that parameters about
effectiveness and reliability are collected
throughout the therapy.

Results

We compare our data of biopsies of DDM with
data of biopsies of 5 years functional electrical
stimulated DDM.

The histological and electromicroscopical analysis
showed regeneration of myofibers, of metabolism
and function of the denervated muscles. [2, 6]

The minimum myofiber diameter of stimulated
DDM was analogue to normal muscle or
spastically paralysed muscle. In contrast
unstimulated DDM showed a much smaller
diameter [Fig. 1].
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Abstract

We assess the extent of myofiber regeneration in
denervated and degenerated muscle (DDM) during
long-term lower motor neuron denervation, and
their contribution to FES-induced muscle recovery.
Final diagnosis of conus cauda complete lesion
was performed at the Department of Physical
Medicine, Wilhelminenspital, Vienna, Austria.
Muscle biopsies were harvested and sent to the
University of Padova Laboratory of Applied
Myology, where structural analyses and
morphometry were performed. SCI subjects
suffering complete conus cauda syndrome (CCCS)
were biopsied from 0.7 to 37 years after lesion.
After appropriate instruction, patients were able to
carry out a functional electrical stimulation (FES)
training program at home for 15 min/day, 5
days/week. CCCS subjects were submitted to FES
at least after 0.7- to 10.6-year post-SCI, and
biopsied after 1.3- to 9.4-year FES-training.
Muscle biopsies were studied by H-E stain and
immunohistochemistry with anti-MHCemb
monoclonals. Muscle biopsies from CCCS subjects
show the characteristics of long-term denervation,
that is, they present a few atrophic or severely
atrophic myofibers dispersed among adipocytes
and loose or fibrous connective tissue. On the
other hand, monoclonal antibody for embryonic
myosin  (anti-MHCemb) shows that many
regenerative events continue to spontaneously
occur in human long-term denervated muscle.

In the FES-trained muscle biopsies the cryo-
sections consist mainly of large round myofibers
and a few regenerated fibers. There is very little fat
or fibrous connective tissue. The structural studies
confirm that the protocol used is effective in
reverting long-term atrophy/lipodystrophy of
CCCS muscles and in maintaining the trophic state
of regenerated myofibers in the FES-trained
muscles of DDM subjects.

Introduction

Denervated skeletal muscle undergoes a rapid loss
of both mass and contractile force in spinal-cord
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injury (SCI). The atrophy is especially severe when
the injury involves lower motoneurons since
several months after irreversible denervation
atrophy is complicated by muscle fat substitution
and fibrosis. While early denervation has been
widely studied both in animal models and in
humans, long-term effects of denervation has
attracted much less attention since there is a
general belief that all myofibers disappear within
twelve months of denervation [1]. However, it has
been also demonstrated by animal experiments that
permanent lower motor neuron denervation is
accompanied by a continuous production of new
myofibers [1]. Activated satellite cells, myotubes,
and regenerated myofibers are consistently present
among atrophic myofibers of rats even after a year-
long permanent denervation in both hemi-
diaphragm and leg muscles [2]. Embryonic myosin
is expressed in myotubes and young myofibers and
represents the soundest molecular marker of early
myogenic events in both developing and adult
muscles. In rats a regenerated muscle tissue
responds again to a repeated myotoxic injury with
muscle regeneration [3].

By using immunohistochemistry we here show that
regenerative myogenesis occurs in  human
denervated muscle up to 20-year after lower
motoneuron denervation [4]. Furthermore we show
that myofiber regeneration decreases after the
DDM are subjected to a FES training regime,
which effectively reverts long-term atrophy and
maintains the trophic state of newly regenerated
myofibers.

Material and Methods
Analyses of Human Muscle Biopsy

Subjects were either CCCS, or CCCS after FES
training according to [4]. Needle biopsies of
human muscles were taken from right and left leg.

Hematoxilin-eosin. Cryosections of frozen biopsies
were stained with Hematoxilin-Eosin, using
conventional techniques.

Immunohistochemistry. Serial cryo-sections were
labeled with antibodies anti-MHC-emb (from



Novocastra, NCL-MHCd diluted 1:20) for 1 hour
at room temperature. The slides were then washed
twice with TBS (5 min each) and incubated with
FITC-conjugated anti-mouse Ig (from Sigma, F-
2266 diluted 1:200) for 1h at room temperature.
This was followed by a second 5 minute washing
of the slides with TBS and nuclei counter-staining
by Hoechst 33258. In the negative controls, the
primary antibody was omitted [5].

Morphometric analysis. Images were acquired
using a Zeiss microscope connected to a Leica DC
300F camera at low magnitude under the same
conditions that were used to acquire a reference
ruler. Morphometric analysis was performed with
Scion Image for Windows version Beta 4.0.2 (by
2000  Scion  Corporation), free software
downloaded from the web site:
www.scioncorp.com. Figures were mounted and
labeled using Adobe Photoshop® v6.0. The details
of fiber typing and morphometry are reported in

[5].
Results

Figure 1 shows representative examples of the
stages, which undergo the long-term denervated
human muscle. Up to one-year denervation muscle
fibers decrease in size only (atrophy). Then (2-5
years), the severely atrophic myofibers lose all the
contractile proteins. Finally, among myofibers
which fully lost contractile proteins, adipocytes
and loose connective tissue accumulate [4].
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Figure 2 shows the time-course of long-term
denervated human muscle atrophy and recovery by
FES-training according to Kern protocol [6].
Several years of FES-training increase myofiber
size to values higher than those of both lower and
upper motorneuron lesions. Indeed, they reach the
value of sedentary normal subjects.

Anti-MHCemb positive fibers were present in all
the biopsies we studied. Table 1 shows that about
10 myofibers per biopsy were stained by anti-
MHCemb, while only 5 myofibers were recently
regenerated in the muscle biopsy of FES-trained
subjects.

Denervation FES-training
(# 20) #17)
Denervation Range (year) 0.7-8.7 3.7-135
Mean +/- SD p
«Cryosection Area (mm?)  4,9+/-1,8 6,4+/-2,0 0,006
*Regenerated Fiber/mm?2  2,3+/-2,3 0,8+/-1,3 0,011
*Regenerated Fiber/Fiber 4,1+/-5,2 1,6+/-2,1 0,058

: @/

-
N e e e e e e e e e e e e

243 | 000 | 000 | 000 | 000 [ 000|000 000 [ 000 000 | 000 [ 000 | 000 |'a00] 000 [ 000 [aco

classe

0.7 year denervation. Myo/Section Area 52.6 %

280 | 091 [ 2267 | 2501 | 2106 | 25 | g6 |

Distribuzione diamet

O Myofibers OAdipocytes

O Collagen OLoose connective

2
v

Human Long-Term
Denervated Muscle
20-6 /4,0 year

[0 a0 50 05 [s0] 0. [0 07 50 [0 s 0] 05 00 23 s 0] ez
050 [ 067 | 07 | o | om | oss [0z |
classe

[oamel | am] o 22 1@ 550 [ 050 [ 060 o0 | oo | o0 o0 [ o0 [ 000 [ o0

4.0 year denervation. Myo/Section Area 13.9 %

Fig.1: Human long-term denervated muscle. Fiber size
spectrum and percentual area of myofibers.

33

Table 1: Regenerative myogenic events in long-term
denervated human muscle without and with FES-
training.

Discussion

Over the last 30 years there has been a good deal
of interest in the use of functional electrical
stimulation (FES) to restore movement of the
limbs of patients paralysed by upper motor neuron
lesion in the spinal cord. There is, however,
another group of patients that, due to the marked
atrophy of the denervated muscle, present severe
secondary medical problems of bone and skin, and
that are more difficult to treat successfully. In these
patients, the spinal cord injury (SCI) results in
irreversible loss of the nerve supply to some or all
of the muscles of the affected limbs (conus cauda
lesion). The absence of functional nerve fibers
makes it more difficult for surface electrodes to
recruit a sufficient population of myofibers needed




to regain functional movements. Indeed, using
clinically approved stimulation devices the long-
term denervated degenerated muscle (DDM) is
poorly excitable from six months after injury.
Despite these difficulties, pilot studies on FES of
human long-term DDM have been published.
Especially encouraging are some of our previous
results [6-9], which have shown that electrical
stimulation by long impulses can be used to restore
muscle mass and force production. This clinical
work strongly supports the idea that FES is a
powerful tool for functional restoration of long-
term DDM, a fact that, for various reasons, was not
recognized until recently.

In the present work we analyzed biopsies from
long-term denervated human legs and from muscle
stimulated using a particular FES protocol.

We have here shown that about 4 % of the
myofibers stains positive by the antibody to
MHCemb, indicating that they are fibers, which
had regenerated during the last few weeks.
Embryonic myosin is expressed in myotubes and
young myofibers and represents the soundest
molecular marker of early myogenic events in both
developing and adult muscles [3]. When re-
innervation of regenerated myofibers occurs in
adulthood, either slow or fast types of adult myosin
may substitute the embryonic myosin 5-7 days
post-damage. On the other hand, if not re-
innervated [3], the regenerated myofibers undergo
atrophy and degeneration, as we have see here in
human byopsies. In the human muscle biopsies up
to 19-year post SCI, about 4 percent of fibers are
positive to immunostaining with an antibody for
MHCemb indicating recent regeneration. The fact
that the percentage of regenerated myofibers
decreases in muscle biopsies of subjects that
performed FES-training from 2.3 to 9.3 years is in
our opinion a further evidence of effectiveness of
the Functional Electrical Stimulation Therapy.
Electron microscopy analysis of DDM biopsies
confirms the immunocytochemistry findings [4].
During the next years, the goals of the EU
supported RISE project will be to identify, using
experiments in animals and clinical research, safer
stimulation protocols needed to induce -early
effects with, hopefully, a reduced stimulation
burden for the patients. If all myofibers in the thigh
could be consistently reached, the increased
muscle mass and fatigue resistance will rise
patients and their quality of life.
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Introduction

Muscle contraction is triggered by electrical
impulses, i.e. action potentials, which are
transmitted by the motoneurons to individual
skeletal muscle fibers at the level of the
neuromuscular junctions. This electrical signal
propagates along the fiber surface and enters its
interior via special invaginations of the
sarcolemma called transverse-tubules (TTs). The
TTs are closely apposed to the sarcoplasmic
reticulum (SR) and these two membrane systems
are highly ordered and organized: in fact, TTs
invaginate at precise locations along the myofibrils
(either at the Z-line or at the A-I junction) bringing
the external membrane in proximity to the SR
terminal cisternae and forming specialized
junctions called calcium release units (CRUs), or
triads. This precise morphological relation
between CRUs and myofibrils is essential for
excitation-contraction  coupling (ECC), the
mechanism that allows transduction of the action
potential into muscle contraction (Franzini and
Jorgensen, 1994; Flucher and Franzini Armstrong,
1996).

Structural and functional properties of muscle
fibers are strictly dependent upon nervous system
innervation. In fact, in case of spinal-cord injury
(SCI), skeletal muscle fibers undergoes a rapid
disorganization accompanied by loss of mass
(atrophy), contractile force, and by a series of
biochemical and physiological changes. For many
years the general belief has been that severely
atrophic muscle fibers are irreversibly lost and that
no effective treatment is available for those
muscles that have undergone severe atrophy as a
result of a long-standing denervation injury. For
this reason over the last 30 years there has been a
good deal of interest in the use of functional
electrical stimulation (FES) to restore movement of
the limbs of patients immobilized by SCI, i.e.
upper motor neuron lesion, spastic paralysis, etc.
Just recently an innovative rehabilitation procedure
based on a particular FES protocol have been
specifically developed to stimulate a response in
human long-term denervated and degenerated
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muscles (DDM) with the aim of reversing muscle
atrophy and degeneration in patients with complete
lower motoneuron lesions (Kern et al., 2002). The
results obtained with this particular FES protocol
are extremely encouraging since they have shown
that electrical stimulation by long impulses can
indeed restore muscle mass, force production and
movements even after long lasting complete
denervation (Hofer et al., 1999; Carraro, 2002;
Kern et al., 2002; Mayr et al., 2002). Surprisingly,
muscle function in the FES trained extremities was
restored sufficiently to allow for supported
standing up, standing, and even for a few steps to
be taken (Kern et al., 1999).

While the mechanical and electrical properties of
mammalian denervated muscle, together with the
structural alterations of the contractile apparatus
following early and mid-term denervation, are well
described in the literature, not much is known
about the effect of long-term denervation on the
ultra-structure of myofibrils and of membranes
involved in ECC in human muscle fiber.

Material and Methods

The samples obtained via biopsies were fixed in
2.5% glutaraldehyde in 0.2 M sodium cacodylate
buffer, pH 7.2, for 2h on ice followed by buffer
rinse and fixation for 1h in 1% osmium tetroxide.
The specimens were dehydrated in a graded series
of ethanol solutions and embedded in epoxy resin.
Ultrathin sections (about 40 nm) were cut in Leica
Ultracut R (Leica Microsystem, Austria) using a
Diatome diamond knife (DiatomeLtd. CH-2501
Biel, Switzerland) and stained in 4% uranyl acetate
and lead citrate. Sections were examined with a FP
505 Morgagni Series 268D electron microscope
(Philips), equipped with Megaview III digital
camera and Soft Imaging System (Germany).



Results

Using electron microscopy (EM), we have
performed a detailed analysis of human long-term
DDM and studied the effect of FES on the
ultrastructure of both contractile and ECC
apparatuses. Our results shows that lack of
innervation in muscle fibers results in the parallel
degeneration of both contractile and ECC
apparatuses. Myofibrils are very disorganized in
most of the fibers, while some healthy myofibrils
can still be found in few regenerating ones. CRUs
are rare and generally misshapen and ryanodine
receptors (RyRs), the Ca2+ release channels of the
SR, are also missing from most of the junctions
(Kern et al., 2004). Since effects of long term
denervation have not been described in detail in
human muscle fibers, these results are novel but
not surprising since similar results have been
described in animal models. Definitely more
interesting are the observation made in the re-
stimulated muscle fibers: in fact, FES promotes a
surprising restoration of both contractile and ECC
apparatuses. The level of recovery of
ultrastructural properties of myofibrils (Fig. 1) and
of membranes involved in ECC (Fig. 2) is striking:
CRUs and sarcomeres re-associate with each other
in way that triads are located at sarcomere I[-A
junction, as in normal human muscle (arrows in
Fig. 2 A). Triads are frequent and well distributed
within the fiber and RyRs re-appear in the

junctional gap (arrows in Fig. 2 B).
Discussion

The present structural studies are extremely
encouraging since they demonstrate that: i) the
severe muscle fibers degeneration that follows
long-term denervation is reversible, and ii) the
protocol used during FES training is effective in
reverting this atrophy in human muscle of patients
affected by long-term lower motoneuron lesion.
The reorganization of the contractile and ECC
apparatuses appears to occur in parallel, but it is
not yet clear which is the leading process.
However, since the reorganization of the muscle
fiber starts from the periphery, it is possible that
the leading event is the re-organization of the TT
apparatus, which could be promoted by the
spreading of the electrical signal along the
denervated fiber. This structural work strongly
supports the idea that FES may be a powerful tool
in the structural and functional restoration of long-
term DDM, a fact that for various reasons was not
recognized until recently.

Figure 1: FES restores the ultrastructure of long-term denervated myofibrils. The micrograph shows a
fiber from a patient that was denervated for 48 months and treated with FES for 26 months. The
restoration of myofibrils starts usually at the fiber periphery: shown in this micrograph is an area (right
side) in which myofibrils are very well organized next to a region (left side) in which the filaments are still
quite disordered, but clearly already aligning in the direction of the re-arranging myofibrils. Scale bar:

Ium.



Figure 2: FES restores the ultra-structure of the ECC apparatus. A) ECC apparatus re-associate to the
A-I junction of the sarcomere and the frequency of CRUs is also restored in a way that almost every
sarcomere has two triads on each side (small black arrows). B) triads now exhibit a normal profile and
now contain two rows of RyRs on each side of the TT (arrows) as in normal skeletal muscle junctions.
A, scale bar: 0.5um; B, scale bar: 0.1 pum.
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METABOLIC CAPACITY OF HUMAN LONG-TERM DENERVATED MUSCLES
W. Rossmanith, K. Moser-Thier, H. Gruber, R. E. Bittner
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Metabolic capacity of skeletal muscle displays a remarkable plasticity in response to physical
activity. Changes in mitochondrial density and activity are a central phenomenon of these
adaptations. Yet, little is known about the restorability of mitochondrial capacity in highly
degenerated long-term denervated muscle by means of functional electrical stimulation. We
are following mitochondrial parameters of a cohort of patients with long-term flaccid
paraplegia undergoing functional electrical stimulation. Up to now we have analyzed
mitochondrial function and total amount of mitochondria before the onset of stimulation of
the bilateral muscle biopsies of 23 patients. Mitochondrial function was determined by
respiratory physiology of permeabilized muscle fibers and mitochondrial density by
measurement of a marker enzyme activity (citrate synthase) in homogenates. Our results
indicate a generally low respiratory capacity of denervated muscles. This reduction appears to
be the result of the low mitochondrial density of these highly degenerated muscles, whereas
remaining mitochondria appear to be functional. Mitochondrial density and cellular
respiratory activity are negatively correlated with the length of the preceding denervation
period of the analyzed muscles and the extent of degeneration (as evaluated by routine
histology). These results will be a reference for the comparison of the effects of 2-3 years of
functional electrical stimulation on muscle mitochondrial capacity.
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Abstract

The pendulum test was applied to evaluate FES
induced joint moments in paraplegics with
denervated muscles. Therefore a manipulandum
was connected to the knee joint and programmed
to elicit gravity induced leg oscillations. The FES-
induced output torque was compensated before in
order to keep the leg in a mean vertical position
(knee angle 90°). A second order dynamical model
was applied to extract the elastic and viscous
moments from the recorded leg oscillations. This
model provided an almost adequate description of
relaxed and FES contracted states. In the relaxed
state the elastic moment was 15.3 £2.37 Nm/rad
and the viscous moment 0.41 £0.21 Nms/rad. The
FES induced elastic moment was 29.4 +£28.5
Nm/rad and the FES induced viscous moment 1.53
+1.03 Nms/rad (N =10, before FES-training).

Introduction

In paraplegics with denervated and long term
degenerated muscles FES-training is probed as
therapeutic countermeasure (objective of the EU-
RISE project) [1]. To elicit tonic contractions, and
to induce muscle growth in such patients, high
current repetitive stimulation is applied via large
transcutaneus electrodes over quadriceps muscles
[2]. As a side-effect of this technique, considerable
co-contraction is produced in antagonistic muscles
inducing joint stiffening. Especially in the early
phase of the training joint stiffening dominates
over output torque. Therefore, to evaluate the
stimulation and training effects, an objective
method to sense the FES-induced stiffness in the
knee joint was needed.

As joint stiffness is given by the ratio between
torque and deflection, a tensile technique has to be
applied. Basically three approaches exist to sense
stiffness at the joint level: programmed limb
deflections, programmed external torques and
gravity induced limb oscillations. Programmed
limb deflections are delivered by isokinetic
devices. Although commercial available, these
devices are less suited to sense the weak FES-
induced stiffening effects. Programmed torques on
the other hand allow the superposition of weak test
forces [3], but this tentile test has to be performed
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at horizontal limb position in order to avoid gravity
induced oscillations.

The third approach utilises the oscillations as
produced by gravity. In the pendulum test, further
known as “Wartenberg Test” [4], the leg is
dropped and the responding oscillation frequency
is analysed to extract joint stiffness. The pendulum
test was probed on paraplegics with innervated
muscles [5, 6]. As the response of these muscles
highly depend on spinal feedback, this test showed
less reliable in contrast to isokinetic constant
velocity tests [7]. For denervated muscles,
however, no spinal feedback exists, therefore the
oscillations solely will mirror the properties of the
muscles interacting at the joint.

Material and Methods
Experimental Procedure

In the classical pendulum test [5,6] the leg is raised
60° from the vertical and then released, resulting in
oscillatory motions around an resting point of 0°.
With our denervated patients this protocol works
quite well at relaxed muscles. During FES however
an output torque is produced, shifting the resting
point into vertical direction. Therefore, for

comparisons at defined knee angles, it showed
advantageous to compensate these torques with a
manipulandum.

Fig. 1: Experimental setup with electrical stimulation
and manipulandum connected to the lower leg.



Fig.1 shows the setup for the pendulum tests. The
manipulandum was connected to the knee joint via
an adjustable lever to hold the subject’s leg and
foot in a rigid position. The manipulandum
consists of a realtime controlled torque motor with
an embedded angular displacement sensor [8] to
control and to record the leg motions. Test
oscillations were elicited by raising the leg 12°
from the vertical via programmed torques.

FES was applied over the quadriceps muscle group
via large wet electrodes (biphasic pulses, width 2 x
20 ms, repetition rate 20 Hz). Each test session
started with relaxed muscles, then the stimulation
amplitude (0 to 80 Volt) was slowly increased. The
curve in Fig. 2 shows typical damped oscillations
during such a session. With stimulation amplitude
the oscillation frequency increases and the leg
extends. If the extension from the resting point
exceeded an angle of 5°, the contraction torque
was compensated automatically.
1L
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Fig. 2: Test recordings of leg oscillations while the
stimulation voltage continuously was increased and leg
extension stepwise was compensated (from subj.2)

Modeling and Analysis

Considering tonic contractions in agonist and
antagonist muscles, we can assume that the
mechanical properties at the joint are lumped
together. The oscillation dynamics of the vertical
leg then is described by the following differential
equation:

Jp+D(p,1)p+C(p,1)p+mglecsing =0 (1)

In (1) J denotes the inertial moment of the leg and
the manipulandum, D the lumped viscous moment,
C the lumped elastic moment, m the mass of the
lower leg, g the acceleration due to gravity and I,
the center of mass from the knee axis. Parameters
m, |, and J are computed from an antropometric
model of leg and foot [9] and the manipulandum
mechanics. For small ¢ around the vertical (< 15°)
and stationarity for the duration of the test,

equation (1) becomes:
Jp+Dp+Clp=0 with

C'=C+GCqy

2
A3)

Equation (2) can be solved analytically, for
damped oscillations the solution is:

and Cy = mglc
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The damping coefficient o further can be estimated
from the experimental data, whereby R is the ratio
of the peak angle of one cycle to the peak angle to
the next cycle, and T is the cycle length, see Fig. 3.

—— experiment
A — model
61 R=—L

A A

8-

ar A,

dRIAANA
TRVAYANY

T

=)

angle [°]

-6l

t[s]
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
o 05 1 15 2 25 3 35 4 45 5

Fig. 3: Estimation of R and T from experimental data

After estimation of J the viscous moment D can be
computed from equation (6), and after insertion of
(6) into (5) and some algebraic operations the
elastic moment C is given by:

47° +(InR)’

T 2

For relaxed and stimulated muscles the pendulum
frequencies are:

C'rel

c=1J -Gy (7

—§relz

rel =

\/C "rel + CrEs
Wstim = , | ————
J

- 5 stim2 (8)
After squaring both equations and insertion of
C’ra/d into (8) the FES-induced stiffness Cres then
is given by:

Cres =J (C()stim2 - Cz)rel2 + §stim2 - 5rel2)

)

By repeating the pendulum test in relaxed and
stimulated states, Cggs now is obtained without
explicit knowledge of C’.

Subjects

Until now 17 paraplegics were tested before the
beginning their FES-training. Only in 10 of these
subjects markable increases of joint stiffness (>
10%) had been observed, in the other 7 subjects



FES practically showed no effect. From all
subjects anthropometric measures were taken to
calculate the inertial parameters. For the clinical
study the stimulation amplitude was increased in
10% steps from 0 to 80 Volts. After each step
increase the produced output torque was
compensated, than the pendulum test was
performed twice, in both directions.

Results

Table 1 shows the relevant patient data and the
joint moments in the relaxed state. Only the 10
patients responding to FES are shown. According
to (3) Cg is produced by gravity and C in the knee
joint. Mean values are 0.65 £0.19 for Ji¢,, 10.6 2.4
for Cg, 15.3 £9.4 for C and 0.41 £0,27 for D.

Subj | age |size | wght|time |J,, |Cs |C D

1 m |37 |1.75]55 2 0391 7.6 | 49 [0.15
2 m |21 |194 |75 2 093 112.8 |28.8 [0.77
3m |48 |1.74 |86 6 0.61 [11.2 |12.6 [0.36
4 m |53 |1.80 |60 4 046 | 84 |10.8 [0.28
5m |31 [1.93 70 1 0.76 | 9.8 [11.4 |0.21
6 m |48 |1.77 |70 2 054 | 94 8.4 10.24
7 m |25 |1.86|72 1 0.57 {10.2 |20.7 [0.40
8 m |44 |1.77 |118 |6 0.95|16.0 {329 [0.99
9 m |20 |1.84 |70 1 0.67 [ 10.8 6.7 |0.27
10m |31 | 17575 1 0.60 [ 10.1 | 154 [0.44

Table 1: Patient data and parameters from relaxed state
(0% stimulation level) Item “time” are the number of
years since the denervation occured. C [Nm/rad], D
[Nms/rad] and J [kgm?].

Table 2 shows the contraction output torque in
dependence of the stimulation level. Due to the
different states of muscle degeneration there was a
high variation in FES responsibility. To reduce
muscle fatique the test contractions were started at
the 50% stimulation level. Only if a response was
detected at that level, the test was performed at
lower levels.

Subj [ 10 |20 {30 |40 |50 {60 |70 |80 |90 |99%
1 o |0 |0 |O (O |O (O (O |O |O
2 0 |0 |0 |0 |.15].27 .36 .41 .45 .45
3 0o |0 |0 |O |O

4 0o |0 |0 |O |O

5 0 |0 |0 |O (0O |O |0 [.27].45|.45
6 0o |0 |0 |O |0 0 |0 |.15
7 0 |0 |0 |O (O |[.03[.26].90|1.823
8 0 |0 |.30]1.8(22|3.1 48513129
9 0 |.21].66 |3.5|53(4.0.70

10 |0 (0 |O (O (O (O (O [O |O |O

Table 2: Output torque in dependence of the stimulation
level (10 to 99%) as measured by the compensation
torque [Nm].
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Table 3 shows the elastic moment in dependence
of the stimulation level (= FES-induced stiffness
Cres). At higher levels Cggs saturated or even
decreased, indicating muscle fatigue. Maximal
Crgs therefore showed a high standard deviation
(29.4 £28.5 Nm/rad). Cges however showed stable
for swing angles between 3- 15°, for angles < 3°
Chres slightly increased.

subj [ 10 |20 |30 |40 |50 [60 |70 {80 |90 |99%
1 0 0 0 0 0 0211958 95|11

2 0 0 0 0 23132 |57 |11 |62 |54

3 0 0 0 0.6 (0919016 [20 [19 |20

4 0 0 0 0 0 0 1528 |44 |56

5 0 0 0 0 031]09|7.11(32 |33 (34

6 0 0 0 0 03 (0.7 2.1(28 (86|72
7 0 0 0 0 0 09128 (3.8 |7.1 8.8

8 1.5 12512 |10 (27 |50 |75 |88 |79 |74

9 04 (071667 (20 [19 |50

10 |0 0 0 0 0 0 04119 (42|62
Table 3: FES-induced elastic moment (Cggs) in

dependence of stimulation level (10 to 99%).

Table 4 shows the viscous moment in dependence
of the stimulation level (= FES-induced viscosity
Degs). The mean of maximal Dggs was 1.53 £1.03
Nms/rad.

subj | 10 |20 [30 [40 {50 |60 |70 |80 |90 |99%
1 0 0 0 .01 |.06 |.31 [.60 .97 |.95
2 0 0 0 0 08 [38].75]1.21]2.7 |29

3 0 0 0 14 126 .85 (1.1 1.1 |10 |1.0
4 0 0 0 0 0 0 13 ].18 .28 |.30
5 0 0 0 0 .04 1.10 .83 (1.9 2.0 2.1

6 0 0 0 0 .02 (.07 |.21 [.39|.65 |.76
7 0 0 0 0 0 14112 (.54 | .84 [ 1.0

8 031.06 .24 (273919419 (321714
9 .03 (.07].0743 |12 1.1 (24

10 |0 0 0 0 .01 1.02 .19 .31 [.50 [.59
Table 3: FES-induces viscous moment (Dggs) in

dependence of stimulation level (10 to 99%).
Discussion

The results of this study show, that the pendulum
test is a helpful tool to assess muscle performance
in denervated paraplegics. The pendulous motion
was well described the second order model, both in
the relaxed and FES-contracted state, which
allowed the extraction of elastic and viscous
moments. With contraction level the number of
oscillations decreased, a fact resulting from the
quadratic term of the damping coefficient in
equation (5). Therefore with FES-trained subjects
it might be better to apply a model-adjustment
technique for extraction the joint moments.



In the present study the values of C and D in the
relaxed state were considerable smaller as reported
for the normal leg (35.7 £7.8 Nm/rad and 1.85
+0.16 Nms/rad from [10]). Muscle atrophy and
degeneration (replacement of muscle tissue by
connective tissue) is held responsible for this
effect. Degeneration on the other hand could lead
to increased stiffness in the relaxed musculature,
an effect termed as “contracture”. Actually this
effect was not observed as in all patients C was
lower than in the normal leg.

An other effect that could influence passive muscle
stiffness is the formation of a rigor complex in the
crossbridges due to a lack of ATP. In the normal
muscle such a rigor sometimes is observed after
exhausting contractions or fatiguing electrical
stimulation. To clarify the formation of a FES-
induced rigor in the denervated musculature, it
would be necessary to repeat the relaxed test after
the FES-training.

In the FES-contracted state, Cres and Dggs highly
depend on individual factors, obviously reflecting
the differences in patient history. Consequently the
calculated mean values showed considerable
variation and are not very representative. However
compared to the produced output torque, the two
joint moments showed a higher responsibility to
FES. Even from the other 7 subjects from which no
one produced an output torque, small increases of
C and D were observed. It is therefore concluded
that the two joint moments are the better indicator
to detected weak contractions in the denervated
musculature.

The main problem in the clinical application of the
pendulum test was FES-induced fatigue.
Specifically in the non-trained musculature as
studied here, signs of fatique often are observed 50
seconds after induction of repetetive stimulation.
The reasons for fatigue are multiple such as limited
aerobic/ anaerobic capacity, local acidosis,
depletion of calcium and tissue heating due to
power absorption from high current stimulation.

To reduce the effect of fatigue on measurement,
the total observation time has to be reduced to less
than 50 seconds. Actually the typical duration of
one oscillation is 10 seconds including a pause to
ensure that an oscillation has died out before the
next oscillation starts. However as the analysis
showed, the main information lies in first two or
three oscillations with large amplitudes. Therefore
the later oscillations may be reduced by braking or
active damping with the manipulandum. Further it
showed not necessary to perform the test twice at
each stimulation level (in both directions), as the
directional asymmetries were small.
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Abstract

A finite difference model of the human thigh is
used to analyze the excitation process in the fibers
of denervated skeletal muscles which are treated
by Functional Electrical Stimulation (FES) via
surface electrodes. The MATLAB research tool
FES-FIELD was developed to simulate the
stationary electrical field for real human 3D
geometry.

The first part of this computer simulation study
was to compare the excitation effect of the FES via
an extracellular point source in relation to the
longitudinal position of the electrode above a
single denervated skeletal muscle fiber. Action
potential initiation is simulated with a muscle fiber
model of the Hodgkin Huxley type and with a
generalized form of the activating function. Results
showed that there is an optimal longitudinal
position of the electrode at the muscle-tendon
Junction with strongest excitation effect.

The second part, being the purpose of this study,
was to analyze the entire amount of skeletal muscle
fibers in the 3D electrical field. Therefore another
MATLAB research tool (FES- ANALYSE) was
developed to give a first estimate of supra-
threshold regions. At the endings of a target fiber
the activating function is proportional to the first
derivative of the extracellular voltage, whereas the
second derivative is the driving element for the
central part. The analysis demonstrates that it is
generally easier to initiate action potentials at the
fiber endings especially for fibers in deeper
regions.

Introduction

Most of the knowledge on Functional Electrical
Stimulation (FES) of denervated (flaccid
paralyzed) muscle is the product of more than 30
years of experimental use [1], i.e. it is empirical
and subjective. Excitation of denervated skeletal
muscle fibers depends either on electric field
distribution in muscle tissue or on membrane
properties and the microscopic morphological
features of muscle cells [2]. The whole simulation
of the combined models is necessary to
quantitatively observe all the processes which
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happen during FES and to optimize the effects
caused by the applied voltage.

With the potential distribution along one muscle
fiber the activating function [3], calculated along a
nerve fiber, can be determined. A useful membrane
model [4], caused by the use of voltage-clamp
techniques, is available and the early model study
of Adrean & Peachey [5] showed that the
transversal tubular system (T-system) exerts an
important loading effect in the form of a tubular
outlet current.

For quantitatively observation a 2D-model of the
distribution of the extracellular electric field in a
length section of the human thigh has been
established in 1997 and 1999 [4]. It focuses on
denervation of the lower extremities. The major
target muscle for FES that causes knee extension is
the m. quadriceps femoris. Distribution of the
electrical potential along its fibers is representative
for its functional contraction caused by its
electrical activation. In this 2D-model, where the
femur is of low conductivity compared to the
surrounding tissue, the current - applied through
surface electrodes covering the m. quadriceps
femoris - cannot be passed on to the hamstrings
below the femur. However, in a 3D-simulation [6]
the stimulation current can be passed on to the
hamstrings through the muscles enclosing the
femur. Voltage distribution changes considerably
compared to the 2D-model.

In comparison to the stimulation of motorneurons
functional electrical stimulation of denervated
skeletal muscle fibers needs essentially stronger
stimuli in voltage as well as in pulse duration.
Therefore, optimization of the stimulation
parameters including shape and positioning of
surface electrodes are important topics for the
treatment of paraplegic patients with denervated
muscles.

Material and Methods

Muscle fiber compartment model

A muscle fiber is
essentially consists
transverse tubular

a cylindrical cell which
of the sarcolemma, the
system  (T-system), the



myofibrils and the intracellular fluid. The electrical
excitation of a target fiber is simulated with a
compartment model of Hodgkin Huxley type that
is extended to include the current flow it into the
T- system, i.e. membrane current im becomes
imziivn+iT+Cmd—V (1
dt

The ionic currents across the membrane consists of
sodium iy, potassium ix and leakage current i
with a shift of the sodium current characteristics
towards hyperpolarization, depending on the status
of the denervation [1]. irresults from the potential
difference between the membrane potential V and
the outermost (at radius a) tubular potential Vi{(a),
which causes a current over the access resistance
Rs of the T-system. The tubular potential is
determined from the differential equation [2]

G [32VT+WT]— vy |
LT Cgp? T pap) T

where cr is the capacity of the T-system. The
calculation of the ionic currents of the T-system
i;onr 18 analogue to those of the sarcolemma with
corresponding parameters. G r denotes the lumen
conductivity of the T-system and p is the fiber
radius. The current relation along the fiber is

a (9°Vv 9V, .
2o\ o T

i 2)

ion, T

3)

with fiber radius a, the intracellular conductivity
P the second derivation of the transmembrane and
the extracellular potential V and V, as functions of
the fiber’s length co-ordinate x.

With constant compartment length Ax the
numerical form of (1) and (3) for the central
compartments results in

=c—"+i

a|:Vn+l _2‘/n +VrH L‘/eJHl _2"/e.n +‘/e.nl:| dV .
B dt ionn

nyi g (4)
2.0 A A T

where the exciting effect of a denervated muscle
fiber can be obtained by the classic activating
function

%V,
ox*
which was introduced to calculate the extracellular

influence of the electrical field V, along a nerve
fiber x.

f= S)

The junction between skeletal muscle and tendon
(Fig. 1) consists of hemidesmosomes at the end of
each muscle fiber as a mechanical connection to
the collagen bundles of fibers of the tendon. At this
location a very strong inhomogeneity referring to
the muscle fiber can be observed because there is
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no continuity between muscle fiber and collagen
fibrils.

Fig. 1: Muscle-tendon jﬁnction
1...finger-shaped  endings of  muscle
2...fibrocyts, 3...collagen fibrils, 4...erythrocyte.

(enlargement 4000);

fibers,

It can be assumed, that no intracellular current is
able to flow across the barrier between muscle
fiber and collagen fibrils of tendon tissue. This
consideration can lead to a substantial contribution
of activating effect at the terminal region of the
muscle fiber (Fig. 1), where the classic activating
function for quasi infinite fiber length is negligible
small. For that reason (4) is reduced to

a VZ_VI Ve,z_Ve.l d‘/lv .
. + =Cc-—+1
2.p-Ax | Ax Ax

dt ionl
a . VN,I _VN + Ve,N—l _Vp,N
2.p-Ar | A Ax

+ip,

&)

_av,
=c dt LY

+ipy

This means that the activating function [3,4]
becomes proportional to the first derivative of the
extracellular voltage at the endings of a fiber

oV
r=le 6
S 3 (6)

X

(terminal activating function), whereas the second
derivative is the driving element for the central part

(5).
Electrical field

The geometric information is available as a
number of CT cross-sections from patient data
(Fig. 2). The MATLAB application FES-FIELD
provides an input filter for DICOM format, which
first converts the files into gray scaled 16bit
images, then finds the outermost contour (skin) and
last colors the contour-pixels white and all outlying
pixels black (air). Depending on their gray values,
the pixels inside the contour (skin) represent the
basic types of tissue (conductivities in S/m): fat
(0.03), muscle (0.1 transv. and 0.7 longitud. to
fiber direct.), bone (0.016) and connecting tissue
(0.06). The entire gray scale can be divided into



several groups where each group stands for a type

Fig. 2: Geometric 3D-Model of a right human thigh
built by 51 CT cross-sections between hip and knee.

of tissue. The potential distribution is evaluated
with the finite difference method considering a

conductivity of 10S/m for the electrode material
(for details see [4, 6]).

Results

An example shows the stationary electrical field
calculated by FES-FIELD in one length-section
applied by large electrodes of 2 different locations
(Fig. 3). The electrodes (black) are of rectangular
shape (8 by 10cm) and placed centered onto the
thigh. The distance from the center of the proximal
to the center of the distal electrode is 10cm in case
1 (Fig. 3, left) and 15cm in case 2 (Fig. 3, right).
The position of the proximal electrode is kept
constant in the two cases and the distal electrode is
shifted Scm towards distal in the second case.

Fig. 3: Analyse of the electrical field in a CT length section of a human thigh applied by 2 electrodes (black) in 2
different cases (left: small distance; right: large distance). The electrical field is indicated by equipotential lines (top).
Activation areas of the muscles (red) are determined either by the terminal activating function (middle) or by the classic

activating function (bottom).
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The stationary electrical field applied by a
stimulator with pulse parameter of 80V and 20ms
is shown by equipotential lines on gray scaled CT
length sections from the middle of the thigh (Fig.
3, top). The equipotential lines are equally spaced
by approx. 7V. In case 2 the electrical field
distribution over the muscles of the thigh is more
symmetrically in contrast to case 1 due to electrode
position.

The terminal activating function is higher in case 2
than in case 1 (Fig. 3, middle). The red area
indicates all possible muscle fiber endings which
would be over threshold and therefore excited due
to the stimulation parameter and the field
distribution. In case 1 the area of activation is
mostly in quadriceps femoris and would be an
optimum for knee extension to stand up. In case 2
also the area of hamstrings are activated, which
would lead to co-contraction of hamstrings and
would reduce knee extension force despite of more
activation in the area of quadriceps than in case 1.

The classic activating function (Fig. 3, bottom) is
nearly equal in case 1 and case 2. In case 1 the
largest area of activation can be observed very
superficial direct under the fatty tissue near the
distal edge of the proximal and the distal electrode
caused by a stronger field distortion than in other
areas due to the effect of the electrodes itself. In
case 2 the activation is shifted towards distal and is
reduced at the distal edge of the proximal electrode
caused by lower current density due to larger
electrode distance. The sum of all activated areas is
very small an would not lead to a proper knee
extension force for standing up neither in case 1
nor in case 2.

Discussion

In this research the stationary electrical field in the
human thigh while applying functional electrical
stimulation to paraplegic patients was simulated.
One of the initial motivations for developing this
simulation was being able to determine voltage
distribution along muscle fibers. Using the 3D-
matrix giving a voltage value for each pixel, the
voltage distribution along any fiber or path can be
determined whereof the activating function can be
calculated. In difference to the classic activating
function f the terminal activating function f” effects
only in the first or the last segment of the muscle
fiber; everywhere else it is zero.

The classic activating function alone is useful for
calculating the excitation of long nerve fibers. In
contrast to typical muscle fiber stimulation in
many FES applications the structure of an involved
nerve fiber is homogeneous and seems to be of
infinite length at the region of interest. Also for
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single muscle fibers the classic activating function
can be used, but only in the case of a very short
distance [7] (up to 1-2mm) of the electrode to the
fiber. For larger distances the exciting effect from
an electrode placed over the end of the muscle
fiber, calculated by the terminal activating function
is stronger than the effect from an electrode
positioned in the middle with equal amplitude.

Most cases for FES in denervated muscle are
similar to the results in Fig. 3. The electrodes are
much farther than 2mm from the target fibers,
which means that the thickness of the fatty tissue is
more than 1cm. For this reason the exciting effect
at the muscle-tendon junction is stronger than
anywhere else along the muscle fibers to force
action potential and this is the only way to produce
enough knee extension force for standing up.
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Abstract

The prolongation of skeletal muscle strength in aging and
neuromuscular disease has been the objective of numerous studies
employing a variety of approaches.

The characteristic loss in muscle mass, coupled with a decrease in
strength and force output, has been associated with a selective
activation of apoptotic pathways and a general reduction in survival
mechanisms. Aging and genetic diseases, such as muscular dystrophies,
amyotrophic lateral sclerosis, cancer and AIDS, are characterized by
alterations in metabolic and physiological parameters, progressive
weakness in specific muscle groups, modulation in muscle-specific
transcriptional mechanisms and persistent protein degradation.
Although considerable information has accumulated regarding the
physiopathology of muscle diseases, the associated molecular
mechanisms are still poorly understood.

In this context, where direct therapeutic approaches to redress the
primary disease are still sub-optimal, it may be more effective to focus
on strategies for improving skeletal muscle function. In this review we
will discuss the potential therapeutic role of Insulin-like Growth Factor
1 (IGF-1) in treatment of muscle wasting associated with several
muscle diseases.

Text

While much has been learned about skeletal muscle formation in the
embryo, less is known about the molecular pathways controlling
skeletal myocyte survival and plasticity in the adult. Tissue remodeling
is an important physiological process which allows skeletal muscle to
respond to environmental demands. In particular, the complex
contractile properties of skeletal muscle depend upon a heterogeneous
population of myofibers that confer the functional plasticity necessary
to modulate responses to a wide range of external factors, including
physical activity, change in hormone levels and motor-neuron activity,
oxygen and nutrients supply [1]. Fiber type is an essential determinant
of muscle function and alteration in fiber composition represents a
major component in the muscle degeneration associated with muscle
diseases.

Chronic protein degradation is one of the most devastating
consequences of defects in muscle survival mechanisms. For example,
one of the most severe characteristics of muscular dystrophy is the
progressive loss of muscle tissue due to chronic degeneration of muscle
and to the exhaustion of satellite cells that replace damaged fibers [2].
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Thus, the persistent protein degradation observed in neuromuscular
diseases reflects a pathological muscle catabolism.

To date however, efforts to prevent or attenuate age- or disease-related
muscle degeneration have been largely unsuccessful. Cell-based
therapies have been stalled by the difficulty in obtaining sufficient
numbers of autologous myoblasts and by inefficient incorporation into
host muscle [3,4].

The identification of multi-potent stem cells residing in extra-
hematopoietic adult tissues has offered new perspectives in cell-
mediated therapy for genetic diseases. Small numbers of haematopoietic
stem cells (HCS) reside in the muscle beds of non-injured animals and
more migrate into sites of injury, suggesting a mechanism by which
damaged tissues are repaired [5]. However this seems a rare event and
presents limitations for an efficient tissue repair.

Administration of growth hormone prevents age-related loss of muscle
mass, but has failed to increase muscle strength.

Experimental models of muscle growth and regeneration have
implicated Insulin-like Growth Factor-1 (IGF-1) as an important
mediator of anabolic pathways in skeletal muscle cells [6]. In particular,
IGF-1 is a key factor in the induction of muscle hypertrophy, thus a
potential therapeutic approach that could counteract muscle atrophy
observed in aged and pathological muscle is the induction of an increase
in muscle mass.

We have generated a transgenic mouse carrying a local isoform of IGF-
1 (mIGF-1) under the control of the muscle-specific regulatory elements
from the MLC1/3 locus [7]. These mice display increased muscle mass
associated with increased force generation compared to age-matched
wild type littermates. Examination of older mice revealed that
expression of the mIGF-1 transgene is protective against normal loss of
muscle mass, promoting muscle regeneration [7].

In addition, high levels of mIGF-1 transgene expression in the mdx
mouse model of muscular dystrophy also preserves muscle function in
the absence of dystrophin, inducing significant hypertrophy and
hyperplasia at all ages observed, reducing fibrosis and myonecrosis, and
elevating signaling pathways associated with muscle survival and
regeneration [8].

In addition, we analyzed whether muscle regeneration involved the
recruitment of uncommitted cell populations. We demonstrated that the
capacity of the transgenic muscle to regenerate is also associate to an
increase in the recruitment of circulating stem cells expressing Scal,
CD45 and c-Kit, general markers of hematopoietic stem cells [9]. The
recruited uncommitted cells homing the damage muscle, contribute to
muscle regeneration and guarantee a reserve of muscle stem cells.

IGF-1 can therefore act, in combination with other regenerative factors,
as a homing signal attracting circulating stem cells to repair injured
muscle.

All of these evidences suggest that IGF1 activates regenerative
processes and survival pathways leading to maintenance of muscle
phenotype and attenuation of muscle atrophy and disease.

49



Reference

[1] Buonanno A., Rosenthal N.: Molecular control of muscle diversity
and plasticity. Dev. Genet. 1996, 19:95-107.

[2] Musaro A, Rosenthal N. Attenuating muscle wasting: cell and gene
therapy approaches. Current Genomics 2003; 4:575-585.

[3] Grounds, M.D. Myoblast transfer therapy in the new millennium.
Cell Transplant., 2000, 9: 485-487.

[4] Grounds, M.D., White, J.D., Rosenthal, N., Bogoyevitch, M.A. The
role of stem cells in skeletal and cardiac muscle repair. J.
Histochem. Cytochem., 2002, 50: 589-610.

[5] Blau, H.M., Brazelton, T.R., Weimann, J.M. The evolving concept
of a stem cell: entity or function? Cell, 2001, 105: 829-841.

[6] Musaro A.,Rosenthal N: The role of local Insulin-like Growth
Factor-1 isoforms in the pathophysiology of skeletal muscle. Current
Genomics 2002; 3: 149-162.

[7] Musaro A, Mc Cullagh K, Paul A, Houghton L, Dobrowolny G,
Molinaro M,. Barton ER, Sweeney LH, Rosenthal N: Localized Igf-
1 transgene expression sustains hypertrophy and regeneration in
senescent skeletal muscle. Nature Genetics 2001; 27: 195-200.

[8] Barton ER, Morris L, Musaro A, Rosenthal N, Sweeney HL:
Muscle-specific expression of insulin-like growth factor I counters
muscle decline in mdx mice. J Cell Biol. 2002; 157: 137-48.

[9] Musaro A, Giacinti C, Borsellino G, Dobrowolny G, Pelosi L, Cairns
L, Ottolenghi S, Bernardi G, Cossu G, Battistini L, Molinaro M,
Rosenthal N. Muscle restricted expression of mIGF-1 enhances the
recruitment of stem cells during muscle regeneration. PNAS 2004;
101: 1206-1210.

Author’s address:

Dr. Antonio Musaro

Department of Histology and Medical Embryology;
Interuniversity Institute of Myology, University of Rome La
Sapienza, Via A. Scarpa, 14 00161 Rome

e-mail: antonio.musaro@uniromal..it

50



Keynote lecture

S. Salmons (Liverpool, UK)

51



FES OF DENERVATED MUSCLES: BASIC ISSUES

S. Salmons, Z. Ashley, H. Sutherland, M.F. Russold, F. Li, J.C. Jarvis

Muscle Research Group, Department of Human Anatomy and Cell Biology
University of Liverpool, Liverpool L69 3GE, UK

Abstract

Denervating injuries result in flaccid paralysis and
severe atrophy of the affected muscles. We review
here the potential for functional restoration of such
muscles by electrical stimulation, focusing on the
basic scientific issues.

Introduction

Over the last 30 years there has been much interest
in the use of Functional Electrical Stimulation
(FES) to restore posture and movement to paralysed
limbs. This has focused largely on patients who
have sustained an upper motor neuron lesion,
resulting in spastic paralysis. There is, however,
another group of patients whose problems are
more severe and more difficult to treat: those who
have sustained an irreversible lower motor neuron
injury, resulting in flaccid paralysis of the affected
limbs. The condition is more severe because of
the marked atrophy of the denervated muscles and
the associated deterioration of joints and skin. It is
more difficult to treat because direct stimulation of
muscles requires more electrical energy, particularly
if parts of the muscle distant from the electrodes are
to be recruited. Nevertheless it has been shown—
contrary to widely held opinion—that an intensive
regime of electrical stimulation can have a marked
influence in such patients, even after long-standing
denervation [1, 2]. Electrical stimulation improved
the excitability of the denervated tissues, reversed
much of the loss of mass, and in some cases restored
quadriceps muscle function sufficiently to support
standing up .

A more extensive investigation is now under
way, involving bioengineers, basic scientists, and
clinicians, supported by the EU Project ‘RISE’. One
objective of this project is to seek a better scientific
understanding of the phenomena surrounding
long-term denervation and stimulation of skeletal
muscle, one which can be used as a starting-point
for stimulation techniques that are safe, effective
and patient-friendly.
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What are the potential therapeutic benefits of this
approach in these patients? The following would be
regarded as satisfactory clinical outcomes:

1. Restoration of muscle mass. For cosmetic
reasons and to improve skin cushioning.

2. Restoration of muscle force. For standing up
and standing of short duration, with associated
improvements in local blood flow, skin condition,
and general cardiovascular fitness.

3. Improved fatigue resistance. For standing of
longer duration.

Whether these outcomes are achievable depends on
more than just the nature of the response of the tissue
to long-term denervation and stimulation. What is
equally important in practice is the motivation that
can be expected from the patient and the extent to
which they are prepared to integrate the therapeutic
regime into daily life. If, for example, we were to
show that the desired results could be achieved in
animals by stimulating each muscle formore than one
hour per day, this would be scientifically interesting
but clinically irrelevant: few patients would agree
to a regime that interfered to this extent with their
normal activities. Conversely, if restoration of mass
turned out to be the only feasible outcome, we could
try to achieve it with fewer impulses, arriving at a
protocol that was more acceptable to the patient.

In the following we will examine some of the
basic issues that we and other participants in the
‘RISE’ project have encountered. At this stage
more questions will be raised than answers given.
The reason is that, with a few exceptions, the
experimental literature tends to focus on denervation
of relatively short duration. By investigating the
effects of long-term denervation, with and without
chronic supramaximal stimulation, we are entering
largely unknown territory.

Excitability

When a muscle is denervated it becomes less
responsive even to direct stimulation. This



reduction in excitability presents a major practical
difficulty. In patients it has been necessary to use
biphasic rectangular current pulses with a duration
as long as 120 ms to recruit fibers throughout the
quadriceps femoris muscles. These long durations
preclude the use of tetanic stimulation, and initial
training has to be confined to twitch contractions.
Kern and his colleagues found, nevertheless, that
muscles subjected to this type of training for several
months became more excitable. Pulses of shorter
duration (such as 40 ms) could then be used, and
this allowed low-frequency tetani to be introduced
into the regime [3].

We wanted to set up an animal model of these
changes in excitability. With Hermann Lanmiiller
and his colleagues we developed a technique for
monitoring the rheobase and chronaxie in conscious
rabbits (chronaxie is the pulse duration needed to
excite the muscle at twice the threshold amplitude,
or rheobase). A selective motor denervation was
performed on the tibialis anterior muscle of one
hind limb; foil electrodes placed on the muscle
were connected to an implanted stimulator. After
the animal had recovered from anaesthesia, the
muscle could be palpated for threshold contractions
while the implanted stimulator was controlled by
a PC via a radiofrequency link. The results will
be presented in more detail at this conference by
Dr Zoe Ashley, on behalf of the Liverpool group.
Chronaxie lengthened to about 15 ms within days
of denervation, but did not increase more than
this, even after denervation for 24 weeks. Chronic
stimulation of 10-week-denervated muscles for 6
weeks had no apparent effect on chronaxie. How do
we explain these differences between clinical and
experimental findings?

It seems unlikely that rabbit muscle differs
fundamentally from human muscle in its response
to denervation. It also seems unlikely that the period
of denervation was too short to model the human
response; phenomena in smaller laboratory animals
tend, if anything, to occur on a more rapid time
scale than those in large animals, including man.
The denervation period is being extended to 36
weeks, but so far the chronaxie seems not to differ
from that obtained at 24 weeks.

It remains possible that the changes in excitability
observed in the clinical situation occurred outside
of the muscle itself. In the patients the stimulating
electrodes were placed on the skin, and changes in
the composition of subcutaneous tissues could have
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affected the measurement of excitability. In the
rabbits, the electrodes were placed directly on the
surface of the muscle, and measurements would not
be affected by changes in surrounding tissues. This
explanation gains some support from our colleagues
in Padua, who have looked at the excitability of
denervated muscles in the anaesthetised rat; they
found that chronaxie was considerably longer
when measured with skin electrodes than with
intramuscular electrodes.

Muscle mass and cross-sectional area

The thighs of trained patients acquired an external
appearance that, while still not normal, was much
more acceptable cosmetically to the patient. Cross-
sectional areas were measured by computerised
tomography; in one patient (V.Z.) training for 26
months increased the cross-sectional areas of the
two quadriceps muscles to 94.7% (right) and 85.7%
(left) of the areas typical of a healthy subject [2].
This is in striking contrast to the severely wasted
appearance that is seen in untrained, long-term
denervated limbs.

The denervated rabbit muscles showed a similar
response. The stimulated muscles were markedly
larger, in both mass and cross-sectional area, than
denervated controls. Histological examination
showed that the fibres in these muscles were larger
in diameter and more tightly packed. Although
there was some inter-animal variability, some of
the muscles had a histological appearance that was
close to normal, something never seen in muscles
subjected to denervation alone.

Force-generating capacity

Before training, the quadriceps muscles of the
patients could not develop measurable torque at the
knee. The increase in muscle size brought about by
long-term stimulation was accompanied by a return
of force, sufficient in some cases to support standing
up. The force was, however, a small fraction of what
might have been expected from the cross-sectional
area—only 10% that of a normal subject in the case
study referred to above.

Rabbit muscles that had been denervated and
stimulated also showed a shortfall in force-
generating capacity. The force per gram wet weight
for a maximum tetanic contraction was 5.6 N/g,
against the 7.7 N/g of the control innervated muscles.



What is the reason for this underperformance?

In the patients, only net knee torque has been
measured; this gives an artefactually low estimate
of the torque exerted by the quadriceps muscles
because of co-contraction of antagonists. A new
non-invasive technique developed by Dr D. Rafolt
should overcome this problem. It is also difficult to
recruit the entire muscle by surface stimulation in
man. However, neither of these factors can explain
the abnormally low forces developed by denervated
muscles in the rabbit.

In both human and rabbit denervated muscles, the
long duration of the stimulus pulses places an upper
limit on the frequency used to generate a tetanus.
However, examination of force-frequency curves
in the rabbit (Fig. 1) shows that the tetanic force
is already asymptotic at 50 Hz, so it is unlikely
that the tension shortfall is due to low stimulation
frequencies. Moreover, the tetanus elicited at 50 Hz
is sustained and shows a slight ripple corresponding
to individual stimuli; this would argue against a
failure of excitation-contraction coupling, at least in
the population of fibres that is developing tension.

- - - Control TA
— —10w den

—— 10w den, 6w
stim

Force (N/g)
© A N W A OO N ® ©
St

100 150 200
Frequency (Hz)

Fig. 1: Effect of denervation, and denervation with
stimulation, on rabbit tibialis anterior muscles. The
stimulation pattern illustrated was as follows: pulse
duration, 20 ms; burst frequency, 20 Hz; on time, 2 s; off
time, 1 s; stimulation delivered for 1 h/day. w=weeks.

It remains possible that tension development is
affected by abnormalities at the fibre or the whole
muscle level. At the fibre level the myofilament
arrays could be disrupted or myofibrillar occupation
of the fibre cross-section could be reduced by the
presence of mitochondria or other structures. At
the whole muscle level, the cross-sectional area
occupied by contractile tissue could be reduced
by oedema, fat, or fibrous connective tissue.
Microscopic examination of stimulated denervated
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muscle tissue from both patient biopsies and the
experimental rabbits reveals a substantially normal
appearance, and this currently favours explanations
based on changes at the fibre level. Investigations in
progress should help to throw further light on this
question.

Contractile speed

The contractile speed of the human muscles is not
known, although the non-invasive technique already
mentioned should provide information on this. In
the rabbits, the denervated muscles contract more
slowly than their innervated counterparts in the
contralateral hind limb, and this difference remains
after chronic stimulation. Although the denervated
muscles have a low maximum shortening velocity,
this alone does not entirely explain the differences
in contractile speed. The muscles show a very high
twitch:tetanus ratio, which points to prolonged
activation. This may be due to deficiencies in the
mechanisms for calcium ion reuptake or other
abnormalities in the sarcoplasmic reticulum
membrane.

The slowness of the muscles is not necessarily a
disadvantage. Although it reduces the available
power, it permits substantial fusion, even of low-
frequency tetanic contractions, and the force
developed is correspondingly greater.

Fatiguability

Although some of the trained patients can stand
with quadriceps stimulation, the muscles quickly
fatigue. There is no evidence of this in the rabbit
model. The fatigue resistance of a 10-week-
denervated muscle is not substantially different to
that of a normal, innervated muscle and undergoes
no change in response to 6 weeks of stimulation.
After denervation and stimulation, therefore, the
rabbit muscle is neither more nor less fatigue-
resistant than an innervated control muscle. This
is somewhat unexpected, for an innervated muscle
would show a marked increase in fatigue resistance
after 6 weeks of stimulation.

Examination of sections stained histochemically for
the demonstration of NADH tetrazolium reductase
indicates that the denervated rabbit muscle fibres
have a greatly increased mitochondrial population.
Such an appearance would normally be associated
with a highly fatigue-resistant character. This



suggests either that the mitochondria do not function
normally, or that oxidative metabolism is rate-
limited by the blood supply to the muscle or oxygen
transport to the fibres. These putative mechanisms
are currently under investigation, but preliminary
evidence from our colleagues in Vienna (Dr F.
Bittner, Prof H. Gruber) suggest that there may be
some decoupling of oxidative-phosphorylation.

Degeneration-regeneration

Biopsies from the patients’ quadriceps muscles have
been examined in Padua by Professor U. Carraro
and Dr K. Rossini. Using antibodies to embryonic
myosin isoforms they have demonstrated a higher
than normal incidence of ongoing regeneration in
the denervated muscles. We will be applying similar
techniques to the examination of the denervated
rabbit muscles, but quantitative morphology on
the samples obtained to date indicates that the
total number of fibres in the muscle is not changed
by denervation with or without stimulation. This
suggests either that degenerative-regenerative
phenomena take place at a low level, or that the
degenerative loss of fibres is balanced by the
generation of new fibres. It remains possible that
muscle degeneration takes place on a larger scale
in the patients after denervation for some years,
and that this stage has not yet been reached in the
experimental rabbit muscles.

Conclusions

To date, the rabbit experiments offer no evidence that
long-term stimulation can change the excitability of
the muscle. It would seem that the training regime
will continue to be limited to twitch or low-frequency
tetanic stimulation. Considerable restoration of
muscle mass is achievable through stimulation.
However, the force-generating capacity of these
muscles does not increase commensurately, possibly
because of abnormalities at the ultrastructural level.
There is no indication, so far, that this situation
can be improved by stimulation. In the rabbits the
denervated muscles remain slow after stimulation.
Although this limits the available power, it
enhances the force that can be generated in low-
frequency tetanic contractions. There is currently
no explanation for the fatiguability of the trained
human muscles, although the rabbit experiments
point to possible abnormalities in oxidative
metabolism. Regenerative phenomena clearly play a
part in the processes of denervation and stimulation,
but their importance remains to be established. We
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should emphasize that these are very preliminary
conclusions; a good deal of experimental work and
analysis has still to be done.

Long-term denervation of muscles is accompanied
by a number of changes at the tissue and subcellular
level. It is by no means certain at this stage that
we can reverse all of these changes by stimulation,
particularly with regimes that would be acceptable
to patients. However, it is both the clinical and the
laboratory experience that long-term stimulation of
denervated muscles produces a highly significant
increase in mass and cross-sectional area. In
patients this offers the prospect of an improved
cosmetic appearance of the denervated limb and
better cushioning, with a reduced risk of pressure
sores. This alone would be a worthwhile outcome.
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Abstract

Measurements of the rheobase and chronaxie can
be used to define the excitability of nerves and
muscles. The aim of this study was to obtain a
record over many weeks of changes in the
rheobase and chronaxie of denervated rabbit
tibialis anterior muscle (TA).

A custom-built electronic stimulator was implanted
into the peritoneal cavity of New Zealand White
rabbits. Large stainless steel electrodes were
placed on the denervated TA muscle. Rheobase
and chronaxie were measured non-invasively at
weekly intervals by means of a laptop PC, which
communicated with the stimulator via a radio-
frequency link. At each setting the denervated TA
was palpated manually to detect the response of
the muscle.

During the first few days after denervation the
rheobase increased transiently to 0.8 + 0.13 mA,
approximately twice the value for normal
innervated muscle, then decreased to normal for
the remainder of the experimental period.
Chronaxie underwent a significant 3-fold increase
from 4.5 £ 1.1 ms to 14.1 # 1.1 ms during the first
two weeks of denervation and remained elevated
throughout.

The custom-built implantable electronic stimulator
allowed changes in muscle excitability to be
studied over a long period of denervation within
individual animals, providing an accurate
assessment of the time course of denervation-
induced changes in muscle excitability.

Introduction

The excitability of a tissue can be defined by the
relationship between stimulation amplitude and
stimulation duration, otherwise known as the
strength-duration curve. There are two points on
this curve that can be used to define the excitability
of the tissue, the rheobase and the chronaxie.
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The rheobase of an excitable tissue is the minimum
stimulus amplitude needed to elicit a response at
infinitely long pulse durations; the chronaxie is the
minimum pulse duration for a response when the
stimulus amplitude is twice the rheobase (Fig. 1).

Rheobase

Stimulation amplitude (mA)

. Pulse duration (ms)
Chronaxie

———d e ———

Figure 1: Typical strength-duration curve obtained from
skeletal muscle. The rheobase is the asymptote to the
lower portion of the curve. The chronaxie is the pulse
width required to produce a response at twice the
rheobase.

Denervation of skeletal muscles has been shown to
result in many changes in structure and function.
One of these changes is the decrease in the
excitability of the muscles, associated with a large
increase in the chronaxie [1]. Denervated muscles
do not respond at all to short stimulating impulses;
they require pulses of longer duration than those
that are adequate for innervated muscles.

The use of electrical stimulation to alleviate the
severe atrophy arising from denervation must take
account of changes in muscle excitability. This
study was designed to investigate the long-term
changes in excitability of denervated muscle in
order to elucidate the stimulation pattern that is
necessary for the restoration of denervated muscle
by electrical stimulation.



Material and Methods
Surgical procedures

All procedures were carried out in accordance with
the Animals (Scientific Procedures) Act 1986,
which governs the use of experimental animals in
the UK.

Six New Zealand White rabbits (2.5 — 3 kg) were
operated under inhalational anaesthesia (2%
Isoflurane). All surgical procedures were carried
out with full aseptic precautions.

The ankle dorsiflexor muscles of the left hind limb
were denervated by avulsion and ligation of the
motor portion of the common peroneal nerve. The
proximal stumps were placed into a silicone rubber
tube, with two ligatures placed tightly around the
nerve. The tube was then reflected 90° from its
original position and secured to underlying fascia.
A custom-built electronic stimulator was placed
into the peritoneal cavity and secured to the
abdominal wall. Leads were routed subcutaneously
to large stainless steel foil electrodes on the
proximal superficial and deep distal surfaces of the
TA muscle. The animals were allowed to recover
from anaesthesia and inspected daily.

Measurements

The rheobase and chronaxie were determined by
means of the implanted stimulator. Measurements
were managed by a laptop PC, which
communicated with the implanted stimulator via a
radiofrequency link. At each setting the denervated
TA was palpated manually for a response.

The pulse duration used to determine the rheobase
was 100 ms. The amplitude was resolved to 0.04
mA in a 3-stage protocol. The pulse amplitude was
then set at 2x rheobase, and the chronaxie resolved
to 0.5ms in a 2-stage protocol. At each step 10
bipolar constant-current pulses were delivered
while the muscle was palpated.

Immediately after completion of the surgical
procedure, while the animals were recovering,
measurements were taken to give a baseline
reading. The measurements were then repeated at
weekly intervals over the 24-week denervation
period. The animals were lightly restrained during
the measurements, but were fully conscious.

At the end of the denervation period physiological
tests were carried out under terminal general
anaesthesia (continuous intravenous Hypnorm
infusion). In the course of these measurements a
full strength-duration curve was obtained, from
which the rheobase and chronaxie could be
determined.
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Data analysis

Data shown are mean = SEM, n = 6. Alterations in
the values over the period of denervation were
assessed for significance by ANOVA. Statistical
significance was set at p<0.05.

Results
Rheobase

During the first few days of denervation the
rheobase increased significantly (p<0.05) to 0.80
0.13 mA (Fig. 2). This increase was transient and
values then decreased and normalised for the
remainder of the experimental period.
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Figure 2: Rheobase values obtained from conscious
rabbits over a 24-week period of denervation. Data
shown are mean £ SEM for n = 6 animals.

Chronaxie

Chronaxie increased 3-fold from 4.5 + 1.1 ms to
14.1 £ 1.1 ms (p<0.01) over the initial 2 weeks of
the denervation period (Fig. 3), and remained at
this elevated level throughout the 24-week
experimental period.
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Figure 3: Chronaxie values obtained from conscious
animals over the 24-week denervation period. Data
shown are mean £ SEM for n = 6 animals.



To see if there was any relationship between the
rheobase and chronaxie values the data was
compared by time point within individual animals
(Fig. 4). There was a tendency for chronaxie to
decrease when rheobase increased, and vice versa.
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Figure 4: Rheobase (solid line) and chronaxie (dotted
line) values obtained from an individual conscious
rabbit over the 24-week denervation period.

Validation of conscious measurements

Comparison of the rheobase and chronaxie
measurements from the conscious animals and
measurements obtained during physiological
assessment showed a clear correlation. Neither the
rheobase (Fig. 5) nor the chronaxie (Fig. 6) were
significantly ~ different between the last
measurement in the conscious animals and the
values derived from the strength-duration curve
measured under terminal anaesthesia.
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Figure 5: Rheobase values obtained from innervated
contralateral control muscles (TAR) and 24-week
denervated muscles (24 Den) under general anaesthesia,
and values from 24-week denervated muscles in
conscious animals (24 Den conscious). Data are shown
as mean = SEM for n = 3 animals.
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Figure 6: Chronaxie values obtained from innervated
contralateral control muscles (TAR) and 24-week
denervated muscles (24 Den) under general anaesthesia,
and values from 24-week denervated muscles in
conscious animals (24 Den conscious). Data are shown
as mean = SEM for n = 3 animals.

Discussion

This is, to the best of our knowledge, the first study
to provide a detailed time course of changes in the
excitability of denervated skeletal muscle over an
extended period within individual animals.

The initial baseline measurements were essentially
those for normal innervated muscle, and they were
very similar to those obtained from the innervated
contralateral control TA muscle. The values for
chronaxie were higher than expected from the
literature [2] (3.7 £ 1.0 ms, compared to 0.43 +
0.02 ms). This may be an effect of anaesthesia
resulting in a prolongation of the measured
chronaxie.

The transient increase in rheobase in the first 3
days following denervation may be the result of
post-operative oedema. This could have produced
some shunting of the stimulation current around
the fibres, and may also have made the muscle
response less easy to palpate. The rheobase has
returned to normal values within 1-2 weeks.

The significant 3-fold increase in chronaxie
occurred between 7 and 10 days after denervation,
with a small increase already seen after 3 days.
Degeneration of the motor endplates takes between
30 — 70 hours [1]. Once the endplates are no longer
functional the sarcolemma has to be stimulated
directly, to elicit a twitch response with electrical
stimulation.

A relationship was observed between the rheobase
and chronaxie: if the rheobase was lower the
chronaxie tended to be higher. This is to be
expected since the measurement of chronaxie



depends on the prior determination of rheobase. A
slight overestimation of the rheobase value will
tend to reduce the measured chronaxie. The
measurements were made throughout by the same
team in the same way to minimize subjective
variation in assessing the response. Nevertheless,
inter-week variability was observed in the rheobase
values, and this was probably attribuitable to
variation in the sensitivity with which the
experimenter was able to palpate the twitch
response. Some variation may also have resulted
from small differences in the location of the twitch
response or the animal’s limb position.

This study was conducted with a custom-made
implanted electronic stimulator that is capable of
repeatedly measuring the excitability of a
denervated muscle over an extended period of
denervation (24 weeks). These data allow changes
in excitability to be tracked within individuals,
improving the scientific value of the data and
reducing the number of animals used.
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Introduction

Currently experiments are carried out in Liverpool
to evaluate stimulation parameters and protocol for
effective and safe stimulation of long-term
denervated muscles. These basic experiments are
carried out in rabbits using implanted stimulation
electrodes. Obviously experiments from rabbits
cannot be transferred directly to human
application. Therefore a small series of animal
experiments in pigs is scheduled to “bridge” results
from rabbit to human.

Material and Methods
Animals:

12 "Gottinger minipigs" of the same sex will be
used for investigation.

Denervation:

In a first surgical procedure the left common
peroneal nerve will be dissected to denervate the
left Tibialis anterior (TA) and Extensor digitorum
longus (EDL) muscle. A period of minimum 6
months will be kept to achieve long term
denervation. After  that  time periode
neurophysiological investigations and muscle
biopsies will be performed monthly in order to
detect the desired denervation state which means
more than 50% reduction of muscle mass and loss
of mitochondrial function.

Prior to stimulation the left leg has to be
denervated partly or totally in a second surgical
procedure performing either local denervation of
peripheral sensible nerves or rhizotomy of dorsal
rootlets vie hemilaminectomy.

Stimulation:

Chronical stimulation will be performed over a
time period of 6 months:

Surface electrodes will be fixed to the anterior
surface of the left lower leg for 30 to 60 minutes,
once daily for five days per week. Stimulation will
be started when the animals are trained to accept
the electrodes. Stimulation parameters will be set
according to the findings from rabbit experiments.
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Investigation:

Under general anesthesia the denervated and
stimulated TA muscles will be connected to force
transducers for physiological examination. After
sacrification of the animals the entire TA and EDL
muscles will be excised for investigation according
to the rabbit experiments.

Discussion
The scheduled pig experiment should be
appropriate to “bridge” results from rabbit

experiments to human application: Pig skin is
comparable to human skin. “Goéttinger minipigs”
grow up to about 80kg which is comparable to
human bodyweight. Stimulation once a day for half
an hour is an accepted protocol for human
application. Moreover the experiment should not
only allow to answer the scientific questions about
efficacy and safety of stimulation of long-term
denervated muscles but also to test the technical
equipment for human use.
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Abstract

Stimulation protocols for denervated muscles
typically distribute the generated contractions
either within treatment sessions followed by hours
of rest, or repeated 24 hours per day with each
contraction followed by a constant interval of rest.
Our purpose was to directly compare the effects of
the same number of identically generated
contractions having different temporal
distributions throughout the 24 hour day. For 5
weeks in denervated muscles of rats, implanted
stimulators generated between 100 to 800
contractions  daily, distributed either within
worksets that alternated periods of activity and
rest, or separated by constant intervals of rest.
Most of the tested protocols maintained muscle
mass and maximum force near values for control
muscles. Although 100 contractions daily
generated at constant intervals were sufficient to
maintain mass and force, 100 contractions during
a 4-hour treatment session followed by 20 hours of
rest were not sufficient, and mass and force were
not different from values of denervated muscles.

Introduction

The contractile and cellular properties of skeletal
muscles are influenced by the amount and pattern
of contractile activity [1]. Denervated muscles
undergo no contractile activity, and rapidly lose
muscle mass, maximum force and even specific
force that is normalized for the physiological cross
sectional area (CSA) of the muscle [2]. We have
developed a protocol of electrical stimulation for
denervated extensor digitorum longus (EDL)
muscles of rats that maintains muscle mass,
maximum force, specific force and mean fiber
CSAs at values close to those for control muscles

A) Constant Intervals
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after 5 weeks of stimulation [3,4]. This protocol
generates short, tetanic contractions separated by a
constant interval of rest, repeated 24 hours per day.
In this earlier study, the effect of the distribution of
the generated contractions and periods of rest was
not studied.

Mammals have periods of more or less intense
muscular activity related to the 24 hour circadian
cycle [5]. Exercise training alters contractile
activity and is accomplished within the circadian
cycle that includes long periods of rest. The timing
of the periods of rest between contractions or sets
of contractions in resistance training affects fat-
free mass, maximum force and power output [6].
For training of muscles in paraplegics with
electrical stimulation, muscle force was affected by
the length of the treatment session, the ratio of
work to rest periods within the treatment session,
and the number of treatment sessions per week [7].
The timing of the periods of rest between
contractions or sets of contractions may also affect
electrically stimulated-denervated muscles.
Certain stimulation-denervation studies grouped all
electrically generated contractions for one day into
one or more treatment sessions, and those sessions
were repeated a number of times per week [8,9].
Other studies separated each contraction by a
constant interval of rest, repeated 24 hours per day,
7 days per week [3,4,10,11]. Our purpose was to
directly compare the effects of the same daily
number of identically generated contractions that
had different temporal distributions of the rest
periods between contractions.

Material and Methods

The experiment utilized 63 adult male
WI/HicksCar rats (Harlan, Indianapolis, IN, USA).
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Fig. 1: Distribution of the periods of rest between muscle contractions for protocols of A) constant intervals or B)
workset intervals. Each down-arrow symbol represents a train of 20 pulses at 100 Hz to generate one tetanic

contraction.

In constant intervals (A), each contraction was separated by exactly the same period of rest (t.)

throughout each period of 24 hours. In each set of workset intervals (B), 5 contractions were separated by 30
seconds of rest, followed by a longer period of rest (t,). These worksets of 5 contractions followed by t,, of rest

were repeated for a 4 hour period designated a workout.
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All procedures were conducted in accordance with
the guidelines established in the U.S. Public Health
Service Guide for the Care of Laboratory Animals
and with the approval of the University Committee
on the Use and Care of Animals.

Rats were assigned to one of the following three
groups: 1) denervated (n, 5; final age, 6.1+0.3 mo;
weight, 373£10 g), 2) constant intervals
stimulated-denervated (n, 31; final age, 6.8+0.1
mo; weight, 382+4 g) or 3) workset intervals
stimulated-denervated (n, 28; final age, 7.2+0.4
mo; weight, 381£5 g). The EDL muscle of the
right hindlimb of each rat underwent the
experimental interventions involving denervation
and stimulation. The left EDL muscle of each rat
remained unoperated and innervated, received no
stimulation prior to final evaluation, and acted as a
control muscle [4]. An initial surgery permanently
denervated the right EDL muscle in each rat
according to the procedure described by Carlson
and Faulkner [12]. Immediately following, rats in
either of the stimulated-denervated groups had a
stimulator and electrode wires implanted according
to the procedure described by Dow [4]. After a 5
week period following the initial surgery, the
denervated or stimulated-denervated muscles were
evaluated in vitro according to the procedure of
Faulkner et al. [2,3,12] to determine muscle mass,
maximum force for isometric, tetanic contractions,
and specific force that was normalized for the
physiological CSA of the muscle.

To generate a tetanic contraction, the stimulator
generated 20 bipolar pulses at 100 Hz, with 8 V
pulse amplitude that generated a current of 6-12
mA [3,4]. The number of contractions generated
each day (C4) was set at a value between 100 and
800. Fig. 1 contrasts the two types of distributions
of contractions and rest periods over each 24 hour
period. In the constant intervals distribution, each
individual contraction was separated by an equal
period of rest (t.), and this was repeated 24 hours
per day (Fig. 1A). The value of t. was determined

A) Four Workouts per day (WWWW)

Worll<out Rest Worlkout Rest

by the desired value of Cq4, and ranged from 14.4
minutes for Cq4 of 100 to 1.8 minutes for Cy4 of 800
contractions daily.

In the workset intervals distribution, the generated
contractions were distributed into layered sets of
work and rest. Five contractions, each separated
by 30 seconds of rest, were generated during a set
(Fig. 1B). Then, a longer period of rest (t,) was
allowed before the next set began (Fig. 1B, Table
1). These sets of five contractions followed by t,
minutes of rest were repeated throughout a 4 hour
period called a workout. Each 4 hour workout was
followed by 2 hours of rest during which no
contractions were generated. This allowed a
maximum of 4 workouts per day. Fig. 2A
diagrams a protocol having 4 workouts per day,
designated WWWW. Fig. 2B diagrams a protocol,
designated WRRR, having only 1 workout per day
with rest over the remaining 20 hours. Table 1
lists the values for Cy, ty, pattern of workouts, and
maximum period of continuous rest between
contractions during each 24 hour day.

Cq t. Pattern Max Rest
100 10.0 WRRR 20 hr
200 10.0 WRWR 8 hr
300 10.0 WWWR 8 hr
400 10.0 WWWW 2hr
600 4.0 WWWR 8 hr
800 4.0 WWWW 2hr

Table 1: Protocols of workset intervals.

Following the 5 week treatment period, each rat
was anesthetized, the stimulator was checked in
vivo with use of an oscilloscope for proper
functioning, the EDL muscles were removed and
evaluated in vitro for determination of muscle
properties. A stimulator was considered defective
if the pulses were mono-polar, if the pulse width
was longer than 0.6 ms, if the voltage amplitude
was less than 5 volts or if the current was less than
1 mA. Physiological data recorded from a muscle
with a defective stimulator were discarded without

Woﬂlmut Rest

WOTOLH Rest

| | | |
0 hr 6 hr 12 hr 18 hr 24 hr
B) One Workout per day (WRRR)
Workout Rest Rest Rest
| | | | | | | |
| | | | | | | |
0hr 6 hr 12 hr 18 hr 24 hr

Fig. 2: Examples of workout patterns. Depending on the protocol of workset intervals, each 6 hour period of the
24 hour day may have had either a workout lasting 4 hours followed by 2 hours of rest (designated W), or a full 6
hours of rest (designated R). A) shows a WWWW pattern, where each 6 hour period contained a 4 hour workout
(W), each followed by 2 hours of no stimulation. B) shows a WRRR pattern, where the first 6 hour period
contained a 4 hour workout (W) followed by 2 hours of no stimulation, and the other three 6 hour periods
contained no workouts, only rest (R), resulting in a daily rest period of 20 hours having no contractions..



further analysis.

Statistical analysis was performed using SPSS
software (SPSS Inc., Chicago, IL, USA). For the
dependent variables of muscle mass, maximum
force and specific force, a one-way ANOVA was
used to compare differences between the different
experimental groups. When a significant main
effect was found, the Bonferroni t-test was used for
Post Hoc analysis and the 0.05 level of probability
was used to signify statistical significance. All
data are presented as means =+ standard error (SE).

Results

Of the 63 rats utilized for this experiment, data
were discarded for the right EDL muscles from 5
of the 30 rats with constant intervals and 5 of the
28 rats with workset intervals because the
stimulator had become defective as determined by
the procedure described above. Data were also
discarded for 3 of the 63 left control EDL muscles
because the muscle evaluation procedure was
inadvertently not completed correctly. Of the 53
implanted stimulators, 17% became defective prior
to final evaluation.
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Fig. 3: Specific force (A), maximum force (B) and
muscle mass (C) following 5 weeks of denervation and
stimulation for different numbers (Cy) and distributions
(constant intervals or worksets) of contractions
generated daily. C; of 0 plots the outcome of
denervated muscles that received no stimulation. Error
bars are SE. The * indicates difference with values of
control muscles (p<0.05). For the workset intervals, the
1 indicates difference with values of the constant
intervals having equal C,4 contractions daily (p<0.05).
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The EDL muscle of rats maintained only 36% of
muscle mass, 9% of maximum force (P,) and 25%
of specific force (sP,) after 5 weeks of denervation
(Fig. 3). Denervation not only induced atrophy in
the muscle, but the remaining muscle tissue was
weaker, generating lower values of force, even
when normalized by the smaller CSA of the
atrophied muscle. In contrast, if stimulated with
either of the protocols having C4 of between 200
and 800 contractions daily, values for these
properties were maintained close to those for
control muscles, such that mass was above 90%,
and both P, and sP, were above 75% (Fig. 3). For
the tested protocols having C4 of 200 to 800, mass,
P, or sP, were not different whether the
contractions were separated by constant intervals
or workset intervals (Fig. 3). In contrast, at C4 of
100 the constant intervals maintained 95% of mass,
80% of P, and 85% of sP,, but the workset
intervals maintained only 53% of mass, 11% of P,
and 18% of sP,. These low values for the workset
intervals (C4, 100) were not different than values
for denervated muscles that had received no
electrical stimulation (Fig. 3).

Discussion

The maintenance of mass and force were
influenced not only by the number of electrically
generated contractions, but also by the distribution
of these contractions throughout the day (Fig. 3).
One difference between the protocols that did
maintain mass and force, and the protocol that did
not is the maximum continuous period of rest
between contractions during each 24 hour day. Of
the protocols that did maintain mass and force, the
constant intervals at C4 of 100 had a maximum rest
of 0.24 hours, the workset intervals at Cy of 400
and 800 had maximum rest of 2 hours, and the
workset intervals at Cq of 200, 300 and 600 had
maximum rest of 8 hours (Table 1). The workset
intervals at C4 of 100 that failed to maintain mass
and force had a maximum period of continuous
rest each day of 20 hours (Table 1, Fig. 2 & 3).
For mass and force of denervated-stimulated
muscles to be maintained by a protocol of 100
contractions per day, a key factor may be the
maximum tolerable period of rest per day, which
appears to be greater than 8 but less than 20 hours.

An overly long period of rest between contractions
may be enough to initiate changes in the regulation
of gene and protein expression that leads to
denervation atrophy in skeletal muscle. Action
potentials and the resulting contractions are key
regulators of denervation atrophy [11,13]. Buffelli
et al. have shown that the prevention of action
potentials by a nerve block, and the resulting lack
of contractions, was sufficient to induce changes to



skeletal muscle that appeared identical to
denervation [13]. Following the onset of
denervation, action potentials from the nerve and
resulting contractions cease, and Eftimie et al. have
shown that the expression of specific molecular
signals changes within hours [14]. For example,
myogenin mRNA is up-regulated within 8 hours
and MyoD mRNA is up-regulated within 16 hours
[14]. Thereafter, within 4 hours of the onset of
chronic electrical stimulation, the expression of
myogenin is down regulated [15]. An excessively
long period of rest between contractions may
initiate the cascade of changes in mRNA and
protein expression levels that initiate the processes
of denervation atrophy. A protocol of stimulation-
denervation having a sufficient number (C4 of 100)
of contractions per day, but distributed such that an
excessively long period of rest (20 hrs) occurred
and repeated for 5 weeks, was insufficient to
maintain the mass and force above levels of
denervated and unstimulated muscles. Further
research will be required to determine the
maximum period of rest during each 24 hour
period that would not hinder maintenance of
muscle mass and force. Such findings may give
insight useful for basic research in muscle disuse
and for applied research to guide the design and
timing for treatment sessions of electrical
stimulation for denervated muscles.
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Abstract (shorter version)

Mechanism of denervation atrophy progress is not fully
clear, especially in some later stages of atrophy. In the
present work ultrastructure of slow (soleu, SOL) and
fast (extensor digitorum longus, EDL) rat leg muscles
were examined two months after denervation, when
progress of atrophy slow down, and it enter in some
stabilised stage. In the muscles here observed, the mass
decreased to about 25% of the control value. Muscle
fibres were decreased in size considerably, but not
uniformly. The most muscle fibres were preserved
showing features of denervation atrophy. However,
about 1.4% muscle fibres, both in SOL and EDL, were
seriously damaged: ‘“‘necrotic” or resembling cells
undergoing “programmed cell death”. The last showed
generally increased electron-density, disorganised
contractile structure, damaged or not recognisable
mitochondria and large vacuoles. Such fibres were
grouped or situated close to preserved ones or to
myotubes. Myotubes constituted about 2% of muscle
fibres. Some of them were degenerating or dying. Large
accumulations of collagen fibrils were common among
muscle fibres, surrounding often blood vessels or
myotubes. Thus, just as early as in 2-month-
denervation, muscle shows some ““degenerative”
changes and dying and regenerating fibres are present,
in addition to ““simple”” muscle atrophy,

Introduction

Mechanism of denervation atrophy progress is not fully
clear, especially in some later stages of atrophy. In the
early stage of denervation atrophy loss of muscle mass
and diminishing of fibre diameters are the highest.
Several changes, as diminishing of the contractile
structure, progressive loss of mitochondria, anomalies
of nuclei, formation of myelin figures and lipofuscin
granules and folds of sarcolemma are the main features
of muscle fibres in first month after denervation. Some
moderate increase of collagen among muscle fibres is
also observed. In this stage of atrophy the seriously
damaged or necrotic muscle fibres and signs of
regeneration were hardly seen [3,5]. Those
characteristics of “simple” atrophy are reversible when
the muscle is reinnerveted on the 14 — 30™ day after
denervation [3, 4 and unpublished observations].

In the long-term denervated muscle (several months)
atrophy is very advanced and its progress is negligible.
The number of muscle fibres is reduced and their cross-
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sectioned area  highly decreased. The number of
satellite cells and vessels is evidently reduced.
Simultaneously, degenerating and dying fibres are
observed and connective tissue is increased
considerably [1,2,7,8]. In the long-term-denervated
muscle a restorative capacity becomes progressively
poorer [8] and the muscle, contrary to the early stage of
atrophy, is not able to restore fully its structural and
functional state. Reason(s) of this is not clear, especially
that muscle fibre keeps ability to be reinnervated for
years and formation of new muscle fibres takes place
even in the very long-time-denervated muscle [2,8].

In the present work muscle ultrastructure was
examined two moths after denervation, when progress
of atrophy slow down, and it enter in some stabilised
stage. In the 2-months-denervated muscle the total
number of fibres per muscle remains still constant and
muscle keeps its restorative capacity [8], however fibre
loss and regeneration begin [7].

Material and Methods

In this work 3-months of age female Wistar rats were
used. Slow (soleus, SOL) and fast (extensor digitorum
longus, EDL) rat leg muscles were denervated by
cutting the sciatic nerve as describe earlier [3,4]. Both
nerve stumps were strongly ligated; the proximal stump
was implanted in subcutaneous dorsal region. All
procedures of sample preparation for study of
ultrastructure were performed as previously [5,6].

Results and Discussion

In the muscles here observed, the mass decreased to
about 25% of the control/contralateral value. Muscle
fibres were reduced in size considerably, but not
uniformly - some large fibres were present; also
“angulated” and split fibres were frequent. Electron
microscopic examination showed in the most muscle
fibres a preserved contractile structure, however with
some anomalies. Myofibrils were small and separated,
devoid of hexagonal arrangement of filaments, but
keeping tetragonal order of the Z-line. Disorganization
of myofibrils and contraction bands appeared
occasionally. Regularity of the contractile structure was
more disturbed in SOL than in EDL muscle. Triads
were properly arranged within regions of the regular
contractile structure. Otherwise they were abnormally
situated or absent. Nuclei, normal looking or of
abnormal morphology, were often situated in central



fibre regions or in rows. Sparse mitochondria, small and
dark, were grouped in areas free of myofibrils (Figs1,2).
Ultrastructure of muscle fibres in general resembled that
in the first month after denervation, but fibre organelles
and structures seemed to be more stabilised.
Degenerating mitochondria, myelin figures, lipofuscin
bodies or folds of sarcolemma and basement lamina
were much less frequent than in the first month after
denervation.

Among the majority of described above atrophying
muscle fibres, some seriously damaged ones were seen.
Several muscle fibres resembled cells undergoing
“programmed cell death”. Those fibres showed
generally increased electron-density, disorganised
contractile structure with the Z-line hardly seen,
damaged or unrecognisable mitochondria and large
vacuoles (Figs.3,4). Some fibres were “necrotic”, with
myofibrils devoid of the Z-line and considerably
swollen and disrupted mitochondria (Fig.5). Those
“degenerating” or necrotic muscle fibres constituted
1.4% of about 1800 fibres randomly taken for
observation (from SOL and EDL muscles of 6 rats).
Heavily damaged or dying muscle fibres were situated
close to other damaged ones (Fig. 3) or intermixed to
preserved fibres and to myotubes. Myotubes appeared
beneath of basal lamina in viable muscle fibres or
developed individually resembling those in muscle
regeneration. Myotubes constituted about 2% of muscle
fibres. They appeared evidently more frequent in
regions containing damaged fibres (Fig. 3).
Additionally, about 2% of muscle fibres were of very
small size. Those fibres perhaps develop from myotubes
or they appear as an effect of muscle fibre splitting.
Some of myotubes and small fibres were degenerating
or dying (Figs. 1,2). Large accumulations of collagen
fibrils were common among muscle fibres, especially in
regions of damaged fibres (Figs. 3,4) where fat cells
were occasionally observed as well. Collagen fibrils
surrounded often blood vessels or myotubes (Fig. 6 ).
Those anomalies were observed both in SOL and EDL
muscles.

Thus, just as early as in 2-month-denervation, muscle
shows some ‘“degenerative” changes and dying and
regenerating fibres are present, in addition to “simple”
muscle atrophy. It seems that some irreversible damage
of muscle tissue begins already in the second months
after denervation.
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Legends

Fig. 1. SOL, traneverse section. Muscle fibres are
decreased in size. The contractile structure is
recogniszble, with exception of the small fibre close to
the dark body (see Fig.2) resembling apoptotic body;
some nuclei of unusual shape.

Fig. 2. Part of the Fig. 1. Left fibre with well preserved
contractile structure, preserved mitochondria and folded
sarcolemma. Right fibre with remnants of the contractile
structure and vacuoles. The dark body in the upper part.
Fig. 3. SOL, transverse section. Group of muscle
fibres: two of them, right (perhaps dying, see Fig. 4) and
lower situated containe numerous vacuoles. The left-up-
situated fibre looks almost normal. Two myotubes are
seen in the right-upper corner.

Fig. 4. Part of Fig. 3. Left fibre, perhaps dying,
contains remnants of the disorganized contractile
structure and large vacuoles. Right fibre is myotube
with  well recognisable contractile  structure.
Accumulation of collagen fibrils in the upper region.
Fig. 5. EDL, longitudinal section. Left and right fibres
look like normal. In the central fibre the Z-line is lost;
damaged, swollen mitochondria are seen.

Fig. 6. EDL, transverse section. Myotube, with central
nucleus and well recognisable contractile structure, is
surrounded by masses of collagen fibrils.

Baris: 1-2.6 um; 2-0.45pm; 3-1.5 um; 4—-0.35
pm; 5—3.3 um; 6 —0.62 pm.



69
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Abstract

In spite of a large numbers of clinical and
experimental studies on effects of denervation on
the properties of skeletal muscle, little is known on
the  electrophysiological and  mechanical
characteristics of long-term denervated muscles.
We studied in rat (2-8 months after sciatectomy)
excitability in vivo and excitability and mechanical
properties in vitro of isolated EDL and soleus
muscles. Chronaxie of the leg muscles increased
with denervation time up to values higher than 30
msec. Intracellular recordings in 6-month
denervated EDL muscle fibers showed a strongly
reduced Resting Membrane Potential and very
poor excitability to depolarizing current injection.
The long-term denervated muscles showed a
significant increase of contraction and relaxation
times. Twitch tension was small. Tetanic
stimulation produced only a little increase of the
tension with respect to twitch tension. Cryasection
analyses allow to distinguishing three stage during
long-term denervation: 1. Up to three-month:
myofiber atrophy with distinct ATPase fiber-
typing; 2. Up to six-month: myofiber atrophy with
increased loose connective tissue; 3. After 7-month:
lipodystrophy, i.e. adipocytes replace fibers, which
had lost ATPase typing (fast-like characteristics
prevails also in long-term denervated soleus). The
overall picture is complicated by low-rate, but
continuous late accumulation of death/rege-
neration events. Our results indicate that the poor
contractility of the long term denervated muscle is
not only related to myofiber atrophy, but also to
Excitation-Contraction Coupling (ECC) failure.

I ntroduction

In spite of a large numbers of clinical and
experimental studies on effects of denervation on
the properties of skeletal muscle, little is known on
the  electrophysiological and  mechanica
characteristics of long-term denervated muscles.

In arecent review on restorative capacity of long-
term denervated muscle [1], Bruce Carlson shows
that the decline of maximum tetanic force in the
denervated rat muscle precedes severe atrophy
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(Fig.1). Indeed maximum force is less than 5% of
normal one month after sciatectomy, while the
muscle weight is still 35% of the controlateral
innervated muscle.

Here we will show that thisis the result of a severe
decline in muscle excitability, which precedes
many months the final dystrophy of the denervated
myofibers.

DENERVATED EDL MUSCLES

R
-
]
]

3 4 5 B 7 B O 1011 12 12

Length of denervation (months)

Fig.1: Curves showing the rapid decline in mass and
maximum tetanic force in the denervated rat extensor
digitorum longus muscle (from Carlson et al. 2002 [1]).

Material and M ethods

We studied in rat (2-8 months after leg denervation
by sciatectomy) excitability in vivo (by surface
electrodes) [2] and in vitro excitability and
mechanical properties of isolated muscles [3].
Muscle cryosections were stained by Hematoxilin-
Eosin and Myosin ATPase for determination of
fibre dimension and composition [4].

Results

As expetcted, if the tight muscle contraction was
elicited by surface electrodes the chronaxie of the
leg muscle increased with denervation time up to
values of 30 msec at 4-6 months. This is the
maximum that was possible to measure without
eliciting in the sciatectomy model contraction of
innervated thigh muscles. In vitro studies by
intracellular recordings in 6-month denervated
muscle fibres showed a strongly reduced Resting
Membrane Potential and very poor excitability to




depolarizing current injection. Rinput was also
reduced, suggesting a decreased membrane
resistance, which could in part justify the reduced
excitability shunting membrane currents.

Analyses in vitro of the mechanical characteristics
of the long-term denervated EDL muscles showed
a significant increase of contraction and relaxation
times. Twitch tension was small. Low-frequency
tetanic stimulation produced an incomplete fusion
of the single twitches and only a little increase of
the tension with respect to twitch tension. High-
frequency stimulation (60 Hz) caused an initia
transient tension increase followed by a tension
decrease to about that of twitch, or less.

Normal rat muscle
15 day newborn

stiar o 140V - 0.5m 3

A

::IJ w‘www%
B C
Fig.2: Mechanica characteristics of long-term

denervated rat muscle. A, normal muscle; B, EDL 4-
month denervation; C, Soleus 4-month denervation.
High-frequency stimulation sustains tetanic contraction
at lower than twitch force. Note in A that normal muscle
tetanic force is four time higher than twitch contraction.

Though the analyses in vitro on isolated rat
muscles are optimised to electrophysiological
characteristics of normal muscles, and then do not
alow long-impulses and high-current stimulation,
the behaviour of the long-term stimulated muscles
is a sound evidence of excitation-contraction
coupling (ECC) failure.

Soleus muscle twitch was very small and slower
than norma muscle, whereas tetanic tension was
not higher than that of twitch. In some
preparations, high frequency stimulation (40 Hz)
dicits only the first twitch, which is followed by a
plateau of very low tension as long as the
stimulation train.

Figure 3 confirms that the denervated myofibers,
which still have 20 um diameter at 2-month, level
of at 10 um from 3- up to 9-month denervation.
Light microscopy (Fig. 4) alows to distinguish
three stages during long-term denervation: 1. Up to
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Long-Term Denervation of Rat Myofibers
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Fig. 3: Post-denervation atrophy of rat myofibers.

three-month: myofiber atrophy with distinct ATPase
fiber-typing (Fig. 4 C, D); 2. Up to six-month:
myofiber atrophy with increased loose connective
tissue (Fig. 4 E, F); 3. After seven-month:
lipodystrophy, i.e. adipocytes replace fibers, which
had lost ATPase typing (fast-like characteristics

H-E ATPase pH 4.35

Fig. 4: Atrophy and dystrophy of long-term denervated
rat soleus. A,CE,G: H-E sain; B,D,FH: Myosin
ATPase pH 4.35. (A-B) Normal muscle; (C-D) 2-month
denervation; (E-F) 4-month denervation; (G-H) 9-month
denervation.



prevails aso in long-term denervated soleus) (Fig.
4 G, H). The overall pictureis complicated by low-
rate, but continuous late accumulation of myofiber
death/regeneration events[1, 5, 6].

Discussion

Our results in the rat model show that the poor
contractility of the long-term denervated muscle is
not only related to myofiber atrophy/dystrophy, but
aso to ECC failure. Results of our myofiber
diameter anaysis is in line with published data
(compare figure 1 and 3). The only major
difference is the time scale of changes. In small
rodents the main events occur in months, while the
same stage transitions take years in humans [7].
Whether these differences are the result of size
and/or metabolic characteristics is still unknown.
We are awaiting the results of the Liverpool Unit
on rabbit muscle denervation and continuous FES
stimulation, which will add basic knowledge and
hopefully clinically relevant suggestions on how to
speed up the process of muscle recovery.
Experiments in large mammals (pigs) are aso
underway in Vienna under the auspices and
support of the EU project RISE.

We are confident that all together these researches
will provide safer stimulation protocols needed to
induce early effects with, hopefully, a reduced
stimulation burden for the SCI patients. If all
myofibers in the thigh could be consistently
reached, the increased muscle mass and fatigue
resistance will rise patients and their quality of life.
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Abstract

We describe a new gel electrophoretic method,
which quantify total protein and Myosin Heavy
Chain in cryo-sections of needle muscle biopsies.
Severe atrophy of skeletal muscles occurs during
long-term permanent denervation. We studied 21
human muscle biopsies taken from patients’
suffering lower motoneuron denervation from 6-
month to 30-year and SCI subjects trained with
Functional Electrical Stimulation (FES) for
different periods of time (0.5 to 6 years). Electrical
stimulation of denervated muscles increase size of
the myofibres and maintains sarcomeres, by
preventing/reversing secondary degeneration of
the long-term denervated tissue. Here we show
results of the quantitation of myosin content in
long-term  permanent  denervated  muscles.
Additional markers of muscle damage / apoptosis /
necrosis / inflammation / myogenesis could be
guantitatively  assesed by  immunoblotting
approaches.

Introduction

The main goal of FES is providing muscular
contraction and producing a functionally useful
movement, but it could be used just to obtain
recovery of myofiber size [1]. The -electrical
stimulation is believed to promote muscle growth,
neuron sprouting, and increased sensation.
Previous published results [2, 3] shown worthwhile
restitution of muscle trophism using FES. In this
work we analyze and quantify muscle re-growth
due to electrical stimulation by measuring myosin
content in biopsies of muscle tissue after lower-
motorneuron long-term permanent denervation
(LT-PD) without and with FES training.

Material and Methods
Biopsies

Subjects were either LT-PD (4 - 8.7 years), or LT-
PD after FES training (2.3 - 7 years). Needle
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biopsies of human muscles were taken from right
and left leg.

Molecular markers and quantification of total
protein in cryostatic sections of these human
biopsies were as described in [4].

4% Stacking Gel — SDS PAGE to determine
total protein in cryosections of human biopsies

The total protein quantities is determined using a
short run in 4% stacking gel SDS PAGE, prepared
according to [4]

5% Stacking Gel — SDS PAGE to determine
Myosin/Total protein ratio in cryosections of
human biopsies

When stacking gel concentration was increased
from 4% to 5% in the stacking gel, in the running
condition above described myosin heavy chains
separated from protein front during the stacking
period of gel electrophoresis. After staining and
destaining, MHC/Total protein ratio was
determined by gel densitometry.

Gel Densitometry

Protein contents in slab gels were quantitated by
densitrometry using an Epson Perfection 1650
scanner connected to a PC. Data were computed
using Scion Image for Windows version 4.0.2. by
Scion Image software (PC version) of Scion
Corporation.Page Layout

Results
Protein content of skeletal muscle biopsies

Figures 1 and 2 show results of the molecular
analyses by SDS-PAGE of protein from LT-PD
skeletal muscle biopsies. Figure 1 shows total
protein content in 6 representative samples.

Figure 1. Total protein by stacking gel 4%



When stacking gel concentration was increased
from 4% to 5%, myosin heavy chains separated
from protein front during the stacking period of gel
electrophoresis (Figure 2). By the new 5%
stacking-gel SDS PAGE we  determined
myosin/total protein ratio. In accordance to

previous data, skeletal muscle contains about 200
mg of total protein and 100 mg of myosin per gram
of fresh muscle weight, i.e., myosin heavy chains
represent 50 percent of total muscle proteins. Table
1 shows that the 4 to 8.7 year denervated muscle
have a mean percentual of MHC of 13.6+5.6,
while after FES the percent increases to 29.4+12.7.

Fig. 2: 5% stacking gel SDS-PAGE. From left to right,
known increasing amounts of BSA (alb) and then
proteins fron cryo-sections of human muscle biopsies.
The low-migrating bands are MyHCs. The total protein
: MyHC ratio returns to almost normal value after FES.

Discussion
Biopsy Denervation  FES MHC in total
time Time protein
(years) (years) (%)
D1 4 -— 16.9
D2 4 - 15.7
D3 7.5 - 18.7
D4 7.5 - 18.1
D5 7.7 - 2.6
D6 8.7 - 12.1
D7 8.7 - 11.2
Mean =+ st dev 13.6 5.6
FES 1 4 2.3 20.4
FES 2 2.3 17.8
FES 3 5 2.3 26.6
FES 4 6.3 43 19.7
FES 5 6.3 43 26.6
FES 6 7.5 48.1
FES 7 7.5 7 46.5
Mean =+ st dev 294 +12.7
Tablel. Percentual content of MHC in Total
Protein. D(1-7), Denervated muscle; FES(1-7),
denervated and stimulated muscle.

We here studied influence of functional electrical
stimulation training on long- term paralyzed
human muscle. We shown that the gel
electrophoretic method wich allows to determine
the percentual content of myosin heavy chain in
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the human biopsies provide good evidence that the
atrophic LT-PD muscles recover after FES training
and some biopsies reach almost normal values.
Thus molecular analyses confirm results we shown
by morphological approaches [5].

During the next years, the goals of the EU
supported RISE project will be to identify, using
experiments in animals and clinical research, safer
stimulation protocols needed to induce -early
effects with, hopefully, a reduced stimulation
burden for the patients. If all myofibers in the thigh
could be consistently reached, the increased
muscle mass and fatigue resistance will rise
patients and their quality of life.
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LITTLE EVIDENCE FOR CONTINUAL MUSCLE FIBER REPAIR BY PRESUMED
CIRCULATING STEM CELLS.

Wernig A 1, Schifer R 1, Knauf U l, Zweyer M ], Hogemeier O 1, Mundegar R 1,
Wernig G ', Wernig M >

Dept. of Physiology, University of Bonn, Germany (1)
MIT Boston, USA (2)

It has recently been claimed that bone marrow derived blood cells can contribute to the
myogenic compartment. Such occurrence would bear considerable therapeutic potential in
genetically determined muscle diseases like Duchenne Muscular Dystrophy due to a loss in
the structural muscle protein dystrophin.

In order to identify circulating stem cells we transplanted male bone marrow carrying EGFP
reporter and intact dystrophin genes into female MDX mice. Throughout life MDX mice
suffer muscle fiber damage, thus, if circulating cells do repair damaged muscle fibers (by
fusing), the frequency of green fluorescent protein (GFP) and dystrophin positive muscle
fibers should continually increase with time.

Upon sacrifice at 16 to 46 weeks after bone marrow transplantation, soleus and e.d.l. muscles
typically contained some 0.5 - 2% GFP-positive muscle fibers (n=44), TA muscles around 1 -
5% (n=24 ). However, no increase with time in the frequency of GFP labelled muscle fibers
was detectable. On frozen sections, dystrophin positive muscle fibers were present in all
muscles, but there was no increase in frequency with age either and no difference between
experimental and untreated MDX mice. Thus, most dystrophin positive fibers are probably
revertant fibers, rather than fibers which have acquired the donor gene.

Also, Y-chromosome specific DNA (a separate marker of the male donor cells in female
recipients) extracted from whole muscles did not increase with time (n=18). These findings
and the lack of increase in both GFP and dystrophin positive fiber numbers speaks against the
existence of circulating stem cells which would enter damaged skeletal muscle fibers and
acquire the myogenic program.

Similarly, cryodamaging or crushing muscles 8 and 16 weeks after transplantation did not
produce more GFP or dystrophin positive muscle fibers. There was, however, a higher yield
in Y-chromosome related DNA in the damaged versus undamaged muscles and in untreated
MDX versus non-MDX muscles due to accumulation of donor derived cells in the interstitial
space. The finding of donor derived nuclei within structurally intact GFP negative or
dystrophin negative muscle fibers indicates that donor cells enter (damaged) muscle fibers but
may remain there without expressing or acquiring a myogenic program.
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FOLLOW UP OF HUMAN MYOGENIC CELLS FROM DONORS
AGED 2- 82 YEARS
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Deptm. of Physiology, University of Bonn, Germany (1)
MRC London, Hamersmith Hospital, UK (2)

We investigated whether the lifelong turnover of the organotypic muscle stem cells, the
satellite cells, might lead to their exhaustion in aged people. Human myogenic cells derived
from donors aged 2-82 years (n=12) were implanted into soleus muscles of
immunincompetent mice.

In addition, we studied myogenic cells from biopsies of 3 children suffering from Duchenne
muscular dystrophy (DMD), a disease in which satellite cells are proposed to suffer premature
ageing due to continuous demand for muscle regeneration.

Seven to 12 weeks after implantation, grafted cells were quantified by structural features
(muscle fibres expressing human protein and human nuclei/myonuclei) and by the amount of
human DNA extracted from these muscles.

When considering highly pure myogenic cell preparations, we observed an inverse relation
between the donors” age and the proliferative capacity in vitro as well as in vivo with about 2
divisions of each satellite cell per 10 years of life. Myogenic cells from the oldest donors still
grew human muscle tissue, indicating a residual proliferative capacity even in aged donors in
spite of a continual loss of growth capacity of satellite cells in the living muscle.

On the other hand, cell preparations with initially low or decreasing myogenicity during
expansion in vitro showed completely different growth characteristics, e.g. increased
proliferative capacity, longer telomeres and lower myogenicity of the tissue formed upon
implantation.

We suggest a “Desmin Factor” (DF) to predict myogenicity of the human tissue formed in
vivo from the growth characteristics during expansion in vitro. This may serve as a prognostic
tool for transplantation efficacy in human trials.
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ATTEMPTSTO REDUCE MUSCLE FATIGUE BY RANDOMIZING FESPARAMETERS
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Abstract

Muscles tend to fatigue wvery rapidly when
undergoing functional electrical stimulation (FES).
FES-induced muscle fatigue occurs much more
quickly than normal fatigue, and this greatly limits
activities such as FESassisted walking. It has
been hypothesized that FESinduced muscle
fatigue can be reduced by randomly modulating
parameters of the electrical stimulus, such as pulse
frequency, pulse width and current amplitude.
Seven paraplegic subjects participated in this
study. While subjects were seated in a neutral
posture, FES was applied to the quadriceps and
tibialis anterior muscles using surface electrodes,
one muscle at a time. The resulting isometric force
was measured, and the time for the force to drop
by 3 dB (fatigue time) was determined. Also
determined was the force time integral (FTI). Four
different modes of FES were applied in separate
trials: (1) constant stimulation, (2) randomized
frequency, (3) randomized current amplitude, and
(4) randomized pulse width. In randomized trials
(2 to 4), stimulation parameters were modulated in
a range of +/- 15% using a uniform probability
distribution. There was no significant difference
between the fatigue time measurements for the four
modes of dtimulation. There was also no
significant difference in the FTI measurements.
Therefore, random modulation of the stimulation
frequency, current amplitude and pulse width
appeared to have no effect on muscle fatigue.

I ntroduction

It is well known that muscle contractions induced
by FES tend to fatigue more quickly than natural
contractions [1]. Fatigue limits the role of FES in
applications such as standing and walking after
Spinal Cord Injury (SCI). The goa of this study
was to reduce the rate of muscle fatigue by
modulating the three main FES parameters. We
hypothesized that by randomly modulating
frequency, current amplitude and pulse width, the
resulting firing rate and level of recruitment of
individual motor units, or groups of motor units,
would vary over time.

Graupe et a. addressed the problem of muscle
fatigue associated with FES by applying stochastic
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modulation to the inter-pulse interval of the
electrical stimulus, which amounts to frequency
randomization [2]. They found the maximum
increase in leg extension time as compared to
stimulation with no inter-pulse interval modulation
to be 37%. These results were significant but
limited to only one subject. Other methods to
reduce FES induced muscle fatigue have been
explored, with varying success. The use of
doublets (pairs of closely spaced pulses) has been
shown to reduce fatigue in some activities [3,4]
and increase fatigue in others [5,6]. Fatigue has
been reduced by stimulating multiple motor points
(distal and proximal) in a sequential manner [7],
and aternating between trains of high and low
frequency stimulation [8]. There remains a clear a
need for much clarification in the area of fatigue
reduction associated with FES stimulation.

Materialsand M ethods

Fig. 1. Experimental setup for tibialis anterior force
measurement. Electrodes placed for quadriceps and
tibialis anterior stimulation. Load cell attached to floor.

Seven subjects with SCI participated in this study.
One was femae and 6 were male (mean age of
31.2 + 6.2) and their level of injury ranged from



C6/C7 to T8. The time since injury ranged from 3
months to 13 years with amean of 7.2 + 4.3 years.
Four subjects were firt-time FES users, while three
subjects had 3 to 12 months of prior FES training.

Subjects were seated in an upright position on a
padded bench, as shown in Fig. 1. Self-adhesive
electrodes were placed on the skin for stimulation
of the quadriceps and tibialis anterior. FES was
applied to the muscles using a Compex 2
programmable stimulator (Compex SA, Ecublens,
Switzerland). The stimulation signal consisted of
biphasic, bipolar, current controlled pulses with a
mean pulse width of 250 us and a mean frequency
of 40 Hz. Pulse amplitude was set between 34 and
110 mA, varying with each subject and muscle
group. Stochastic modulation of the amplitude,
frequency and pulse width was achieved using a
uniform probability distribution from -15 to +15%.
Values for pulse amplitude, width, and frequency
were refreshed every 100 ms.

Muscles were tested one at atime. The limb force
was measured using a strain gauge based,
tension/compression pancake load cell (Honeywell
Sensotec, Columbus, Ohio, USA) with arange of -
1100 to 1100 N. The load cell was mounted on the
base of the apparatus in one of two positions
(depending on which muscle was being tested).
When knee extenson moment was being
measured, the load cell was mounted anterior to
the subject’s ankle, and a strap connected in series
to the load cell was fixed to the ankle. In the
second configuration, the load cell was mounted
below the foot rest, and the strap was attached to
the foot over the metatarsus. The strap was
inglastic, and the load cell was thus used to
measure isometric knee extension and isometric
dorsiflexion moments.

Four trials were performed on each muscle group;
no random modulation of any parameters (control
tria), random modulation of pulse amplitude
(amplitude trial), random modulation of pulse
frequency  (frequency tria), and random
modulation of pulse width (pulse width trial). A
10-minute rest time was administered between
each test, which was considered to be adequate for
repeatable results [4,5,6]. The order of the trials
was randomized.

Two indices of muscle fatigue were considered in
this study: fatigue time, and fatigue time integral
(FTI). Fatigue time was defined as the time from
onset of stimulation until the force decreased to
below 70.8% of the maximum force for that trial,
equivalent to a drop of 3dB (the -3dB force). FTI
was calculated as the integral of the force during
the period defined as fatigue time. FTI is regarded
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by some researchers to be the most suitable
measure of sustained muscle power [4,5].
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Fig. 2: Force-time curve for stimulation of subject 3's
right tibialis anterior with amplitude randomization..

To fecilitate data analysis, a 22nd order
polynomial was fitted to each curve using a least
squares algorithm (see Fig. 2). The order of the
polynomial was determined using an iterative
method on a representative sample of curves by
increasing the order until the R2-value remained
the same (to 3 significant digits) for consecutive
iterations.

The results from the four trials were compared
using a two-way Analysis of Variance (ANOVA)
without replication. The two factors considered
were the individual muscles and the modes of
stimulation. Separate tests were performed using
measurements of fatigue time and FTI. The order
of trials was a so tested for bias, and the maximum
forces were considered as well. Statistical
significance was set at p < 0.05.

Results

No significant differences were found in terms of
fatigue time between the control trials and the
random modulation trids (p-vaue = 0.1911).
There was also no significant effect of random
modulation on FTI (p-vaue = 0.7649).
Unsurprisingly, there was a highly significant bias
for individual muscles on fatigue time and FTI (p-
value < 0.0001), i.e. some muscles performed
significantly differently from other muscles over
al trials. There was no difference seen in the
fatigue time or FTlI measurements between
subjects with previous FES training and subjects
with no previous FES training (p-value = 0.4164).

The order of stimulation trials was found to have a
very significant effect on the maximum forces
recorded and the FTI. As shown in Fig. 3, there is
a downward trend in maximum force and FTI the
more amuscle is stimulated. This trend is not seen
in the fatigue time measurements.
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Fig. 3: Data averages arranged in order of trial.
Stimulation order appeared to have no effect in terms of
fatigue time (p=0.1354), however it had a clear,
diminishing effect on maximum force (p<0.0001) as
well as FTI (p<0.0001). Error bars indicate + one
standard deviation.

An ad hoc analysis of the correlations between
fatigue time and maximum force was performed. A
similar analysis was performed on FTI and
maximum force. As shown in Fig. 4A, there was
very little, if any, correlation between the
maximum force and the fatigue time (R2 = 0.081).
There was a high level of correlation between FTI
and maximum force (linear relationship, R? =
0.728), in force trandated into variation in the FTI
measurement, which resulted in an unreliable
measure of muscle fatigue.
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Fig. 4. Linear correlation between (A) FTI and
maximum force; and (B) fatigue time and max. force.

Discussion

In this study, stochastic modulation of frequency,
amplitude and pulse width did not result in a
statistically significant increase in fatigue time. It
was found, however, that maximum force
decreased significantly on successive trias,
suggesting that the 10 minutes was not a sufficient
amount of time for fatigued muscles to recover to
full strength. This was surprising, since 10 minutes
rest was suggested in several previous fatigue
studies [4,5,6]. It remains unclear how long an
eectrically stimulated muscle requires to return to
full strength after FES.

A ten minute rest time was chosen due in part to
time constraints and in part because repeatable
results have been achieved using a ten minute rest
time in previous studies. In addition, studies have
demonstrated a full recovery in peak force and
endurance from short high intensity stimulation
after only ten minutes [9] and 95% recovery in
peak force from continuous maximum voluntary
contractions after only three minutes [10]. Our
results did not indicate a full recovery in muscles
potential to reach peak force since the peak force
was highly dependent on stimulation order. FTI,
which incorporates muscle force, was also highly
dependent on stimulation order and was therefore
not a reliable measure of muscular fatigue. With a



longer rest time of perhaps 30 minutes or several
hours, FTI would not be influenced by previous
testing and could be an effective tool for
measuring fatigue. Fatigue time was not highly
influenced by the order of stimulation, matching
only 33% of the time. For this measurement a 10-
minute rest time appears to be adequate.

The FT1 was an appealing measure of fatigue since
it includes a combination of fatigue time and level
of sustained force. However, none of the FTI
measurements from any of the three random
modulation trials exhibited significant difference
when compared to the control trials. In this study,
the FTI was a poor measure of muscle fatigue
since it showed a high level of correlation with the
order of dtimulation. This bias could have
confounded the results of the study, and any
positive effect that random modulation was having
would have been obscured.

Isometric muscle force is a critical factor in many
daily activities such as standing and grasping and
therefore effort is justified in trying to reduce
isometric fatigue. A limitation of isometric force as
an index for fatigue is that it cannot be directly
compared to dynamic fatigue indexes such as the
number of achievable leg lifts. Nor can results
from this study be extrapolated to conditions where
dynamic muscle force is the most important factor,
such as the swing phase of walking. FES induced
muscle contractions have been shown to be more
prone to fatigue under dynamic conditions than
under isometric conditions [11], so there are clear
differences in the two mechanisms of fatigue.

Despite significant efforts to reduce and eliminate
the problem of muscle fatigue associated with
FES, it remains a major limitation for applications
of FES such as walking and grasping. It seems
logical to investigate a combination of doublet and
frequency modulated stimulation with long-term
stimulation in an effort to further reduce muscle
fatigue associated with FES.
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REPETITIVE PAINFUL STIMULATION PRODUCES AN EXPANSION OF
WITHDRAWAL REFLEX RECEPTIVE FIELDSIN HUMANS
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Abstract

The aims of the present study were to investigate
whether temporal summation of the nociceptive
withdrawal reflex depends on the stimulation site
on the sole of the human foot, and to characterise
the reflex receptive fields (RRF) of lower limb
muscles to repetitive stimulation. The cutaneous
RRFs were assessed in 15 subjects in sitting
position by recording the EMG from five lower leg
muscles and the kinematic responses (ankle, knee,
and hip joints) to repetitive painful electrical
stimulation. The stimulus consisted of a series of
five stimuli (frequency: 3 Hz) delivered randomly
at 10 different sites on the sole of the foot.

The size of the reflexes increased generally
between the first and the second stimulus, however,
the increment depended on the stimulation site. In
tibialis anterior, the RRF covered the distal sole of
the foot and gradually expanded during the
stimulus train. No expansion towards the heel area
was detected. In soleus, the reflexes were
facilitated after the second stimulus at all sites and
remained in this state until the last stimulus. In
vastus lateralis, biceps femoris, and iliopsoas a
gradual expansion of the RRF was seen, resulting
in RRFs covering the lateral, distal foot, and part
of the proximal foot (iliopsoas). Knee and hip
flexion were evoked at all sites. Ankle dorsiflexion
was evoked at the distal foot, while ankle
plantarflexion was evoked at the heel.

The enlargement of the RRF reflects spinal
temporal summation leading to gradually stronger
reflex responses. The degree of temporal
summation was dependant on stimulation site. The
facilitation of the withdrawal reflex responses due
to repetitive stimulation might have potential
applications in the rehabilitation engineering field,
wher e these reflexes could be used to assist gait of
patients with central nervous systeminjuries.

I ntroduction

Repetitive stimulation has been shown to facilitate
the human nociceptive withdrawal reflex response
for interstimulus intervals ranging between 50 ms
and approximately 330 ms [1] [2]. In intact rats,
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facilitated responses were observed only during
few seconds (5-7 s), then the responses reached a
platcau and decreased [3]. Gozariu et al. [3]
suggested that supraspinal structures are likely
responsible for the delayed suppression of the
responses. The mechanism mediating the gradual
increase in pain intensity and reflex response is
denoted temporal summation and likely reflects
neuronal integration of excitatory potentials at the
spinal level. There is a high correlation between
reflex build up and induction of pain indicating
that activation of nociceptive fibers is needed for
neuronal integration to happen [2].

Stimulation of areas within the cutaneous reflex
receptive field (RRF) of a muscle may evoke a
reflex response in the muscle that will ultimately
result in withdrawal of the stimulated area [4] [5].
The RRF of different muscles overlap [5] [6] and
therefore the final movement results from the
combined response of all the muscles with RRF
covering the stimulated area. The sensitivity of the
RRF is high within the focus of the RRF and
gradually decreases toward the border of the RRF
[4]. In addition, the latency of the reflexes is
shortest in the RRF focus and longer towards the
border of the RRF in animals [4] and in humans [7]
indicating graded RRF sensitivity. It is therefore
hypothesised that repetitive stimulation within the
focus of the RRF may lead to robust temporal
summation while stimulation in the periphery
evokes less temporal summation at identical
stimulus intensities.

The aims of the present study were to investigate
whether temporal summation of the nociceptive
withdrawal reflex depends on stimulation site, and
to characterize the RRF of lower limb muscles to
repetitive stimulation of the sole of the foot..

Material and M ethods

Fifteen volunteers (nine males and six females,
mean age 24.5 vyears, range 20-32 years)
participated in this study. The protocol was
approved by the local ethical committee and was in
accordance with The Declaration of Helsinki. All
volunteers provided written informed consent
before participating in this study.



Electric stimulation

Ten electrodes (15x15 mm, Medicotest, Denmark)
were mounted on the sole of the right foot (Fig. 1).
A common anode (7x14 cm electrode, Pals,
Axelgaard Ltd., USA) was placed on the dorsum of
the foot. This electrode configuration ensured that
the stimulus was always perceived as coming from
the sole of the foot. Each stimulus consisted of a
constant current pulse train of five individual 1 ms
pulses delivered at 200 Hz. For each electrode
position, the stimulus intensity was adjusted based
on the pain thresholds to ensure equal sensory
intensity irrespective of the stimulation site. To
assess the effect produced by repetitive
stimulation, five stimulations were delivered as a
stimulus train with a frequency of 3 Hz. Each train
was delivered randomly to one of the ten
electrodes by a computer-controlled constant
current electrical stimulator (Noxitest, Aalborg,
Denmark). Each stimulation site was tested five
times resulting in a total of 50 stimulation trains.
The inter-stimulus interval was between 15 and 20
seconds.
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Figure 1. Placement of the 10 stimulation electrodes.
Kinematics

Three goniometers (Biometrics Ltd, type XM180,
Gwent, United Kingdom) were mounted on the
lateral side of the right ankle, knee, and hip joints
to monitor the kinematic response. The

goniometric signals were filtered (20 Hz low pass
filter), sampled (2000 Hz), displayed, and stored.

EMG recordings

Surface electromyogram (EMG) was recorded
from the following ipsilateral muscles: tibialis
anterior (TA), soleus (SOL), vastus lateralis (VL),
biceps femoris (BF), and iliopsoas (IL). The EMG
signals were amplified, filtered (5-500 Hz, 2nd
order), sampled (2000 Hz), displayed, and stored
from 200 ms before stimulation and until 2800 ms
after the stimulation onset.

Experimental protocol

First, EMG, stimulation electrodes, and
goniometers were mounted. Then, the pain
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threshold (PTh) to electrical stimulation was
determined at each site while sitting. During the
reflex recordings the stimulus intensity was set as a
fixed factor multiplied by the pain thresholds
determined at the individual stimulation sites. A
multiplication factor of 1.5 was first chosen,
however, it was later adjusted individually for all
subjects by assessing the build up in the reflex size
while taking the reported pain into consideration.
This resulted in one individual factor for each
subject. The sequence of stimulation positions was
then randomised and the actual reflex recordings
took place. The reflexes were recorded with the
subjects sitting in an elevated chair with knees and
hips flexed approximately 90 degrees and the
lower leg hanging free.

Data analysis

The size of the EMG reflex response was assessed
in all muscles by the root mean square (RMS)
amplitude of the individual reflexes in the 60-250
ms post-stimulation interval, except for SOL where
an interval of 110-250 ms was chosen as a silent
period is often seen prior to the excitatory reflex.
The reflex sizes were calculated separately for all
five stimuli in the train. The reflex size for the five
assessments was then averaged for each
stimulation site. Temporal summation was
assessed by comparing the reflex size evoked by
stimulus number two to five with the reflex size
evoked by the first stimulus in the train. The peak
angle change, relative to the pre-stimulus position,
in a time interval from 100 ms after the first
stimulus and until 500 ms after the last stimulus
was found for the three joints. The pre-stimulus
position was determined as the mean goniometer
signal during 100 ms prior to the onset of the first
stimulus.

Statistics

The EMG reflex responses were analysed using
two-way repeated measures ANOVA (factors:
stimulation site and stimulus number in the train of
five stimuli). Student Newman-Keuls statistics
(SNK) were wused for post-hoc pairwise
comparisons. P<0.05 was regarded as statistically

significant. All values are presented as mean and
standard error of the mean (SEM).

Results

The mean PTh for all 10 sites was 14.9+0.39 mA.
The lowest PTh was detected at the arch of the foot
(12.3+1.1 mA). Based on the pain thresholds, the
multiplication factor was determined to ensure
stable reflexes resulting in a mean stimulus
intensity of 1.51+0.08 times the PTh ranging from
0.9xPTh to 2.2xPTh.



EMG reflex responses

In general, the reflexes increased in size between
the first and second stimulus of the train, however,
they were dependent on the stimulation site. The
TA RRF covered the distal sole of the foot, with a
gradual expansion of the RRF during the stimulus
train (Fig. 2). Reflexes evoked at sites 1 and 2 were
larger than reflexes evoked at sites 3, 7-10 while
reflexes evoked at sites 4 and 5 were larger than
reflexes evoked at sites 8-10 after the fourth
stimulus in the train (ANOVA interaction,
p<0.001, SNK p<0.05, Fig. 2). Reflexes in SOL
were facilitated after the second stimulus at all
sites (Fig. 2) (ANOVA p<0.001) and were of
identical size during stimulus 2-5.

A gradual expansion of the RRF was seen in both
BF and VL. In BF, the reflex receptive fields
covered the distal, lateral part of the sole of the
foot (sites 1-3, 5,6, and 8) after the second stimulus
while facilitated reflexes were seen at sites 1-8 in
VL at stimulus five (Fig. 2).The IL RRF covered
the distal, lateral part of the sole and gradually
expanded to proximal sites (Fig. 2).

EMG reflex responses

W 75-100 %
W 50-75 %
1st 2nd 4th 5th  m25-50%
0-25%
!
TA i :;' Mean peak reflex
1 . size 222wV
al ©0; )
Mean peak reflex
SOL p
size 51.3 pv
BF Mean peak reflex
‘ size 29.4 pvV
VL Mean peak reflex
size 44.1 uV
IL Mean peak reflex

size 96.1 pV

Figure 2. The RRF after each stimulus are shown. Two-
way interpolation of grand mean RMS values was used
to represent the RRF. ® indicates that the reflexes are
significantly larger than the reflexes evoked by the first
stimulus at this stimulation site.
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In all muscles, there were no statistically
differences between reflexes evoked by stimulus
four and five, which indicate that the reflex size
reached a plateau.

Kinematic reflex responses

Knee and hip flexion were evoked at all sites (Fig.
3). At the ankle joint a mean dorsi-flexion of
8.7+1.3° was recorded. Ankle dorsi-flexion was
evoked at skin sites distal to the ankle joint,
whereas significant plantar flexion was evoked at
sites 9 and 10 on the heel (Fig. 3).

Kinematic reflex responses

Dorsiflexion
M 11.25 - 20.0 degrees

M25-11.25
M -6.25-25
-15.0 - -6.25

Knee flexion
M 26.25 - 35.0 degrees
M 17.5-26.25
W 8.75-17.5

0-8.75

Hip flexion
4 M 22 - 28.0 degrees

M 16 - 22
W 10-16
4-10

Figure 3. Mean reflex angle changes during the stimulus
train for the ankle, knee, and hip joints. For the ankle
joint, a white line indicates the transition from
dorsiflexion to plantarflexion. Angle changes
statistically different (95% confidence intervals) from
‘no reflex movement” (0 degrees) are indicated by either
@ or © to indicate dorsi-flexion/plantar flexion of the
ankle, and flexion/extension of the knee and hip joints.

Discussion

In the present study, the RRF gradually expanded
during the stimulus train for stimulus intensities of
approximately 1.5 times the pain threshold. The
largest increment was observed after the first
stimulus, while only marginal changes where
observed between stimulus four and five,
suggesting the reflex response reached a plateau.
The immediate facilitation of the reflex response at
the center of the RRF and the gradual increase of
the size of the reflexes at the borders of the RRF
could indicate a graded sensitivity of the RRF.



Withdrawal reflexes to repetitive nociceptive
stimulation have been investigated in many human
studies [8] [9] [2]. During the initial part of a train,
the reflex size gradually becomes larger and the
duration of the reflex becomes longer. After
approximately 1 to 2 seconds of repetitive
stimulation, the reflex size saturates or even
decreases probably due to an inhibitory circuit,
which may involve supra-spinal structures [3].

Interneurons located in the deep dorsal horn (WDR
neurons) present spatial patterns of response
similar to those of various single muscles [10] and
are likely involved in encoding the nociceptive
withdrawal reflex RRF. Deeply located WDR
neurons are also the most sensitive neurons to
repeated stimulation at C-fiber strength [11]. An
increase in the excitability of the WDR neurons, to
both Ad- and C-fiber inputs, was observed after
conditioning by repetitive stimulation at C-fiber
strength [11].

The kinematic responses are in agreement with
previous observations evoked by a single stimulus
[5]. The responses were however facilitated by the
repetitive stimulus.

In conclusion, temporal summation with site-
dependant sensitivity was detected in the reflex
responses from all muscles. This led to a gradual
expansion of the RRF during the train of five
stimuli. The facilitation of the withdrawal reflex
responses due to repetitive stimulation might have
potential applications in the rehabilitation
engineering field, where these reflexes could be
used to assist gait of patients with central nervous
system injuries.

References

[1] Price D.D., Hu J.W., Dubner R., Gracely R.H.:
Peripheral suppresion of first pain and central
summation of second pain evoked by noxious
heat pulses. Pain, 3, 1977, 57-68.

Arendt-Nielsen L.,  Sonnenborg F.A,
Andersen O.K.: Facilitation of the withdrawal
reflex by repeated transcutaneous electrical
stimulation: an experimental study on central
integration in humans. Eur.J.Appl.Physiol,
81(3), 2000, 165-173.

Gozariu M., Bragard D., Willer J.C., Le Bars
D.: Temporal summation of C-fiber afferent
inputs: competition between facilitatory and
inhibitory effects on C-fiber reflex in the rat.
J.Neurophysiol., 78(6), 1997, 3165-3179.

[2]

[3]

87

[4] Schouenborg J., Kallioméki J.: Functional
organization of the nociceptive withdrawal
reflexes. 1. Activation of hindlimb muscles in
the rat. Exp.Brain Res., 83(1), 1990, 67-78.

Andersen O.K., Sonnenborg F.A., Arendt-
Nielsen L.: Modular organization of human leg
withdrawal reflexes elicited by electrical
stimulation of the foot sole. Muscle Nerve,
22(11), 1999, 1520-1530.

Sonnenborg F.A., Andersen O.K., Arendt-
Nielsen L., Treede R.D.: Withdrawal reflex
organisation to electrical stimulation of the
dorsal foot in humans. Exp.Brain Res., 136(3),
2001, 303-312.

Andersen O.K., Sonnenborg F.A., Arendt-
Nielsen L.: Reflex receptive fields for human
withdrawal reflexes elicited by non- painful
and painful electrical stimulation of the foot
sole. Clin.Neurophysiol., 112(4), 2001, 641-
649.

Shahani B.T., Young R.R.: Human flexor

[5]

[6]

[7]

[8]

reflexes. J.Neurol.Neurosurg.Psychiatry,
34(5), 1971, 616-627.
[9] Hugon M.: Exteroceptive reflexes to

stimulation of the sural nerve in man. 1973,
713-729.

[10]Schouenborg J., Weng H.R., Kalliomaki J.,
Holmberg H.: A survey of spinal dorsal horn
neurones encoding the spatial organization of
withdrawal reflexes in the rat. Exp.Brain Res.,
106(1), 1995, 19-27.

[11]Schouenborg J., Sjolund B.H.: Activity evoked
by A- and C-afferent fibers in rat dorsal horn
neurons and its relation to a flexion reflex.
J.Neurophysiol., 50(5), 1983, 1108-1121.

Acknowledgements

This study was supported by The Danish Technical
Research Council.

Author’s Address

Erika G. Spaich

Center for Sensory-Motor Interaction
Aalborg University

Fredrik Bajers Vej 7 D3,

DK-9220 Aalborg, Denmark

e-mail: espaich@smi.auc.dk



EFFECTS OF GAIT TRAINING WITH NEUROMUSCULAR ELECTRICAL STIMULATION ON
THE ELECTROMYOGRAPHIC ACTIVITY IN PARAPLEGIC PATIENTS

E.W.A. Cacho,* A. Cliquet Jr.* *
* Dept. of Orthopedics & Traumatology, Fac. of Medical Sci., UNICAMP

‘Dept. of Electrical Engr, USP.

Abstract

The useful effect of locomotion training through
neuromuscular electrical stimulation (NMES) in
patients with spinal cord injury has already been
established. The human spinal cord recognizes the
appropriate sensorial information and can
modulate responses about the motor pool which
facilitates walking under NMES training. The
actual model towards the effect of gait training, via
NMES, in the spinal locomotion centre is still
unclear. In this work, ten male patients (21 - 36
yrs. old) with chronic spinal cord injury (seven
complete, three incomplete, neurologic level below
T2) were evaluated at the Biomechanics &
Rehabilitation Lab./University Hospital: first as
soon as the patients joined the Programme and
after 30 NMES based gait sessions, alternating
quadriceps/peroneal stimulation. Clinical
protocols of the American Spinal Injury
Association (ASIA), Ability Ambulation Scale as
well as Electromyography (EMG) of muscle
soleous (SO), gastrocnemious medialis (GA) and
tibialis anterior (TA) were assessed. Motor
recovery was improved with two incomplete
subjects (ASIA) and lower limb (SO,GA,TA) EMG
stance and swing coordination gait patterns were
also improved in the incomplete ones. For the
complete spinal cord lesions, EMG activity
increased during the stance phase and SO and GA
muscle patterns were improved. Results suggest
that gait training with NMES does induce changes
in the spinal cord neural center, thus triggering the
recovering of functional abilities/gait  of
paraplegics.

Introduction

The lost of gait ability is a major problem in
individuals with Spinal Cord Injury (SCI)[1] and
its restoration has been intensively studied. The
development of rehabilitation strategies towards
gait based in the locomotor control of mammal is
highly dependent on the central pattern generator
(CPQG) that is responsible for a large part of gait
control. In humans, CPG is not too robust if
compared with other mammals. It is able to
recognize appropriate sensorial information and
modulate motoneuron responses that facilitate
locomotion [2].
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The capacity of the spinal cord in interpreting the
sensorial influx and modulate the paths that
generate the step can be improved by a gait task-
specific training [3, 4].

The gait task-specific training thru NMES in
subjects with SCI presents an effective potential in
the recovery mobility process and ambulation [5].

Gait training with NMES might be like a
therapeutic way to inducing gait in paraplegic
patients and modulate responses at the spinal level.
In this study the improvement of gait in such
individuals, was analysed thru the effects of
training with NMES-assisted gait on the
electromyographic (EMG) activity at the leg
muscles in paraplegic patients.

Material and Methods

Ten patients, 10 male, age 21-36 years (mean of
30,3 years, sd £7.10), with chronic SCI (> one year
of lesion) were recruited. The subjects were
evaluated and treated in the Biomechanical and
Locomotion Rehabilitation Laboratory of the
University Hospital at UNICAMP, from January
2002 to December 2003 (Table 1). The research
was approved by the Ethics Committee of the
Faculty of Medical Sciences-UNICAMP (Protocol
n® 381/2001).

Table 1- Subject Characteristics

Level of AC* Muscle
Code Lesion  Pre/ Tone**  Distance
Impairment Post R-L"
Scale Pre/Post
1 T8-ASIAA 1 1 1 40 m
2 TIO0-ASIAC 1/2 141 1 70 m
3 T8-ASIAA 1 141 1/+1 70 m
4 T6-ASIA A 1/0 1 36 m
5 T8-ASIAA 1 1 1/+1 58 m
6 T9-ASIAC 1/2 +1/1 +1/1 90 m
7 T5-ASIAA 1 1/0  1/0 40 m
8§ T3-ASIAA 1 0 1 100 m
9 T8-ASIAA 1 +1/2 +1/2  70m
10 T6-ASIAC 1/2 +1/1 1 120 m
*AC, ambulatory capacity; **According to the

Modified Ashworth Scale; R/L , right/left.
Instrumentation



Neurologic examinations of all patients were
performed according to ASIA standards [6]. The
motor (maximum 100 points) and sensory
(maximum for both anesthesia and algesia 112
points) scores indicated the severity of the spinal
cord lesion. The impairment scale classified as (A)
no motor or sensory function below the lesion; (B)
sensory function only below the lesion; (C)
“useless” motor function below the lesion; (D)
“useful” motor function below the lesion; and as
(E) recovered.

The ambulation capacity of patients was assessed
as being in one of four categories: (1) no
ambulatory capacity, with the patient unable to
walk or stand; (2) therapeutical ambulatory
capacity, with standing and walking possible but
only with the support of either two crutches and
the help of an accompanying person (such patients
could perform these procedures only as a
therapeutical approach); (3) functional ambulatory
capacity, with daily walking possible over short
distances without the aid of physiotherapists or
braces (a category of ambulatory capacity used
regularly in the activities of daily living and at
work); and (4) full ambulatory capacity, with little
or no disturbance in walking (a categorization
corresponding to that used in earlier studies)[7].

The Modified Ashworth Scale [8] determined
spasticity of the plantar flexors, which presents a
score from 0 to 4 where 0 is normal tonus and 4, is
complete rigidity of the segment.

Multichannel surface EMG recordings used a
device of Noraxon USA, with bipolar surface
electrodes (5 cm apart) on the tibialis anterior
(TA), medial gastrocnemius (GM), and soleus
(SO) muscles of both legs: SO, distal to the
gastrocnemius muscle and medial to the achilles
tendon; GM, below the popliteal crease; and TA,
below the tibial tuberosity and lateral to the tibial
crest.

Procedure

The subjects were evaluated in the first and after
thirty sessions of gait training with the instruments
cited above.

The gait training programme consisted of a
strengthening period for the quadriceps muscle,
with the patient seated, followed by standing and
gait training which consisted of 30 sessions. The
patients walked during 40 minutes, with rest
periods and the distance walked was measured.

For training, a four channel NMES system with
surface electrodes was used to enable standing and
walking with a reciprocal gait in paraplegic
patients [9].
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EMG data acquisition was done with the subjects
walking without NMES but with the lending
support and an extensor splint knee united to an
ankle foot mechanical orthosis (AFO) along six
meters approximately.

Data analyses

The collected data of EMG were manually
analysed, beginning with the identification and
marking of gait phases, through signals (on/off)
from the pressure sensors on the plantar foot.
Quantitative  representation of intramember
coordination was achieved thru amplification
(band pass filters, 30 to 300 Hz), analog-to-digital
conversion and sampling at 1000Hz. EMG signal
was rectified (RMS) about an average of five steps.

A descriptive analysis of variable studies
comparing with each measure of EMG (muscle —
TA, GM, SO; period — pre and post-training; phase
— swing and stance) was done.

To explain the variability of each measurement in
the EMG activity Variance Analysis with 3
repeated factors and with RANK transformation
[10] was performed. When the factor was
significative comparison multiple tests (Contrast
Tests) to identify the differences were done.

Results
Effect of level gait training

Relative to the periods pre and post- training, in the
right leg, intramember coordination significant
values were obtained for the SO muscle which
showed major values in the stance phase and minor
values in the swing phase (pre: p-values = 0.0122;
e post: p-values = 0.0111). About this aspect, the
SO muscle demonstrated smaller values in the
swing phase in the post-training period (p-value =
0,0046) (Fig. 1).
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Fig. 1: Gait variables for the right leg.

For TA e GA right muscles, statistical differences
were not observed, possibly due to the large
variability of EMG activity. Therefore, when
evaluating separately the right leg muscles of



subjects with incomplete lesions, a more
coordinated EMG intramember pattern (Fig 2) was
found.
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Fig. 2: EMG pattern for subject 10. Pre and post
training.

In the left leg it was noticed that the TA muscle
presented an increase in the EMG activity in the
post- training period for the swing phase (p-value
= 0.0382) (Fig. 3). GA and SO muscles of the left
leg, referred a larger EMG activity in the stance
phase when compared to the swing phase (P =
.0028; P = .0378, respectively), including the pre
and-post training period.
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Fig. 3 : Gait variables of the left leg.
During that same phase (stance), in the post-

training period, differences between the leg
muscles were noticed when the TA muscle
presented lower EMG activity than that of the GA
and SO (P =.0430; P = 0.0038, respectively).
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Discussion

The selection of an appropriate locomotor pattern
depends upon a combination of central programs
and afferent inputs, moreover instructions to a
respective motor condition. This information
determines the organization way of muscular
synergies [11] designating multiple conditions of
stance and swing [12]. Prior investigations have
demonstrated that it is possible to induce
locomotor activity in complete and incomplete
paraplegic patients [13].

In this study improvements were obtained
relatively to ambulatory capacity of subjects 2, 6
and 10, which went from category 1 (no
ambulatory capacity) to 2 (therapeutic ambulatory
capacity). All subjects obtained gains in the
NMES-assisted gait (Table 1). Other studies have
documented positive results in the NMES-assisted
training [14], mainly with incomplete paraplegic
patients. Therapeutic effects of NMES-assisted
level gait training involve central and peripheral
factors [5], like changes in the muscular fibre
properties [15] and in the plasticity of motor gait
behavior during chronic stages of the spinal lesion.

In the present study alterations in muscle tone were
not observed (Table 1). Granat et al (1993) [14]
found a significant reduction of spasticity after a
NMES exercise and gait programme for patients
with incomplete SCI with evaluation being done
by a pendulum test but not with the Asworth Scale.

Three aspects are rather relevant: (1) some studies
have shown that electrical stimulation of the
common peroneal nerve reduces the amplitude of
the H-reflex in the SO muscle [16]. This change in
the H-reflex could be related with the intrinsic
modulation capacity of the spinal cord [17]
evidencing plasticity in the level of spinal reflexes
in primates after a period of task-dependent
training [18]; (2) NMES excites the quadriceps la
afferent fibres thus contributing for the excitation
of their a-motoneurones as well as the a-
motoneurones of the SO muscle, thus leading the
muscles to act as anti-gravity synergists [19]; (3)
the spinal CPGs might be the active in paraplegic
patients through influx of afferent task-specific
information. The NMES-assisted training can
contribute to some afferences to the CPGs in SCI
patients as the afferent inputs from load receptors
[11] and from the stretch receptors la of the hip
[20]. Thus, the discharge weight during the
NMES-assisted gait training can contribute to the
spinal circuitry.

NMES-assisted gait training allows a modulation
of the H-reflex through the peroneal nerve
stimulation and offer correct information about the



task-dependent coordination, thus facilitating the
gait performance and EMG coordination patterns.
Therefore, such therapeutic approach is capable of
yielding  satisfactory results towards the
ambulatory rehabilitation.
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NEUROLOGICAL REHABILITATION, PLASTICITY AND ACTIVITY-
MEDIATED ASPECTS: A ROLE FOR LOCOMOTOR GENERATING ACTIVITY
AND THE RESIDUAL POTENTIAL ON SCI INDIVIDUALS THROUGH FES
WALKING?

Cerrel Bazo H !

Centro di Neuroriabilitazione e Ricerca di Villa Margherita, Arcugnano, Vicenza, Italy (1)

New scientific work has given the idea of a grown potential to reduce the neurological
impairments and functional disabilities of people with SCI (spinal cord injury). As a result
patients and families have become forceful advocates for SCI cure. This has posed a challenge
for ETHICS compelling researchers and clinicians to promise only for concrete results.

Developmental & experimental neurobiology has enable axons to grow and stem cells to
differentiate and migrate. We are learning about the flexibility and plasticity of the
sensorimotor system above and below the level of spinal injury [brain-spinal cord-motor unit],
and about the residual activity of muscle-skeleton, bladder, bowel, cardio-respiratory and
general autonomic system responses feasible for functional use by a NEW CIRCUITRY
and/or by ARTIFICIAL means.

In this paper, we briefly comment the possibilities of CNS plasticity in animals and humans.
We describe the sacral sparing theory as a tool for human SCI clinical outcome prognosis
related to walking performance. By means of functional electrical stimulation (FES), we show
some promising clinical results that can be associated with plasticity in the CNS organization
nurturing interesting thoughts about the integration of different systems (below and above the
level of injury). We demonstrate that it may be possible for FES to potentiate the effects of
the residual potential on chronic SCI subjects to generate a pattern of movement that can be
useful for standing, stepping and or cycling.

Dormant long-term SCI residual activity may lose the awareness to support above and below
the level of injury activity. The sensorimotor system if properly stimulated may generate
activity useful for the functional integration of different systems. In this sense; FES, the
awareness learning process and training mediated-activities may open real pathways of
communication between the above and below level of injury encouraging us to prepare for
structural, methodological and neurophysiological studies to proof for the effectiveness of this
mediated-approach proposed as a new neurorehabilitation gaining technique.

Key words: CNS organization and plasticity, functional electrical stimulation, human long-
term SCI , locomotor-generated pattern activities, spinal-cord injury.
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Abstract

Functional Electrical Stimulation (FES) to restore
leg movement for standing up and walking
(stepping) in SCI patients with intact lower motor
neuron is used by several groups. Usually
quadriceps muscles are stimulated for hip and
knee extension, gluteus muscles for hip
stabilization and common peroneal nerve to elicit
the flexion reflex.

The demand to get a natural movement would
require a huge amount of stimulation channels — a
request that could be easily fulfilled from the
engineer’s point of view but not from the point of
practicability since each stimulated muscle
requires two skin attached electrodes resulting in a
prolonged time for donning and doffing.

In the described project a newly developed eight
channel stimulator that can vary the stimulation
parameters in many ways and over a wide range is
used. The goal is to achieve a natural movement

with a minimum of surface electrodes by
optimising the stimulation parameters
Seven experienced FES users and five

unexperienced persons (all between Th46-Thll)
participate in this study.

Standing up can be significantly improved by
optimising the time delay between the onset of
quadriceps and gluteus muscles (0.2 — 0.4 s) and
the duration of the ramp. A 0.2s delay gives good
results in heavy patients while slower ramps (0.4s)
are required in slim patients. During stepping
gluteus muscle timing is not very crucial. He is
turned off 0.1 — 0.2s before quadriceps muscle and
with the same delay turned on again. Of major
influence on the gait quality is the timing during
heel strike when peroneal stimulation is switched
of and quadriceps stimulation is turned on. 6
patients require 0.0-0.1s where neither peroneal
nor quadriceps stimulation is applied, the others
require an overlap of 0.1-0.2s.

Activation of adductor muscles during standing up
and during the swing phase helps to avoid hip
abduction and improves knee trajectories.
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Introduction

Functional Electrical Stimulation (FES) can be
used to activate lower extremities in paraplegic
persons. Mainly three approaches can be found:
Stimulation of leg muscles via skin attached
electrodes [1], implanted electrodes attached to an
external stimulator [2] and implanted electrodes in
combination with an implanted pulse generator [3].
Electrical stimulation used in combination with
orthoses is also reported [4; 5].

This paper focuses on surface stimulation because
it can be easily applied and the patient can enter
the FES program in any stage of the rehabilitation
process. The functionality standing up, standing
and stepping/walking is provided by electrodes
placed over the quadriceps muscles to get hip and
knee extension, gluteal muscles for hip
stabilisation and common peroneal nerve to elicit
withdrawal reflex for hip flexion, knee flexion and
ankle dorsiflexion.

For basic functions six electrodes are required per
leg. Better results could be expected if more
muscles are selectively stimulated [6]. In the case
of surface stimulation more channels would result
in a longer time for donning and doffing (attach
electrodes, hide cables, connect device, check for
proper electrode placement), lowering the usability
of such a stimulation system in daily life.

An eight channel stimulation system with a high
degree of freedom in stimulation parameter range
was developed [7]. Individual parameter
optimization shall improve the outcome of the
described stimulation strategy.

User friendliness played an important role during
the hard- and software design phase.

Material and Methods

Seven FES experienced paraplegic patients and
five unexperienced (all between Th4 to Thll),
volunteered to participate in this study and to test
the new eight channel stimulation system.



Stimulation device

An eight channel stimulation system (subject of
cooperation between the Medical University
Vienna and Otto Bock Healthcare Products GmbH)
was used. The system consists of two four channel
stimulation modules, one for each leg, and one
master module holding the batteries and the
components for bus management.

The wuser interface and the handling of the
stimulation sequences are provided by a PocketPC
(Comapq, Ipag Model 3950, HP, Houston, Texas,
USA). Equipped with a wireless LAN card the
PocketPC is able to communicate with a PC for
data upload, data download data synchronization
and to open a channel for stimulator control
directly from the PC.

All modules, two stimulation modules, the master
module and the PocketPC are stored in a custom
made belt to wear the stimulation equipment
around the waist. Connection cables are hid in the
belt (Fig. 1).

A wireless (433MHz) remote control offers access
to the stimulators basic functions. Buttons are
mounted close to the supporting handle so they can
be reached by thumb without releasing the handle.

PC Software

Special software for the PC was written for data
management and to build stimulation sequences. A
graphical user interface helps the therapist to
control stimulation timing and amplitude, pulse
width and pulse frequency. The latter two
parameters can be set individual for attack, plateau
and decay of stimulation burst and for continuous
stimulation.

Patient session

When the patient comes to the rehabilitation centre
electrodes are attached over quadriceps muscles,
gluteus muscles and peroneal nerve. In the
following five minutes a warm-up program with
weak contraction for quadriceps and gluteus
muscles is performed.

Under control of the PC the stimulation amplitude
is increased for each single channel under
supervision of the therapist until a strong
contraction is observed. Electrode position of the
peroneal electrodes and stimulation parameters are
changed until a sufficient reflex response is
noticed.

Based on the previous findings the patient starts to
practice FES evoked standing up and sitting down.
A physiotherapist watches carefully the movement
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and advises the patient to correct his posture,
balancing, grip force and so on if necessary.

Next, walking training is started. Parameters are
optimized for smooth stepping movements.

In patients tending to have knee abduction during
standing up and having problems to swing the leg
forward in a linear way electrodes are placed on
the inner thigh to activate adductor muscles.

As soon as the session is completed the stimulation
sequences for home use are selected and
transferred into the PocketPC.

In general stimulation parameters are: 27Hz pulse
frequency, Dbiphasic pulses, pulse duration
0.6ps+0.6ps.

Fig. 3: FES supported stepping. Patient is wearing an
eight channel stimulator consisting of two four channel
stimulation modules (left and right) and a master

module .with PocketPC (middle). Stimulation is

triggered with the right thumb.



Results

In general the introduction of ramps when the
stimulation is activated or deactivated leads to a
more natural movement in comparison to simply
switching stimulation on and off.

To stand up the patient checks for proper foot
position, leans forward and triggers the
stimulation. A pattern (according to figure 1) for
standing up is shown in figure 2. For a smooth
upwards movement heavy patients request a steep
ramp for quadriceps stimulation onset (0.2s), slim
patients request slow ramps (up to 0.4s). A time
delay between quadriceps activation and gluteus
activation is necessary to first lift the body from
the seat and then, when the knees are nearly
extended, to push the hip forward and stabilize it.
0.2-0.4s time delay gives good results. After an
upright posture is taken, the stimulation amplitude
can be reduced by 10 to 25 percent, to lower
muscle fatigue. In two cases (the heaviest patients)
the stimulation frequency during standing up is
increased to 70Hz.

Adductor stimulation was effective in improving
knee trajectories during standing up by reducing
knee abduction.

The corresponding walking sequence is outlined in
figure 3. When a step is triggered quadriceps and
gluteus stimulation is turned off, flexion reflex is
provoked and at the end of the swing phase
extensors are turned on again.

During stepping the most critical part is the timing
during heel strike when peroneal stimulation is
switched of and quadriceps stimulation is turned
on. Four patients require 0.0-0.1s where neither
peroneal nor quadriceps stimulation is applied, the
others require an overlap of 0.1-0.2s. The gluteus
timing had no major influence on the gait quality.
In all patients gluteus was turned off at the
beginning of the swing phase 0.1s before
quadriceps and turned on again at the end of the
swing phase 0.1s after quadriceps.

Sitting down is an uncritical task: Releasing the hip
and then turning off quadriceps stimulation. Heavy
patients need slow ramps, the others prefer steep
ramps.

Patients can perform 15-25 steps per minute with a
step length of 20-30cm. The walking distance until
exhaustion or muscle fatigue occurs is 4-60m.
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Discussion

The eight channel stimulation system was well
accepted by the patients and worked reliable.

After an introduction and three patient sessions
under supervision the therapists were able to
handle the PC and PocketPC software
independently.

In all patients a smooth course of motions for
standing up and stepping could be reached by
individual parameter optimization.

Somehow disappointing is the short walking
distance. Of course the endurance is considerably
influenced from the experience and the
rehabilitation status of the patient. Mainly two
factors limit the walking distance: muscle fatigue
of stimulated muscles and exhaustion due to
applied arm support. Muscle fatigue can be
improved by trainings strategies. A high arm
support may have several reasons. Every factor
that causes leaning forward induces higher arm
support. Hip contracture inhibits an upright posture
resulting in leaning forward. Fear of falling
backwards or fear of device failure provokes the
same problem. A higher arm support is also
applied if the steps are too long and the major work
of moving the body forward is done by pulling
with the arms. Heavier patients in general use more
arm support to stay balanced.

It was observed that the patients request higher
stimulation amplitudes than necessary for the
required functionality because they feel much safer
if legs and hips are very stiff. This overstimulation
advances muscle fatigue.
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Abstract

In this study a reduced spring like model of
walking was used to demonstrate the effect of
FES on the quality and safety of gait. The
acceleration profile of the COF was considered as
a good quality estimator of the spring system.
FES optimized the spring properties in most of
the participating patients but especially in those
reporting a reduced fear of falling

Introduction

To understand and describe the functional benefit
of FES, the use of a reduced model is advisable.
The simplification helps to derive better
applications to customize them to fit a particular
stroke patient. If we reduce walking to wheel like
propulsion, generated by a counterbalancing
mechanism symbolically represented by a system
of springs, the latter might be replaced by the
muscle model of Hill [1] [2]. Hence force is
generated by nonlinear components that depend on
neural activation (Q), length (L) and its derivative
(dL/dt). (Fig. 1)
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Fig. 1: walking represented as a reduced non linear
model. CE (contractile element), SEE (series elastic
element) and PEE (parallel elastic element)

The reduction model simulates a uniformly circular
movement with a constant speed and responds to
Newton’s law. However in-shoe plantar pressure
measurements recording ground reaction forces
during walking at constant speed don’t show a
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perfect sinusoidal behaviour as represented in
fig.1. This is because the potential and kinetic
energy curves generated during heel strike, foot
flat and push off are generally out of phase and
responsible for submovements. These
submovements are demonstrable in the centre of
force trajectory (COF). The frequency spectrum of
them can be revealed by harmonic or Fourier
analysis, converting the signal from the time to
frequency domain.[3] The most dominant
frequency shows up as a large wave at a position
along the horizontal axis corresponding to its
frequency. Any other frequencies (called
harmonics) show up as smaller peaks at different
positions according to their frequency. Fig.2 shows
the existence of higher harmonics, responsible for
the acceleration variations of the COF during the
foot support phase.

Hemiparesis has far reaching consequences for the
proposed model. In fact the Hill model is highly
sensible for changes in muscle excitability and
structural shortening. If FES is successful it will
show a strong influence on the harmonics by
improving the spring characteristics.

The following research will demonstrate that FES
is perceived as comfortable and safe when this
kind of optimisation takes place.

Material and Methods

The COF acceleration profile of the affected and
non affected foot was investigated during walking
in new FES users having a first stroke for at least
six months and presenting with an obvious
dropped foot. The Odstock one channel dropped
foot stimulator was used to correct abnormal gait
in 22 patients (mean age was 69 years).

The Fscan system (Tekscan Inc.) was used to
record the COF trajectories. Ultra-thin flexible
insole sensors were placed in the shoes of the
subjects. Measurements were done during walking
at a self-generated, comfortable speed and data
with and without FES were compared. The
acceleration of the COF trajectories in X and Y
direction was obtained by a double derivative.
These data were smoothed by a running average
using 10 samples and low pass filtered with a 14
Hz 8 order Butterworth filter. Finally a Fourier



analysis was performed to calculate the power
density spectrum. The 2.34, 4.69, 7.03 and 9.38 Hz
frequency ranges were further studied. The
respectively power in each frequency bandwidth
was compared with and without the use of FES. A
Student t-test for paired samples was used to
compare means. Significance level was set at
p<0.05

At the same time the ‘go up and downstairs’, ‘walk
around neighbourhood’, ‘housecleaning’, and
simple shopping items from the Falls Efficiency
Scale were recorded one week before the gait study
and after six weeks of FES use.[4] The Wilcoxon
matched-pairs signed ranks test was used to
compare these results.

Results

In all investigated stroke patients the unrolling of
the affected and unaffected foot was clearly
disturbed. This coincided with superimposed
irregularities or submovements to the normal
acceleration curve, a high power at the sound side
and a very low power at the affected side in most
frequencies.

FES reduced power (X en Y direction) in the non
affected limb and increased the power in the
affected limb. However the difference was only
significant for the accelerations in X direction.
(Fig. 3-4)

The average score on the Falls Efficiency Scale
rose with 5.35 points (p<0.001) after six weeks of
FES use.

Recalculating the power density spectrum statistics
for those patients having an increase in the Falls
Efficiency Scale higher than the average showed a
strong influence on the acceleration characteristics
especially in the Y direction. (Fig. 5)

Discussion

Stroke patients very often complain about an
unsafe, low quality gait and fatigue during
walking.[5] In many cases this is a consequence of
an inefficient gait. In this study walking was
simulated as wheel like propulsion, steered by
counterbalancing mechanisms symbolically
represented by springs driven by the Hill model.

The movement of the COF was the fingerprint of
this spring system and Fourier analysis showed a
superposition of several harmonics dealing with
the specific spring capacities during heel strike,
foot flat and push off. (fig 2)

According to the Hill model it is important to
distinguish in stroke stiffness due to spasticity
from that due to rheologic adaptations.
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Fig. 2: COF X -Y acceleration profile of a stroke
patient
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Fig. 3: Sound leg power spectrum for the X-COF
accelerations. p=0.039 for 2.34 Hz and p=0.045 for
9.38 Hz
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Fig. 4: Affected leg power spectrum for X-COF
accelerations. p=0.049 for 2.34 Hz and p=0.02 for
4.69 Hz

The first is caused by disorganised reflexes, the
latter by intrinsic changes in connective tissue
arising from disuse secondary to hemiparesis.[6]
This may be compounded by increased actin-
myosin cross-bridge linkages, which are thought to



be associated with reduced rates of cross-bridge
detachment.[7]
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Fig. 5: Sound leg power spectrum for Y-COF
accelerations. p=0.0001 for 2.34 Hz and p=0.05 for
the higher frequencies.
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Mirbagheri e.a [8] found a decreased reflex
stiffness of 53% after FES assisted walking, and
also intrinsic stiffness dropped by 45%. In contrast,
both reflex and intrinsic stiffness increased in the
non-FES control subjects. These findings suggest
that FES-assisted walking has an important
influence on the passive and active components of
the muscle respectively represented by the SEE,
PEE and CE elements in the Hill model. These
findings are consistent with our study, which
shows that FES for a dropped foot restores some
feature of the spring mechanism. However our
study only addressed temporary effects in chronic
stroke.

Indeed the electrical induced contraction in the
anterior Tibial Muscle of the affected limb is not
only responsible for a better clearance during
swing with an improved balance at the sound side,
it also stretches the calf muscles during heel strike,
which facilitates the storage of potential energy
needed for the kinetic release during the powerful
push off. This is visible in the normalisation of the
2" harmonic in both affected and non affected
limbs. At the same time, movement fragmentation
is reduced which adheres the minimum jerk theory
in control optimization.[9]

The fact that the acceleration scheme for the Y
direction is only improved in patients who had the
impression of an improved safety with the dropped
foot stimulator makes us believe that in some cases
FES is fighting against some remaining or altered
spring properties. This is perceived by the patient
as a less comfortable way of walking even when
visual inspection of their gait gives the impression
of an overall improvement. It is even not excluded
that in those patients safety is on its turn
compromised.
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There is also the possibility that FES was not
optimally tuned for each patient. If this is true, our
approach will be an attractive method to guide this
process. However the need for normative data is
requested. In an unpublished study we found a
positive relationship between power and speed in
the 2.34 Hz frequency range.(fig.6) The increased
walking speed seen in FES users can explain partly
our observations, but seemingly it looks more
complicated than that.
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Fig. 6: Relationship between walking speed and
power in 2.34 Hz frequency range

If we interpret the mean power values of our
investigated stroke patients in accordance to the
normal curve, we should expect a speed of 4 km/h
for them, which is of course completely absurd. In
the most case it was only between 1 and 2 km/h.
With FES the speed increases but the power
decreases in the sound limb. This might suggest an
regained optimised relation between speed and
energy input.
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Fig. 7: Relationship between the power in the higher
frequencies (>7.03Hz) and walking speed.

The higher frequencies, which are the indicators
for the number of submovements don’t show this
linear relation between speed and power; but argue
for the existence of a advantageous speed, with an
optimal signal/noise ratio.(fig.7)

Under those circumstances FES can bring patients
to a better signal/noise ratio by increasing speed.
This optimization could be the prime factor for an
improved feeling of safety.



However these interpretations should be treated
very cautiously and further research is necessary.
Also more clarifications explaining which factors
are exactly influenced in the Hill equation by the
dropped foot stimulator in stroke are needed.
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Abstract

In pathological gait it is very important to
correctly identify primary gait anomalies
originating from damage to the central nervous
system and not mistaken them for compensatory
changes of gait pattern. For that purpose a
mechanical system consisting of specially sewed
trousers, special shoes arrangement and elastic
ropes attached to the designated locations on the
trousers was designed that allows repeatable
emulation of muscle contractures of soleus (SOL)
and  gastrocnemius  (GAS)  muscles.  Six
neurologically and orthopaedically intact subjects
participated  in instrumentally  supported
kinesiological evaluation. Results show that
subjects developed compensatory mechanisms
according to the type of artificially imposed muscle
contracture

Introduction

Often in clinical studies and praxis we meet cases
where damage to the central nervous system
manifests in gait anomalies, leading to less
efficient gait compared to normal gait. Patient’s
abilities to properly exert synchronised muscle
activation for energy optimal gait are disturbed
resulting in greater energy dissipation and efforts
required for preservation the body in the upright
position. It is a challenging task to establish
appropriate diagnosis. Namely it is necessary to
identify primary anomalies, which are directly
attributable to the damage to the central nervous
system or musculoskeletal system and not
mistaken them for secondary anomalies, which the
individual develops to compensate for unwanted
effects arising from primary anomalies. For this
purpose instrumented kinesiological assessment
and analysis of joint kinematics, kinetics and
muscle dynamic EMG signals are indispensable

[1].

Very common example of pathological gait
represents toe-walking. It is most frequently
present in cerebral palsied children and is a result
of either prolonged and premature ankle
plantarflexors activity, plantarflexor spasticity
and/or plantarflexor contractures leading also to
bone and soft tissue deformities. Recently two
studies investigated the kinematic, kinetic and
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EMG characteristics of toe-walking '[2,3].
Participants in both studies were able-bodied
subject who were asked to induce toe-walking by
self-restricting their walking. Comparing heal-toe
walking and toe-walking Kerrigan et. al. [2]
reported of significant reduction in the peak ankle
plantarflexor torque and power generation during
terminal stance and preswing, whereas in loading
response, the moments of the ankle dorsiflexor and
knee extensors were absent. Furthermore, during
toe-walking Perry et. al. [3] also recorded greater
plantarflexion during stance, higher peak and mean
plantarflexor moments during loading response
and midstance, lower mean plantarflexor moments
during terminal stance and lower peak extensor
moment in midstance. However it seems that the
methodology of inducing toe-walking by asking
subjects to self-restrict their walking can not
adequately approximate pathological
biomechanical conditions where the equinus is
induced due to plantarflexor spasticity or
contractures. Furthermore, since plantarflexors are
constituted by a monoarticular soleus muscle as
well as by a biarticular gastrocnemius muscle we
can assume that spasticity or contracture of each
muscle may have different biomechanical effects
on resulting gait pattern in the joints of both lower
extremities. Therefore, we need a more refined
methodology, which will enable more detailed
study into toe-walking gait patterns.

In this paper we present novel mechanical system,
which is designed to ensure well-controlled
conditions for repeatable emulation of artificially
induced toe-walking gait in neurologically intact
subjects. The system enables emulation of soleus
muscle  contracture,  gastrocnemius  muscle
contracture or combination of both muscles
contractures. We further present a study on the
effects of emulated muscle contractures on gait
patterns of six neurologically intact individuals.

Materials and Methods
Contracture emulation system

Fig. 1 shows schematic drawing of the proposed
system consisting of specially sewed trousers,
special shoes arrangements and elastic ropes
attached at the proximal end to the designated
locations on the trousers and at the distal end to the



fixation frame at the heels of shoe. Trousers are
made of durable material able to withstand
mechanical loading due to stretching of the elastic
ropes. To prevent trousers from moving vertically
during walking four leather patches are
longitudinally and transversally sewed to the inner
side of left and right trouser legs.

leather patches on the
inner side of trousers are
tightened with leather
belts at side

fixation rings for®
mounting  elastic g
ropes >

shoe with aluminium
framework  carrying
fixation ring

elastic ropes muscle

emulating
contractures of soleus and gastrocnemius

Fig 1: schematics of a subject during walking with
emulation of SOL and GAS muscle contracture. The
system consists of specially designed trousers and shoes
and elastic ropes, representing emulated muscle
contractures.

Additionally, fastening four leather belts on each
leather patch keeps the whole arrangement firmly
embraced to the thigh and shank of the lower
extremity. Trouser legs on outer sides up to the
pelvis level remain unstitched, providing enough
space for fastening the belts and at the same time
leaving hip, knee and ankle joint uncovered and
freely movable. Iron fixating rings are mounted
directly on trousers and leather patches at the
approximate positions where particular muscles are
attached to the bone. Iron nuts, tightening fixating
rings on both sides of leather patches, were
covered with soft leather tissue ensuring soft skin
contact and firm attaching points for elastic ropes.
Located beneath and posterior and above and
posterior to the knee joint axis first and second
fixating rings correspond to proximal ends of SOL
and GAS muscles respectively. Distal ends of both
muscles are attached to the heel arrangement of the
shoe proximal to the ankle joint axis on the third
and final fixating ring. Two aluminium bars are
bent in the shape of shoe and mounted on shoes
with iron screws and nuts trough shoes heels.
Carrying the third fixating ring the first bar is on
both sides of the shoe supported by the second bar,
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together forming triangles and thus preventing the
frame from moving. Muscle contracture is
emulated with one or more elastic ropes connected
in parallel. When choosing appropriate length and
stiffness of elastic ropes we had to prevent elastic
rope to exceed it’s elastic limits, which would
induce unwanted perturbation in walking. Decision
which elastic rope is appropriate to satisfy this
condition and at the same time induce well-
controlled changes in gait pattern was reached
according to the trial and error tests.

Participants

Six subjects of similar age, height and mass ( mean
age + standard deviation, 22.5 + 1.87 y; mean
height, 175.0 £ 4.2 cm; mean mass, 64.2 + 4.2 kg)
participated in this study. Subjects were free from
any muscoloskeletal or neurological impairments
that would affect their gait.

Experimental conditions

Providing good possibilities to emulate several
constraining conditions the study was limited to
emulation of muscle contractures of soleus and
gastrocnemius individually ( in text referred as
SOL or GAS muscle -contracture) or in
combination ( in text referred as SOL-GAS muscle
contracture) each time using two elastic ropes
emulating muscle contractures. Recordings when
subjects were equipped with proposed system but
with no elastic ropes attached (referred as normal
gait) were taken for comparison. We used VICON
motion analysis system consisting of six 50 Hz
cameras with infrared strobes for capturing three-
dimensional motion of lower extremity and pelvis
and two AMTI force platforms for recording
ground reaction forces. By means of VICON
Clinical Manager we calculated ankle, knee and
hip joint angles, moments and powers for the
movement in the sagittal plane. Participants were
instructed to walk at average walking speed of
approximately 1 m/s. Using a time watch trials
were excluded from further analysis if the time
taking the subject to overcome the distance of
seven meters differed for more than one half of a
second from the expected time of seven seconds.
In each experimental condition i.e. type of
emulated muscle contracture at least four clear
steps with the left leg (equipped with elastic ropes
in the second experimental condition) were
recorded and averaged in each sample of gait
cycle.

Data analysis

Resulting gait pattern recordings for six
participants were included in the further statistical



analysis. Comparing particular type of artificially
induced pathological gait to subject's normal gait
differences in joint moments were examined.
Focusing on the differences in ankle and knee peak
and average moment values in midstance (10-30%
of GC) and terminal stance (30-55% of GC) we
performed one-tailed t-test pair-wise comparison
between particular experimental conditions. The
level of statistical significance was set to p < 0.05.

Results

Figure 2 shows representative recordings of a gait
pattern measured in one of the subjects. Each
graph shows trajectories measured under all four
selected  experimental conditions. There is a
considerable difference between the resulting
kinematic and kinetic patterns. Artificial constraint
imposed by elastic ropes emulating SOL and
SOLGAS muscle contracture forces ankle in
excessive plantarflexion throughout gait cycle
whereas in case of GAS muscle contracture the
difference is not so explicit. Likewise the knee was
flexed throughout stance phase and the range of
motion in hip decreased, which resulted in
shortened step as opposed to normal walking.
Noticeable differences are present also in joint
moment patterns Characteristic two-teeth profile
occurs in the ankle when SOLGAS muscle
contracture present opposed to not so extensive
ankle plantarflexor moment increase in other two
cases. Furthermore opposite effect on knee
extensor moment could be noticed when

ANKLE

KNEE

comparing SOL and GAS muscle contracture.
Whereas in SOL muscle contracture reduction of
knee extensor moment in midstance was recorded
in GAS muscle contracture knee extensor moment
markedly increased in terminal stance. In most
constrained situation of SOL-GAS contracture
characteristic behaviour of both cases is
summarised, namely midstance is characterised
with knee extensor moment reduction whereas
terminal stance with knee extensor moment
increase.  The  power  trajectories  show
characteristic power absorption pattern in the ankle
in the early stance phase accompanied by decrease
of power absorption at the knee. During push-off
there is increased power absorption in the knee
joint. Power generation in the hip joint in the early
stance phase is somewhat increased.

Statistical analysis including results of all six
subjects results supported these findings (figure 3).
Regardless of type of muscle contracture greater
peak and mean ankle plantarflexor moment was
recorded in midstance compared to normal gait at
the same time indicating statistical significant
difference between SOL and GAS muscle
contracture and SOLGAS muscle contracture
whereas in terminal stance differences are less
evident. In knee joint the differences are less
evident in midstance and more explicit in terminal
stance when compared to normal walking, as
results show considerable greater peak and average
knee extensor moment.
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Fig 2. representative gait patterns of subject’s left leg when normally walking and
when emulating SOL and GAS muscle contractures separately and in combination on

the left leg
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Fig. 3: For left leg comparing ankle and knee peak and average moment deviations from normal gait

between different experimental conditions

Discussion

We have developed a mechanical system, which
enables well-controlled imitation of SOL and GAS
muscle contractures in  neurologically and
orthopaedically intact subject. The created
biomechanical conditions are good approximation
for spastic or contracted muscle. By varying the
stiffness of the elastic ropes and also by utilizing
various combinations of plantarflexor muscles
contractures we are in position to investigate the
role of each pathological combination in controlled
conditions. Since the primary cause of altered gait
pattern is known we can identify secondary,
compensatory changes.

The main goal of this paper was to study the
resulting gait patterns of emulated toe-walking,
and compare our results with those of Kerrigan and
Perry [2,3]. There are substantial similarities
between the results for the ankle joint. The ankle is
in pronounced plantarflexion, the ankle moment
has characteristic double tooth shape and the
power absorption in the ankle at the initial contact
is evident. For the knee joint the results presented
in fig. 2 and 3 are in agreement with [2,3] for the
SOL condition and in for the GAS and SOL-GAS
restraining conditions where knee joint is in
marked flexion throughout stance and the knee
extensor moment is substantially higher throughout
the stance phase. The behaviour in the hip joint is
similar to the one reported in Kerrigan. The
differences observed in the knee joint indicate that
there exist several toe-walking kinematic and
kinetic patterns that must depend on degree of each
plantarflexor muscle pathological state.
Furthermore results in figure 3 support these
findings and additionally emphasize that the
differences in ankle and knee moment values show
significant  differences  between  particular
restraining conditions.

The single disadvantage of the developed system is
that the subjects needs to be of similar height and
weight due to the size of trousers and shoes.
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Also a subject with substantially greater power
generation capacity could overwhelm the strength
of elastic ropes, therefore a direct comparison

between the subjects would not be possible. For
these reasons subjects of similar height, weight and
physical condition needs to be chosen to
participate in the experiments, making the results
between subjects directly comparable.

The developed system in its present form can be
used only for emulation of SOL and GAS
contractures, however, it can easily be expanded to
allow emulation of contractures of other muscles
of lower extremity. by mounting mechanical rings
at the appropriate anatomical sites on the leather
patches of the trousers. A variety of combinations
can be studied and compared to gait patterns
recorded with a single muscle contracture
emulation.
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Abstract

Cardiovascular adaptation processes can be
induced by FES-ergometer training, and useful
distances can be covered during FES-cycling.
However, this is only possible, if a minimum
amount of mechanical output power is
generated. As a rule this cannot be achieved in
the case of untrained patients due to a number
of causes. This study concentrated on the work
physiological aspect of FES-cycling, which
although often overlooked is very important
from the viewpoint of the paraplegic’s limited
power and endurance. Isometrical
measurements were made in seven completely
untrained and one exceptionally strong
patient. Subsequently the patients performed
cycling exercises, and the drag torques and the
cadences were recorded. Graphic
representation of the cadence/muscle stress
values unrevealed a work physiological
interpretation of the individual cycling
capability and the effort of the paraplegic
patient in a particular cycling situation.

This approach shows that the excessive fatigue
observed in paraplegic cyclists is due to the
fact that they work in the fatigue mode rather
than the steady-state mode. The analysis
shows that training under load can improve
the performance of the SCI-cyclist so that
he/she is able to work in the steady-state
region.

Introduction

A minimum of generated mechanical output
power and endurance are the prerequisites for
the onset of the cardiovascular adaptation
processes that FES-ergometer training induces
as well as for useful distances to be covered
during FES-cycling. As a rule this cannot be
achieved in the case of untrained patients.

Cycling causes dynamic contractions that
periodically hinder the passage of blood,
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partially or totally. Local fatigue is of extreme
importance in FES cycling. To avoid it, the
load and rate of contraction have to be
adjusted to the actual muscle strength. Our aim
was to propose a measure for the individual
effort of the paraplegic patient in terms of load
and contraction rate.

Material and Methods

Eight  completely  paraplegic  patients
participated in the study. While seven had had
no previous training (No. 1-7 = the “weak”
group), one ( No. 8, the “strong” patient) was
exceptionally well trained (able to cycle more
than 10 km). To reach such a condition,
patient No. 8 had stimulated the quadricep
muscles for years on an average of 6 hours
daily (!), under high intensity and load. The
“weak” group included 5 men and 2 women
(mean age of 30.7 +5 years) who had lesions at
levels Th 4 — 12. Patient 8, a 33-year-old
woman, had been paralyzed by an accident 15
years previously and had a lesion at level Th 6.
First, the individual isometrical torque profiles
of the six stimulated muscle groups (quadri-
ceps, gluteus, hamstrings) were determined for
all patients with a six-component sensor (ATI,
Garner, USA).

The cycling situations of the patients are
characterized by the two values, cadence and
muscle stress.

The muscle stress K is computed by means of
the formula k = Load/ Drive, whereas Load is
provided essentially by the drag torque and the
crank revolution speed and Drive is the
averaged isometrical torque [2].

Indoor cycling exercises on the ergometer
(Motomed Viva 1, Reck GmbH,
Betzenweiller, Germany) were used to find
cycling situations that could be continued for
at least 20 minutes without reducing the



cadence by more than 10 rpm (no local
fatigue) by constant resistive torque. These
situations occurred on the border between
steady-state and the fatigue regions. The
patients performed on average 613 ergometer
trials.

In subsequent outdoor cycling exercises (OVG
tricycle, Munich, Germany) the cadence and
the drag-torque of each of the patients were
recorded. The patients freely chose their
cycling situations. There were performed on
average 1515 cycling sessions pro patient.

A graphical representation of the cycling
situations of the patients allowed the definition
of the individual borderline of the paraplegic
separating the steady-state region from the
fatigue region by means of the least squares
method on the basis of border points obtained
in the ergometer trials (Fig.1).

The region delimited by the normalized power,
given by kx® (muscle stress times rotation
speed of crank), is the area where cycling of
the individual patient on the particular OVG
tricycle has to take place. We introduced the
distance between the normalized power curve
and the steady state region as cycling
capability of the individual patient with
respect to the particular available tricycle.

The distance of the cycling situation from the
steady state region was called the individual
effort. We assume that the individual effort
and the cycling capability correlate negatively
with the patients endurance or the covered
distance.

Results

Construction of the borderline in the case of
the individual paraplegic patient

We defined for each of the eight paraplegic
patients individually the borderline delimiting
the steady-state and fatigue regions by the
method illustrated by Fig.1. It could be
established that the “paraplegic” borderline
varies in steepness and position with respect to
the “normal” borderline, nevertheless it is
always shifted to the south of the graphic.

The borderline for healthy persons was taken
from the literature [1]. The individual effort (in
this case -0.25 1/min) is always greater than
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the driving capability (in this case —0.17
1/min).

Steady-slate region and normalized power

Patient 3: 2004.04.30
Patient 3: 2004 04.06
Patient 3: 2004.04.02
Patient 3: 2004.03.26
Patient 3: 2004.03.19

FATIGUE REGION

Muscle stress| ]
o
o

STEADY-STATE REGION

30 40 50 60

cadence [1/min]

70

Fig.1 Exemplification of the borderline
construction in case of patient 3. The
diamonds represent ergometer exercise tests
holding at least 4 minutes their revolution
speed but loosing it eventually later. The
crosses show steady-state ergometer tests
performed at constant revolution speed during
at least 20 minutes. Solid straight line:
“paraplegic” boderline , dashed line: “normal”
borderline, solid curve : normalized power.
The outdoor cycling situation is represented by
the encircled figure 3. The arrows represent
the individual effort in the case of the cycling
situation (dashed) and the cycling capability of
the patient (solid).

Strong vs. weak patients

The relative position of the borderline and
power curves describes the FES-cycling
capability of the patients. In Fig. 2 we depicted
the averaged cycling situations of the “weak”
patient 1, the “very strong” patient 8 and the
“strong” patient 2.

We observe that the strong (the strongest of
the “weak” group) patient 2 has an intersection
of his curves and the extraordinary strong
patient shows an extremely large intersection
area. The curves of the weak patient 1 have no
intersection.

We realize that borderline and normalized
power represent the two facets of the
conditional properties of the patient: force
(power) and endurance (borderline). In
consequence force and endurance exercise
have to influence these curves.



Strong vs. weak patients
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Fig.2. Cycling situations of patients 2,1 and 8
(circles) together with their borderlines and
normalized power curves. Arrows represent the
individual efforts of the respective cycling
situations.
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covered distance
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Fig. 3 The relationship between individual
effort and driving capability on the one hand
and covered distances on the other hand. The
distance in the case of patient 8 is actually
above 10 km!.

Fig.3 shows that only patient 8 cycles with a
positive individual effort, i.e. in the steady-
state region. The calculated correlation
coefficients are 0.92 (distance/effort) and 0.79
(distance/capability).

Discussion and conclusion

The work physiological approach revealed that
the excessive fatigue observed in the untrained
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paraplegic cyclist can be attributed to the fact
that he or she works in the fatigue mode rather
than in the steady-state mode. Training
performed under load can bring the
performance of the SCI cyclist into the region
of steady-state work.

Based on isometrical measurements and
ergometer tests, the method of individual
effort provides a performance measure for the
control of the training progress of the
paraplegic cyclist. Further it provides a tool for
the cycling distance in the modelling of
paraplegic cycling.
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Abstract

Regaining of walking ability is one of the main
goals of rehabilitation following stroke. An
important aspect of bipedal locomotion is
efficient balancing of the trunk. In this paper we
present novel methodology for dynamic balance
training during standing and stepping in
commercially available mechanical balance
training device. A case study involving a single
subject with chronic hemiparesis investigated
effects of proposed dynamic balance training that
lasted for two-weeks with two half an hour
training  sessions per day. Instrumented
kineziological evaluation of subject’s gait
indicated important improvement in subject’s
postural control during walking.

Introduction

One of the major consequences after
cerebrovascular insult is the impaired walking
ability [1]. Various neurotherapeutic techniques
and methods combined with strength training is
traditionally used in rehabilitation. In the last
couple of years a philosophy of task-oriented
therapy has been proposed as a result of recent
findings from basic research studies on re-
organization of impaired brain subjected to a
repetitive and intense practice of various
functional movements [2]. Several new
techniques, such as partial body weight supported
(BWS) treadmill and overground walking,
functional electrical stimulation supported gait
training and development of robotized gait
trainers were developed and evaluated [1].
Common denominator of all listed techniques is
that they assist in obtaining repetitive cyclical
activity of both lower extremities in very early
stages post stroke, thus allowing rehabilitation of
walking also in nonambulatory subjects.
Simultaneously trainees use upper extremities
holding onto firm support of i.e. parallel bars to
control equilibrium of the trunk and to provide
assistive forces required for generation of
propulsive forces. Bipedal walking requires
harmonization of three basic gait components:
cyclical movement of lower extremities,
generation of propulsive forces and maintaining
balance and upright posture of the upper body
consisting from the pelvis, trunk, head and arms,
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which represent approximately two thirds of the
total body mass. As the above mentioned gait
training techniques address fully only the first
component, partially the second component and not
at all the third component, because of the use of
upper extremities, we can question whether any of
the existing methods optimally exploits the residual
capacity of damaged brain to re-learn the skills
necessary for independent, bipedal walking. It
seems that at this stage of development a training
modality, focusing on improving the control
mechanisms to maintain balance of the trunk
without using the upper extremities, which would
complement the existing techniques for training of
the cyclical activity of both lower extremities, is
missing. In the recent years we have developed
mechanical apparatus and methodology, which
enables neurologically impaired population fall-
safe balance training during standing while having
feet positioned in parallel or tandem stance [3]. The
device enables also balance training while
practicing different components of walking such as
accomplishing the whole step where the sequence
of push-off, swing and weight acceptance of one
extremity and complementary stance phase weight
bearing activity of the other extremity is
repetitively executed. While performing these
maneuvers the trunk needs to be maintained erect,
which should facilitate re-organization of the
postural control system. In this paper we report on
dynamic balance training of various gait
components during standing in mechanical balance
training device [3] and it’s evaluation in a case
study.

Materials and methods
Device

Dynamic balance training program is based on
previously developed mechanical apparatus [3],
which is commercially available as Balance Trainer
(medica  Medizintechnik  GmbH, Hochdorf,
Germany). Balance Trainer looks very much like an
ordinary standing frame. It consists from two
parallel bars that are connected to a base plate via a
two degrees of freedom mechanical joint. This joint
consists from two helical springs positioned within
two steel cylinders. Another cylinder made of
durable plastic material slides between the inner
walls of the steel cylinder and the outer walls of the



spring. By changing the vertical position of the
plastic cylinder we also change the active length
of the spring, thereby changing also the effective
length and stiffness of the whole joint. One end of
the helical spring is firmly mounted on the base
plate while the other connects to the vertical bar.
Knee support bar and the pelvis support table are
connected to both parallel bars via simple hinge
joints. By the way of described mechanical joints
the device allows for physiological movement of
a standing person while standing as well as
performing a single step. The device is also
equipped with a simple mechanical locking
system that enables locking of both parallel bars
into vertical position. In this way the device
becomes an ordinary standing frame.

Training procedures

An overview of the derived balance training
procedures is encapsulated in nine photographs as
shown in Figure 1. All photographs show a
neurologically intact subject while performing
various tasks during standing on Balance Trainer
and a physiotherapist guiding, correcting and
facilitating movement and proper posture of the
trunk. Fig. 1a shows a parallel stance, which is an
initial and final posture for all training tasks. Fig.
1b shows inclination of the subject to the right
while therapists monitors the posture of the trunk.
In a similar manner the subject can incline also to
the left, forward and backward. Thus, the device
enables circular movement of pelvis in the
transversal plane. Described movement of lower
extremities can be complemented with associated
movement of upper extremities as shown in Fig.
Ic and 1d. Fig. le and 1f show training of a
functional activity during parallel stance. In all six
described exercises the knee pellots were adjusted
equally for both extremities. They can be
displaced to control the degree of allowable knee
flexion, which is useful for avoiding excessive
knee hyperextension that is common in chronic
hemiparesis. However, the knee pellots can also
be positioned in such a way to allow for a tandem
stance of both extremities, thereby creating a
posture which is similar to a double stance during
walking. Similar exercises as shown in Figs. la —
1f can be exercised as well in tandem stance,
which facilitates weight shifting activities. The
last three photographs show a situation where the
knee pellot bar is completely removed, which
allows a standing subject to practice the whole
step. Fig. 1g shows a push-off of the left lower
extremity and gradual weight acceptance of the
right extremity. Pelvis and the trunk are held in
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the upright posture. In Fig. 1h the left lower
extremity proceeds into a swing phase, while the
right lower extremity fully supports the body
weight. Hip abductors and extensors control the
posture of pelvis and trunk in the frontal and
sagittal planes, respectively. Fig. 1li shows the
conclusion of the step with beginning of the weight
acceptance of the left leg. The training procedures
as outlined in the Fig. 1 can be exercised with an
adjustable level of mechanical support, originating
from the action of adjustable stiffness action of
both two degrees of freedom mechanical joints.
The judgment on the needed level of mechanical
support for each individual patient resides on a
physiotherapist.

Case description

Participant that was selected for a case study
evaluation was a 57 years old man who had a stroke
resulting in a right-sided chronic hemiparesis 14
months before participating in the study. The level
of mechanical support was minimal as the subject
could stand and walk independently, however his
balancing abilities were impaired. Therapeutical
program lasted for 10 days with two days break
during the weekend of intensive practice. The
duration of one session was approximately half of
an hour, with two sessions per day. Kinesiological
gait analysis was carried out before initiation of
therapeutic intervention, at the end of two-week
training period and at follow-up, three weeks after
the closure of treatment. We used VICON 370
(Oxford Metrics Ltd, Oxford, UK) three-
dimensional motion capturing and analysis system
consisting of six 50 Hz cameras with infrared
strobes and two force platforms AMTI OR6-5-1000
(Advanced  Mechanical =~ Technology  Inc.,
Watertown, MA). The participant, who was
barefooted, was instructed to walk with self-paced
velocity. At least six steps per leg were recorded
for each measurement session and at least three
steps per measurement per each leg were suitable
for further analysis. Clinical Manager software,
supplied by the same producer, was used for
calculation of hip flexion/extension moment of
force, which is prime vehicle for postural control of
trunk in the sagittal plane[4]. We also performed a
spectral power density analysis of hip moments of
force in order to explore the underlying balance
control aspects of walking. Participant's gait was
also evaluated by means of clinical assessment
tools: Functional Ambulation Category, 10-m
walk and 9-minutes walk. These assessments
were performed only before and after
therapeutical intervention.



Figure 1. Elements of dynamic balance training during standing and executing a step as demonstrated in a neurologically

intact person.
Results

Figure 2 shows hip joint flexion/extension
moments for the impaired right extremity for all
three measurements. The hip flexion/extension
moment as assessed before therapeutical
intervention is similar to the one observed in
normal gait for almost whole gait cycle with

0 2 @ &
b of gait cyele

ERL 0w a &
% of gait cycle

R 0 2w &
% of gatcycle
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important exception in the first 10% of the gait
cycle. We can notice a rapid rise of hip extension
moment, which in the very short time rapidly falls
and then again rises. If we compare the hip

Figure 2. Flexion/extension hip moment in the impaired
right extremity shown within the boundaries of one
standard deviation. Left graph — before intervention,
middle graph — after intervention, right graph — at follow-

flexion/extension moment as assessed in the
measurement sessions after the therapeutic
intervention and at follow-up, no such behavior
can be observed. Figure 3 shows power density
spectra for hip flexion/extension moments of the
right extremity for all three measurements in the
frequency range from 2.5 Hz up to 20 Hz
Comparing the mean values at different discrete
frequencies and between the three measurement
sessions we can see the reduction of amplitude
ranging from 100% and up to 500% after the end
of therapy and at follow-up. FAC score before
and after therapeutic intervention was 5. Before
therapeutic intervention the results for 10-m walk
was 8 seconds and for 9-minutes walk 585 meters.
After therapeutic intervention these values were 8
seconds and 600 meters.
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Figure 3. Spectral power density plots for
flexion/extension hip moment in the impaired right
extremity shown within the boundaries of one standard
deviation and for the frequency range from 2.5 Hz to 20
Hz. Left graph — before intervention, middle graph —
after intervention, right graph — at follow-up.



Discussion

The main purpose of this paper was to present
novel dynamic balance training techniques during
standing and stepping and to explore whether
training of various gait components during
standing in previously developed mechanical
balance training device improves balance
mechanisms that control the posture of the trunk
during level ground walking of a selected subject
with chronic hemiparesis. The results of detailed
analysis of instrumented gait assessment indicate
improvement of postural mechanisms that are the
prime vehicles for balancing the trunk during
walking in the selected patient that underwent the
developed training intervention. This
improvement was retained also beyond the
training period as suggested by the results of
follow-up assessment.

We have focused in our analysis onto the
moments produced by the hip flexor/extensor
muscles, which were shown to be the main
mechanisms for trunk posture regulation in the
sagittal plane during walking [4]. Marked
difference was seen in hip moment trajectories of
the right extremity before our therapeutic
intervention. This difference was mainly reflected
in a large jerk in hip moment immediately after
the foot contact that started stance phase. The
observed oscillation was likely due to a highly
sensitive postural reflex response. Since the
duration of this jerk was too short to have any
noticeable effect on hip and trunk movement it
was not functional and only resulted in significant
loading of the hip joint via the compressive forces
that accompany the observed moment jerk. The
oscillatory behavior in the flexion/extension hip
moment could be observed also throughout the
whole gait cycle in power density spectra. This
complements the observations made in the time
domain and further demonstrates the high gain in
the hip flexion/extension postural mechanisms.
The results assessed immediately after the
therapeutic intervention and at follow-up show
marked decrease in the gain indicated by
reduction of power density spectra. From the
clinical point of view we can pose a question of
clinical relevance of the observed improvement,
especially because the accompanying assessment
of clinical outcome measures did not show any
improvement. Firstly, the reduction of the jerk in
hip moments is beneficial as reduces the
unnecessary stress onto the musculo-sceletal

structures. Secondly, the patient as well as his
therapists observed much more confident walking
following the intervention, which has a positive
effect on self-confidence, self-image and reduced
fear of falling. Thirdly, we need to take into
account that the patient we selected for this case
study was in terms of walking abilities
exceptionally good. This choice was necessary
because the selected subject had to be capable of
independent walking in order to be eligible for
instrumented gait analysis procedures. In such
patients it is fairly difficult to improve any aspect
of walking, which was confirmed also by the
results of clinical assessment. If we had not
undertaken also objective gait analysis measures we
could not see significant difference in patient’s gait
performance. Also the patient was well in the
chronic stage of hemiparesis, which ruled out
otherwise possible effects of spontaneous recovery.
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Abstract

The implantation of an advanced neuroprosthetic
device on two patients in 1999-2000 (SUAW
project, Biomed 1) has encouraged us to develop
in a first step a physio-mathematical model of the
skeletal muscle and afterwards synthesise the
stimulation patterns of the whole dynamic lower
limb model. The main issues concern the muscle
modelling and its applications in controlling the
movement of the human knee by Functional
Electrical Simulation (FES).

Introduction

The Mathematical model describes the complex
physiological system of the skeletal muscle based
on the macroscopic Hill and microscopic Huxley
concepts. A new study published by Sorine [1]
opened the possibility of controlling the heart
muscle model by using a chemical control input to
stimulate the contractile element of the model.
Starting with this concept, we have proposed a new
physiological skeletal muscle model. This model
leads us to define the signal input and to
characterize the parameters of the muscle model
presented by two differential equations where the
outputs are the muscle force and length. The input
model represents the actual electrical signal as
provided by the stimulator "PROSTIM" offering
the possbility of tuning three independent
parameters: amplitude, pulse width and frequency.
We have integrated this model within a control
loop of the human knee joint smulator including
two skeletal muscles quadriceps and hamstrings.
The parameters of the above model were identified
by means of experimental measures on the
agonist/antagonist knee muscles of the paraplegic
patient by using a multi moment platform.
Conseguently, a control strategy can be performed
and validated on this smulator. Some simulation
results of the movement of the knee joint relying
on theory of High Order Sliding Modes are
presented.
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Material and Methods
Biomechanical model

The biomechanica model consisted of two
segments representing respectively the femur and
the tibia bones, a pulley modelling the knee
articulation and two agonist antagonist muscles.
The femur is supposed to be fixed corresponding to
the patient laying supine. Two forces Feq and Fex
act on the swinging segment at the insertion point |
and which represent respectively the extension and
the flexion forces. These forces are supposed to be
constant along their directions. (8 = 0 corresponds
to full extension of the knee)

Fflex

Fig. 1: biomechanical model of the knee
Muscle model

A physiological based muscle model is required to
better understand its internal behaviour and to
develop strategies for simulation, motion synthesis
or motor control during clinical restoration of
movement. The muscle model, described in [2],
represents the complex physiologica system of the
skeletal muscle based on both macroscopic Hill
and microscopic Huxley concepts. Fig.2 shows the
paralel element Ep with the two elementsin series
Es and Ec.
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Fig. 2: model of muscle and particularization of E¢



The muscle model is controlled by two variables:
u, a chemica control input and o, the ratio of
recruited fibres. This model can be presented by
two differential equations where the outputs are k
and F. representing, respectively, the stiffness and
the force generate by the contractile element. ko
and F, are the maximum values of k. and F;

¢ — _ SOD{FU_SJFC _ kc A
kc—[soakn R Ry kcJu ST kaE (1)
E = %QFO_SJFC U+ kc_S/ Fc é
¢+ kc_S/ Fc 1+ kc_S/ Fc
L . : 1, 1.
=—, =|_0, =, = , L0=L +L
LcO ks Lcoks « *

S, & and S, are the sign of the control and
velocities of the contractile element. The
parameters used in simulation are issued from the
literature [1] and presented in table 3.

Muscle model parameters variable Numeric value | unit
stiffness of Eg Ks 510° N/m
Contractile elements length | Lo 40102 m
Elastic elements length Lo 10 1072 m

Table 3: Specific parameters of the muscle model.
Biomechanical model of the knee

Let us consider the model of the muscles and knee
joint as anon-linear state model:

x=f(xt,U) @)

Where X:[Xl”'XG]T :[kcl kc2 Fcl Fcz 0 e]T
is the state vector and U=[u, o, u, a,] the

control vector. The variable @ represents the joint
of the knee. The state variables k., Feq, Uy, o4 and
Keo, Feo, Uz, 01 are respectively the state variable of
the quadriceps and hamstring. The state model of
the biomechanical model of the knee can be
expressed as:

Sv‘a1xlrxe
(1+ p1X1 - Sv, qlxs)

. S, a0, X,—S, X, X
x1=[501a1kﬁfsujx1+smq1 pns el 1} -
01

1+ p1x1 - Sv1q1X3

S, 2,0, X, —suZx‘,xz]u
2

Xz—[sozazkmz_suzxz"'svzqz 1+ p,X, - S, g,X
22 , Y274

N S,8,XLoL sin(X,)
Lo/ "+ L+ 2Ll cos(X) L+ P, X, - S, 0, X, )

X _ Sulcﬁam1 _Sulxs + (blxl_ S/iaix3)rxe
: 1+ plxl_ SvlquS ' L01(1+ plxl _Svlqlxl‘a)

(bzxz - S/Z aZXA)LDLH Sin(xs)

. $,2:0,, — S, X, " -
2
I—oz\/l-o2 + Lu2 + 2L0Ln COS(XS)(1+ P2 X, —Squ2X4)

X, =
! 1+p, Z_S/quXA

X5 =X,
LoL; sin(X,) (3)

PR — ~mgeos(X )AL, ~F. X,
JL2+ L2+ 2L, L, cos(X,)

.1
Xe=7| X
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Control strategy based on HOSM

The control strategy we propose is based on the
High Order Sliding Modes method [3]. This
method generdlizes the basic diding mode
approach and acts on the higher order time
derivatives of the system. Thus, the discontinuity
of the control vector does not appear in the first

(D™ total time derivative (see Equation 4).

s=$=8§=..=5"=0 (4)
Therelative degree r can be defined as:
as(i) (r)

——=0,(i=12,.,r -1),— S

5 0,(i=12,.,r-1), 5 #0 )

The classical V SS approach provides a solution for
a relative degree r=1. We also use the 2-dliding
mode control in this case in order to remove the
well-known chattering phenomenon. In the other
cases (r>1), the discontinuous control vector is on

the ™™ time derivative of s and chattering

phenomenon disappears while Kkeeping the
robustness properties of the sliding modes.

Position control law strategy

The dliding surface used to constraint the dynamic
behaviour of the knee joint is a first order
differential equation chosen as:

s=(6,-6)+ A6, - 6) (6)

Where 6,,6, are respectively the desired velocity

and desired position, 4 is a positive coefficient.
Let us consider the diding surface equation (6) in
order to determine the relative order of the
controlled system. We obtain the following result:

0$ 28

—=0, —=#0

ou ou ? O
Therefore, the relative degree of the diding control
is r=2. Conddering the step response case
(6, =6, =0), the second time derivative of the
sliding surface can be written as:

§=—X,—AX, (8)

The expression of the second time derivative of the
state variable X is given by:

Sad, 9% lBx-saxs
HRX-Sa% & HPX-§a%  LHpX-§qX)
9,050, Lol SIX,) . 8§, Xukoky SfX)
{1+, -8, X NLE L 2L coBK) (X~ XL L P+ 2L L, cobX)
(0% -8 8% %Lk, St o b X COBC L +L," + 2,1, 0B
Lol pX-S GNL L AL coB) Lo Ll cof)
LLsirf(%) ‘ o
e 2 oo oopg) e

[




Inserting the expressions of X, and X, within the

equation (8) alows writing the second time
derivative of s as:

§=gp(x,t) + 7(t,x)u €)

Itisassumed that @ >0, |[p|<®,0<T, <y<T,

We express the equation (9) as:

{ Yi=Y. (10)
y2 = ¢(t! X) + 7(t1 X)U

Wherey, =s. In that case, the problem is

equivalent to the finite time stabilization problem
for the uncertain second-order system. Most of 2-
dliding controllers have been proposed in [3]. We
have chosen an agorithm with a prescribed
convergence law. The general formulation of such
aclass of a2-dliding control algorithmis:

if jul>1

11
it <y Y

. |-u
“‘{—vmsign(yz—g(yl))

Where Vy, is a positive constant, g is a continuous
function. Moreover, this function must verify some
specific conditions (see [3]).

a(yy) =-A4ly sign(y,)), 4 >0, 05<p<1(12)

A substitution of y, by Ay, is theoreticaly
possible whether y, is not available.
The sufficient condition for the finite time

convergence to the diding manifold is defined by
the following inequality:

v, > <I>+wp[gr'(y1)g(yl)]

m

(13)

Results

We have implemented this control algorithm
defined by equation (11) on the simulator of the
biomechanical model of the knee joint (cf.
equation (3)). The components of control vector U
are the chemical inputs (u;, uy) and ratios of the
recruitment fibres (o1, o). These coefficients
depend on the Electric Stimulation Current (1) and
Pulse Width Modulation (PW) values, (see [4]). In
our case, the biomechanical model of the knee
joint is controlled by two muscles: Quadriceps and
Hamstring. Consequently, there are two Electric
Current, 1, and 1, as well as two Pulse Width
Modulations values, PW; and PW, which have to
be deduced from the control vector u.

Therefore, we propose a method to define the
contribution of control vector u stemming from the
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2-dliding controller to calculate the Electric
Currents and PWM values. We have selected the
following algorithm:

Ifu>0:

| =ul

q_ MaX’Ih:O’PV\é:LIPV\émax

If u<O:
Ly =001, =|ull s PW, =[UlPW, 0

The Electric Current and Pulse Width Modulation
values enable to deduce the ratios of the
recruitment fibre (oy, o) by using the results
presented in [4]. The control vector uis defined as:

u=-[Vysign(y, -g(y.))dt if [u[<1 (14)

The chemical inputs U, and u,are automatically
activated when the Electric Currents are
respectively superior to zero.

We have implemented this agorithm on the
simulator built with Simulink™  software. We
applied two different desired positions as:

1) t<2s:6, =100deg,
2)t>2s:6, =80deg,

The coefficients of the 2-diding controller are
chosen to verify the condition equations (12) and
(13). We determined the following values:

A=10, 4, =10, p=05,V,, =1.

Tirrusi nas

Fig. 2: Trajectory of the knee joint

Figure 2 is the first control result with the new
muscle model. Focusing on the first step response,
we can discover the sliding surface and finite time
convergence figure 3.



N o

Fig. 3: Sliding surface response

The figure 4 is the experimental step response
obtained for the first time period (t<2s). We added
the theoretical step response we should obtain if
the constraint s=0 was always verified. The two
curves match (t~0.85s) when the diding surface
reaches zero (cf. figure 3).

Fig. 4. Experimental step response versus theoretical
step response

Figures 5 and 6 present respectively the control
vector u computed by the equation (14) and the
Pulse Width Modulation (PW, and PW,).

-------

Fig. 5: Control vector
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Fig. 6: Pulse Width Modulation (quadriceps and
hamstring).

Discussion

This paper presented the first step of muscle
control study by using the new multiscale model
developed within the DEMAR project. The
simulation results obtained with the control
algorithm based on the HOSM seems to be
efficient. We are able to control two antagonist
muscles with the same control vector and force
dynamically the behaviour of the system as a first
order time response. The future work will concern
the validation on patients. We plan to perform and
validate the 2-dliding controller by using the muilti
moment platform on a paraplegia patient.
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Abstract

The aim of this paper is to present an active
functional device using Closed-Loop Electrical
Muscle Simulation liable to rehabilitate spinal
cord injury and hemiplegic individuals.
"MotionMaker ™" is a stationary programmable
test and training system for the lower limbs
developed at the Ecole Polytechnique Fédérale de
Lausanne. It is composed of two orthoses
comprising motors and sensors, and a control unit
managing the electrical stimulation with real-time
regulation. This allows leg movements with the
desired characteristics of position, speed and
torque. Initial tests have been carried out. The
results provide elements for an objective and
guantitative evaluation of the performances of the
MotionMaker™, which ensure a reliable
contribution to the diagnosis, assessment and
recovery of functions during the rehabilitation
process.

I ntroduction

Paralysis resulting from spina cord injury (SCI)
may cause extensve medica  secondary
complications [1]. These may slow down the
rehabilitation program and can be prevented by
moving the paralysed limbs and maintaining
muscular trophicity with functional electrical
stimulation (FES). Moreover, to be efficient,
especidly in the incomplete lesion, FES must
stimulate the muscles as faithfully as possible in
accordance with the sequence of muscle
contraction for a given movement. The kinematics
and the dynamics of the movement must be
respected at best. Therefore, a closed-loop control
of the FES is essential to achieve complex and
repetitive  movements such as pressleg and
cycling. For this, the FES must be combined with
an orthosis including motors or brakes and sensors.
Such an orthosisis called a hybrid orthosis [2].

Adding closed-loop electrical muscle stimulation
(CLEMS), the hybrid orthosis becomes a
"Cyberthosis’ which is the contraction of the
words cybernetic and orthosis, concept proposed
by the Swiss Foundation for Cyberthoses (FSC:
Fondation Suisse pour les Cyberthéses). The
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advantage of using a cyberthosis is to be able to
create an active and progressive muscle
participation which passive mobilization exercises
made by therapists do not allow.

Our group first developed a knee orthosis to verify
the feasibility of CLEMS applied selectively and
simultaneously to the rectus femoris, vastus
lateralis and vastus medidis [3]. The results of
simple knee joint extenson with vaid and
incomplete SCI individuals has given the essentia
information needed in order to design a complete
lower limb hybrid orthosis with three degrees of
freedom (DOF): hip, knee and ankle.

The purpose of this paper is to present a stationary
programmable test and training system for the
lower limbs activated by electrical stimulation.
This device is called "MotionMaker™" (Fig. 1). It
is composed of two orthoses with 3 DOF
comprising motors and sensors, a control unit
managing the electrical stimulation and the motors
with real-time regulation, a multi-channel
electrostimulator and a worktable. This allows SCI
individuals to sustain or make leg movements with
the desired characteristics of position, speed and
torque. The aim is efficient strengthening of the
muscles, the development of endurance, as well as
joint mobility and movement coordination.

Control Unit
Electrostimulator
Hybrid Orthosis

Fig. 1: MotionMaker™ prototype
Material and Methods
MotionMaker ™ design description

The version of the MotionMaker™ described here
isthefirst prototype (Fig. 1) used as a research tool
for study on valid subjects (in our laboratory) and



SCI individuals in a specialized clinic which is
collaborating in the project (CRR: Clinique
Romande de Réadaptation - suvaCare). It was built
for functionality evaluation and data acquisition.
The product design issues will be addressed after
the results of the first clinical trials in order to
optimize the device and thus warrant a further
development. The MotionMaker™ was designed
to meet requirements of adjustment to fit people
from 150 to 190 cm in height. Comfort was also
taken into account with an adequate foam mattress.
The control unit and the electrostimulator are
placed inside the frame. The patient transfers from
the wheelchair to the device at the front or slightly
beside it. He must be assisted in this operation.

Orthosis

The orthosis (fig. 2) is an exoskeleton placed on
the external side of the leg. It includes three joints:
hip, knee and ankle. Crank systems activated by a
screw jack controlled by a DC motor drive each
joint mation. The joints being pin axis, the orthosis
runs only in a sagittal plane. Although the knee
joint is polycentric, inducing a diding
instantaneous center of rotation and a dlight
movement of the sagittal plane, the pin axis is a
good approximation of the knee motion.

Force Sensor — g S Crank Foot Attachment

Screw Jack

Angle Sensor (Inside)
DC Motor
Length Adjustment
Fig. 2: Hybrid Orthosis
The lengths of the leg segments can be manually
adjusted. The joint ranges of motion as well as the
applicable human torque are resumed in Table 1.
Motion [deg], Velocity [deg/sec], Torque [Nm] Anklgl
Range of Motion: Ext. / Flex. 45/ 25
Velocity 110]
Torque: motion way Muscle Work
Extension  Concentric
Extension Exentric|
Flexion Exentric|

Flexion Concentric
Maximum Torque|

Table 1: Joint range of motion and torque (0°= straight leg)

In addition, for safety reasons, manual adjustable
joint stops can limit the range of movement of
every single joint whenever indicated.

Worktable

The main function of the worktable is to place the
patient in a good and comfortable position for the
exercise and to adjust both orthoses to the subject.
Fig. 3 shows the different adjustments (DOF).
Currently these are made manualy; for the next
version they will be automated.

Hip Knee
5/120 10/130
110 110

Isotonic max. strength at isokinetic velocity of 110
Gluteus Maximus 50 Quadriceps 50 Gastrocnemius 50
Rectus Femoris 80 Hamstrings 30 Tibialis anterior 30
Gluteus Maximus 50 Quadriceps 50 Gastrocnemius 50
Rectus Femoris 80 Hamstrings 30 Tibialis anterior 30
190 at 40° 190 at 0°|

118

Fig. 3: Worktable DOF
Control unit

The controller consists of an intelligent central
unit, namely an industrial PC with a real-time
extension and an axis interface board and
amplifiers. The control architecture adopted to
control the MotionMaker™ is composed of a
motion control and electrostimulation
management. The controller synoptic is shown in
Fig. 4. It is highly flexible and is built with
different modules, some of them working as real-
time processes composing the rea time controller
(RTC). The software modules composing the
control unit are as follows:

e The Graphical User Interface (GUI) used to
communicate with the real-time motion server
(RTMS) by using the communication library (dll).

e The Communication Library. This interface,
provided as a dll, alows communication with the
RTC and rendersit invisible to the user. Thus, al the
high-level instructions necessary to set up the motion
and the CLEMS control are made available.

¢ Real-Time Motion Server. The RTMS is the main
door of the RTC. It receives orders and parameters
from the GUI via the dIl and dispatches them to the
processes concerned (motion generator, motion
controller or CLEMS controller).

o Motion generator. It generates the trajectories with
specified geometry and given dynamics. This motion
generator (MG) also communicates with the CLEMS
control to carry out the movement or not.

o Motion controller (MC). It attends to the regulation
of the set-points on each axis.

e Library of Forward and Inverse Kinematics.

o CLEMS controller. It carries out the regulation of
force values using muscle stimulation.

e Library of Input/Output Functions.

Real Time Motion

d” = d” Server
i = ‘_
Sends the basic orders
\_real-time sub-system (riss) /
E—p—"| p—
e Channel
GUI
. Library of Forward Interpolator M G
End Inverse " postion() . El
inematics valocty(t) S §
acceleration(t) 5
\__staticlibrary (lib) / reaktime sub-system (.itss)
v Channzl
Library of /0 (Controller MC h
CLEMS functions >+
controller le—1 ’ 9 ‘—

\__ static library (lib) \_reaktime sub-system (.ss) /

Fig. 4: Motion control principle and software



Electrostimulator SimWave™

In order to fulfil the MotionMaker™ FES
requirements, a high-performance el ectrostimulator
has been developed. It consists of 20 independent
modular channels. The parameters of each are real-
time controllable by the central unit via a common
seria link. Each channel is able to generate
rectangular biphasic symmetrical current pulses up
to 100 mA. The compliance voltage is about 200V.
The frequency and the pulse width are adjustable
within a range of 10 to 85 Hz and 100 to 300 ps
respectively. To avoid parasitic current flow
between the electrode pairs, each channel output is
electrically floating. The main concern was patient
security. Therefore different sorts of hardware and
software security systems have been implemented,
such as pulse timeouts, programmable current
limitation, command relevancy tests and
communication checksum.

FES control

Self-adhesive electrodes of different shapes are
placed on the principa muscles of both limbs;
Rectus Femoris (RF), Vastus Medidis (VM),
Vastus Lateralis (VL), Gluteus Maximus (GM),
Hamstrings (H), Tibialis Anterior (TA) and
Gastrocnemius (G). This allows us to give active
torquesto al joints.

Pulse width is kept constant at 300 ps to ensure
optimal stimulation and frequency is set in regard
to the subject’ s muscle reaction. Current amplitude
is adjusted up to 100 mA by the CLEMS control so
muscle strength follows the control command.

Protocol

After 10 minutes of warm-up stimulation at 10 Hz-
frequency, we started with isometric stimulation of
al muscles at 30 Hz or 50 Hz to observe the
subject's tolerance and muscle response to
electrical stimulation (Fig. 5). Press-leg exercises
with controlled strength and velocity followed in
the test.

Subjects
# IN Sex Age NL 1S TSI MP SP S
1 RF M 48 T9 A 4 0-1 2 1
2 EA M 60 T8R,T5L D 8 2-4 0 2
3 JB M 77 C5 D 25 1-4 1 1
4 PG F 79 T2 C 3 1-4 1 1

Table 2: Subjects. IN: Initials, NL: Neurological Level, IS:
Impairment Scale, TSl: Time Since Injury [month], MP: Muscle
Power (min & max), Sp: Spasticity, S: # of sessions, R: right, L: left.

SCI patients were screened during a three-month
period (February-May 2004). Four eligible spinal
cord inpatients (3 males and one female), 48 to 79
years old (mean 66) gave their written consent.
Subjects were classified according to the NISCI-92
nomenclature [4]. Spasticity was measured
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according to the modified Ashworth scale [5]. All
but one had incompl ete spinal cord lesions. Table 2
resumes the characteristics of the patients.

Clinical observation

Three patients had one session and one had two
sessions. There were no drop-outs during the
study. The sessions lasted 100-120 minutes. The
duration was closely related to electrode
application on both legs and individua
performance in transfer from the wheelchair to
comfortable installation on the MotionMaker™.
None of the four patients complained of pan
during the test period nor developed pelvic or leg
pressure sores, or fractures, or had increased
gpasticity. One patient had a lumbar brace and 2
cervical collars. None complained of pan or
discomfort. All subjects agreed to participate in
further sessions.

Results
Preliminary valid subject testing

40 ‘

- - - Amplitude Hip Torque

Knee Torque Ankle Torque
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L
L
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Maximus |
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Time 20 secon: ds

Fig. 5: Isometric stimulation valid subject (CS)

Fig. 5 shows a result of an isometric stimulation.
Each muscle is activated with increasing-
decreasing amplitude steps. Torques due to muscle
contraction are plotted in function of time. A
horizontal movement of the ankle defines the
press-leg trajectory. The aim is that the resulting
force applied by all muscles follows the value of
30 N (Force Order) in horizontal direction (Force
X) and O N in vertical direction (ForceY). Fig. 6
shows a result of five FES press-leg extensions.
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Fig. 6: Press-leg with CLEMS, valid subject (PM)



Preliminary SCI individuals testing

Due to muscle atrophy and no FES adaptation of
our SCI individuals, stimulated strengths were low
and difficult to control. A long training program
with the MotionMaker™ will demonstrate its
ability to overcome these phenomena. On the other
hand, our device alowed us to measure the
residual voluntary strength of our SCI subjects
during press-leg movement. JPB performed two
extensions with approx. 150 N.
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&
g
g

Volontary push [N]
o
[wuw] A 8 X uonisod Bajssaid

orce X ——Force X Left Leg
Force X Right Leg
Position X
------ PositionY

Fig. 7: Press-leg measurement of residual voluntary
strength of incomplete SCI subject.

The next step will be to increase muscle strength
by adding CLEMS stimulation with voluntary
contribution.

Discussion
Using the MotionMaker™, complications due to
immobilization should be prevented more

effectively and rehabilitation to restore gait should
speed up.

Cyberthosis with its CLEMS real-time control can
resolve two basic concerns restricting the capacity
of FES system for fitness movement or assisted
gait. Thefirst is the difficulty to control selectively
and simultaneously the contractions of several
muscles by means of FES. This is mainly because
of the non-linear response of the muscle
contraction by FES and the inconsistent behavior
of the electrically-induced muscle contraction. The
second is a rapid muscle fatigue, which could be a
consequence of the first concern. The CLEMS
provides pulse amplitude modulation by a
feedforward controller including proportional,
integral and derivative (PID) algorithm to achieve
just-sufficient muscular contractions. This is a
solution to get just enough joint torque to produce
a correct, desired limb tragjectory, with or without
external loads created by the orthosis motors
themselves. Force and position sensors give the
necessary feedback to the CLEMS controller.

The MotionMaker™ is the first device of an
innovative three-stage rehabilitation program
initiated and managed by the Swiss Foundation for
Cyberthoses. When the patient has recovered a
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sufficient  physical  condition  with  the
MotionMaker™, it will be possible to begin
specific walk training on a device which must
respect gait kinematics and dynamics (momentum
conservation). The "WakTrainer™" (Fig. 7), a
mobile system providing training and assistance
for gait in a vertica position, will do this.
Paralyzed patients, properly prepared and trained,
could, a this stage, be fitted with a walking
cyberthosis: the "WakMaker™" (Fig. 8). This
device, enabling an autonomous gait, will be aimed
at patients for whom SCI does not allow a full gait
recovery and who still need FES assistance. The
WalkTrainer™ is in the process of development
and the WalkMaker™ will be designed later, after
acquisition of clinical data from the first two
devices.

Jo

Trunk Support
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Fig. 7: WalkTrainer™
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Introduction

The quantification of muscle fatigue is essential for
the optimization of training in sports and
rehabilitation. The measurement of blood gases
like lactat concentration is widely used in serious
sports, but such values are reflecting the total
systemic status and therefore are not representative
for a single fatigued muscle. Another approach is a
biomechanical one: Using various protocols a
decrease in the muscle performance characterizes
fatigue. These methods need to measure the force
output using more or less heavy equipment and
therefore  mobile measurements are very
complicated.

Looking for a simple to use methode to assess
muscle fatigue during training, the recording and
on-line analysis of the m-wave (synchronized
EMG response on a electrical stimulation pulse)
was considered. It is known that fatigue either
caused by voluntary contraction or by FES leads to
a decrease of the amplitude of the m-wave [1- 7].

Moreover the latency of the m-wave response
depends on the length of the muscle and therefore
from the ankle of the joint under investigation. [8].
The shift of the latency is accompained with a
change in the peak-to-peak amplitude of the m-
wave. Thus one must know this relation in order to
assign a change in the amplitude either to fatigue
or to the change of the muscle length in the correct
way.

As there are a number of physical and
physiological parameters beside the stimulation
amplitude that influence the excitability of the
muscle (electrode position and size, electrode
impedance, temperature of the muscle, sweating,
polarity of the stimulus etc.) our aim was to find a
measurement setup and protocol to compare pre
and post fatigue data with minimum influences of
these parameters. The investigation was done
under the condition of using the same stimulation
electrode setup for both FES training and m-wave
measurement.

Material and Methodes

Exceeding a certain threshold level of the
stimulation voltage the amplitude of the m-wave
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increases very rapidly. Then at higher stimulation
leves all the muscle fibers are activated and
variations in the above-mentioned parameters do
not change the excitation and therefore the
amplitude of the m-wave saturate. The deciding
factor for innervation of the muscle is the electrical
field the nerve is exposed to. To keep this field
above a level for supramaximal stimulation the
voltage applied on the surface electrode must be
sufficient high.

The question is: What amplitude of stimulation
voltage is needed to detect the transition to a
saturated state of the response.

From 10 persons from our university staff we
recorded the twitch response (knee extension) on
an isometric knee dynamometer built in our
department and the EMG signal from the
quadriceps muscle (vastus lateralis). The m-wave
signal was measured with a commercial EMG-
system (DISA-Neuromat 2000C; range 2mV/Dev.;
5-1000Hz ). Ankle, knee and hip joints were
immobilised for an angle of 90° each.

Stepwise increasing constant voltages pulses
(biphasic, 2x300us) were applied to the muscle
over self-adhesive stimulation electrodes (Schwa-
Medico, 8x13cm). The positions of the stimulation
electrodes was adjacent to the patella border for the
distal electrode and 3cm distal to the inguinal fold
for the proximal electrode - the lateral side of this
electrode was turned about 30° more proximal.
The stimulator was built in our department and the
maximum output of the biphasic pulse was limited
to 300Vpp. The orientation of the EMG-electrodes
were varied and the polarity of the stimulation
voltage was altered. Additionally in five subjects
the angle of the knee was varied between 0° and
120° in steps of 10°. For data analysis Matlab 6
(Mathworks Inc.) was used.

Results

a. Orientation of the EMG electrodes:

In order to limit the hardware design for a
transportable device (no special stimulation artifact
rejection measures like blanking or filter circuits
etc.) we desided to place the EMG electrodes
perpendicular to the orientation of the stimulation



electrodes above the m.vastus lateralis. Lying more
or less on a equipotential line of the electrical field
arising from the stimulation voltage the crosstalk
from the stimulus is a minimum. Nevertheless a
typical m-wave curve can be detected as the vastus
is a pennated muscle and has an orientation of the
fibers of about 45 degrees.

In this arrangement the EMG measurement needs
less space between the stimulation electrodes
which could be advantageous for small or young
people respectively or X-large FES electrodes.
Fig.1 (left) shows the m-wave response from one
subject using longitudinal electrodes. The m-wave
is offset by the stimulus artefact. Fig.1 (right)
shows a recording using perpendicular electrodes.

o
a

o
T
o

5 5|

0 10
Fig:1: m-wave signals with longitudinal (left) and
perpendicular (right) EMG bipolar electrodes (t in [ms]
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b. Effect of knee angle:

Fig.2 shows the influence of the knee angle of the
same subject with perpendicular arranged
electrodes @60Vpp. The latency of the first
maximum of the m-wave varies from 12ms for the
stretched leg (0°) to 16ms (for a flexion of 120°).
The corresponding peak-to-peak (PTP) amplitude
of the m-wave shows a decrease with an increasing
angle.
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Fig.2 Latency and m-wave amplitude versus knee angle

c. m-wave amplitude in respect to the stimulation
amplitude

In Fig.3 the peak-to-peak (PTP)-amplitude, the
pos. and neg. maximum of the m-wave and the
peak torque of the twitch was ploted against the
PTP amplitude of the stimulation voltage.

For the description of the curves the following
characteristic values were extracted: the threshold
level (Ug) of the stimulation amplitude, the
stimulation level (Ug) at which the m-wave
amplitude (Mg,) saturate, the stimulation level
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(Umsar2) at the half of My,. Fatigue does not only
manifest in a decreased EMG amplitude but also in
a disproportional shift of the EMG/Stimulation
curve to higher stimulation values in some
subjects. Therefore Upan is measured. For the
quadriceps the saturation of the m-wave amplitude
for stimulation was: Ug= 82Vpp +9.4Vpp STD.
For Uy, we found 30V +5.5V STD and for Upgar
52V £7.4V STD respectively. The amplitude of
the m-wave Mg, was found between 3mV and
9mV. (5.2mV+1.8mV STD).
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Fig.3 PTP, Max and Min of the m-wave before (upper
diagram) and after (lower diagram) fatigue

d. Alteration of the polarity of the stimulation
voltage: Changing the polarity of the stimulus
leads to another synergy of motorunits and muscle
groups respectifely as the different motorpoints are
addressed in a different way. If we perform the
measurements with both polarities the quadrizeps
can be examined more detailed. We could found,
that in most subjects the m-wave=f(stimulation)
curve shifted to lower stimulation amplitudes for
the cathode lateral (Fig.4).
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Fig.4 Cathode electrode distal (left), proximal (right)
(from top to bottom: mwPTP, mwMax, Force, mwMin)

Discussion:

In sport physiology the m-wave is often monitored
as an indicator for a supramaximal response of the
force twitch. A saturation of the m-wave means a
saturation of the twitch force response. This works
for superficies muscle and small stimulation
electrodes positioned over the motorpoint.

Using large electrodes (identical for m-wave test
and FES training) co-contraction of synergistic
muscles leads to a further increase of the twitch
amplitude - even if the muscle under investigation
is already stimulated supramaximal. Crosstalk of
EMG signals also may lead to an increase in m-
wave amplitude. If we plot the m-wave and twitch
response respectively in relation to the stimulation
amplitude the saturation level therefore is
characterized by a higher slope below and a lower
slope above this level.

Orientation of the bipolar EMG-electrodes: In the
literatur we can find both: perpendicular
orientation [4] and longitudinal orientation of
bipolar EMG electrodes. The problem of the
stimulation artefact is not the overriding of the
EMG amplifier itself due to the galvanic crosstalk
(input signal up to volt level — compared to the
mV level for the m-wave signal). The big problem
is the discharge process of the capacity of the
stimulation electrode after the biphasic pulse. Due
to the high gain of the amplifier, the discharge
current is sensed even after milliseconds. (see
exponential function in Fig.1).

Special attention must be paid for a sufficient
warming up period. In some previous
measurements we found the m-wave amplitude
higher before the fatigue test than after. As this
occures also in the supramaximal stimulated
muscle this fact must be addressed to
physiological processes in the muscle cell and
therefore can’t be distignuished from the fatigue
process.

Conclusion:

To indicate muscle fatigue by the measurement of
m-wave amplitudes we propose to use not only one
teststimulus  with a certain supramaximal
amplitude but a series of increasing pulses up to
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120V pp in steps of 5-10V in order to detect both
the onset and saturation level. Repetition rate
should be not higher then 2Hz to allow the
mechanical response to return to zero in order to
avoid movement artefacts for the following m-
wave recording. The knee should be kept in a
constant position as the relation between m-wave
amplitude and knee angle differ very much and
would demand a further calibration procedure. Last
but not least the orientation of the EMG electrode
perpendicular to the thigh is advantageous as the
stimulation artefact is much smaller.
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Abstract

Electroneurographic signals were intraoperatively
recorded from the S3 sacral nerve root in two SCI
patients. The aim of this study was to record
afferent nerve signals in response to mechanical
stimulation of the urinary bladder, rectum and
dermatome. Such signals could be used in an
implantable neuroprosthesis to treat neurogenic
detrusor overactivity. In both patients a neural
response was recorded from the dermatome and
the rectum, but from the bladder only in one
patient. The results were consistent with results
from animal and other human studies. Further
studies are however needed because the number of
subjects investigated remains low.

Introduction

Electrical stimulation of pudendal afferent nerves
has an inhibiting effect on the micturition reflex
[1]. Continues electrical stimulation of the dorsal
penile/clitoral nerve [2, 3], pudendal nerve, and the
dorsal sacral roots [4] has therefore been utilized to
increase bladder capacity in SCI patients suffering
from neurogenic detrusor overactivity (NDO).
Because stimulation is only needed to inhibit a
detrusor contraction, stimulation could be applied
conditionally, i.e. when a contraction occurs. This
approach has been shown to be at least as effective
as continues stimulation [5, 6].

For clinical application of this treatment modality,
a reliable technique for chronic monitoring of
bladder activity is required. Biocompatibility and
long-term reliability of artificial sensors can be a
problem in implantation, but with the advent of
methods for long-term electrical interfacing with
nerves, recording from the natural sensors has
become a realistic alternative [7]. Afferent
electroneurographic (ENG) signals related to
mechanical bladder activity have been recorded
using cuff electrodes placed on (dorsal) sacral
roots in the cat [8], pig [9], and human [10, 11].

The current study reports on two SCI patients
investigated as part of an ongoing project to
monitor mechanical bladder activity by recording
ENG signals using cuff electrodes temporary
placed on the (extradural) sacral roots in human.
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Material and Methods

The study was approved by the local ethical
committee of the Institut Guttmann and informed
consents were obtained. Nerve signals were
recorded in two spinal cord injury patients (Patient
1: male, 43 years, C6 incomplete, 17 years post
injury, and Patient 2: female, 45 years, T3
complete, 6 years post injury).

Surgical preparations

Both patients underwent implantation of an
extradural Finetech-Brindley sacral root stimulator.
A dorsal laminectomy (L5-S4) was performed, and
individual roots were identified anatomically and
by the response of different muscle groups to
electrical stimuation with a hook electrode. A
bipolar cuff electrode (length 10mm, 25 pm
platinum foil ring contacts Imm width, and
reference contact of the same material mounted on
the outside of the cuff) was temporary placed on
the extradural sacral nerve root that gave the best
bladder response to electrical stimulation with a
hook electrode, and the location of the cuff
electrode was completely submerge in warm
saline. The impedance of the electrode contacts
was measured (£90nA sine wave at 1kHz), and
finally a sterile telemeter [12] was connected to the
cuff electrode.

Experimental protocol

The following protocol was used to study the
relation between mechanical activity of the skin,
rectum and bladder, and the ENG signals recorded:

* Neural interface - The dorsal penile/clitoral nerve
was electrically stimulated (1-50mA, 0.2ms pulse
duration, 6 pulses/s) using surface electrodes, and
elicited sensory compound action potentials
(CAPs) were recorded from the sacral nerve root.

* Skin touching - ENG was recorded when
mechanically stimulating the relevant dermatome
by hand (stroking and tapping).

* Rectal distension - ENG was recorded during 4
consecutive injections of 50ml warm saline into a
rectal balloon (latex condom mounted on a single
lumen 18Ch catheter).



* Bladder distension - ENG was recorded during
consecutive injections of 50ml warm saline into
the bladder until a volume of 400ml was reached
or the intravesical pressure exceeded 100 cmH,O.

The ENG signal received from the telemeter and
the bladder and rectal pressure were stored on
digital tape (RD-135T, TEAC) for later analysis.
After the measurements, the cuff electrode was
removed and the normal surgical procedure
resumed to implant the extradural stimulation
electrodes.

Data processing and signal analysis

Recorded CAPs were averaged to reduce noise, the
amplitude was measured peak-to-peak (Vpp), and
the onset latency (To) was measured as the time to
the first positive peak.

ENG signals were band-pass filtered (300Hz-
3kHz) and the variance of the ENG signals and the
time average of the pressure signals were
calculated per time bin (Tbin = 40ms for cutaneous
and Tbin = 100ms for bladder and rectal ENG).
The SNR of an ENG response was quantified as
the ratio between the variance of the ENG signal
during peak neural activity and the variance of the
noise and background activity when no stimulation
as applied, corrected for the level of noise and
background activity (average of 0.5s for bladder
and rectal responses).

Results

Patient 1 received a cuff electrode with inner
diameter of 3.4mm, and for Patient 2 a cuff
electrode with inner diameter of 3.0mm was used
because the nerve root was slightly smaller. In both
patients, the cuff was placed on the right S3 sacral
root and fitted snugly around the nerve. The
impedance of the contacts inside the cuff electrode
ranged from 1.0-1.3 kQ (Patient 2) to 2.0-2.1 kQ
(Patient 1).

Sensory compound action potentials (CAPs)

The threshold for a CAP response in Patient 1 was
21mA (To = 6.30ms, N = 57) and 19mA in Patient
2 (To = 5.00ms, N = 58). The CAP responses in
both patients to supra maximal stimulation is
shown in Fig. 1. The amplitude of the evoked
CAPs was similar in both patients: Vpp =
4.15£1.54pV (N = 58) for Patient 1 and Vpp =
4.35+£2.38uV (N = 60) for Patient 2. However, the
onset latency in Patient 2 (To = 3.85ms) was
shorter than in Patient 1 (To = 6.30ms).
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Fig. 1: Averaged CAPs elicited by supra maximal
stimulation in Patient 1 (upper trace) and Patient 2
(lower trace). Onset of stimulation was at t = 0, and
stimulation artefact is present from t = 0-4 ms.

Nerve signals from the dermatome

In both patients, clear increases in ENG were
recorded when tapping and stroking the S3
dermatome. Although the amplitude of the ENG
responses in the raw signal was not much larger
than the level of background noise (see Fig. 2a),
the presence of a response became much more
clear after calculating the variance per time bin
(see Fig. 2b).
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4 4

raw ENG [uV]

var ENG [uV?]

Time [s]

Fig. 2: Raw ENG (upper trace) and the variance per
time bin (lower trace), recorded during touching and
distinct tapping of the dermatome of Patient 1.

The first and last 2 seconds in Fig. 2 show the
background noise. Between t = 2-7s, the skin was
touched and stroked, and between t = 10-14s a
series of distinct tapping was performed. Tapping
the skin evoked ENG responses in Patient 1 with
SNR = 1.37+£0.35 (N = 28 taps) and in Patient 2
responses with SNR = 1.52+0.95 (N = 84 taps).



Nerve signals from the rectum

The increase in rectal pressure due to the
consecutive saline injections in Patient 1 was small
(15 cmH,0). A small increase in ENG was only
recorded during the last two injections (SNR =
0.09 and 0.11 respectively). During a series of
extraction and rapid re-injection of 50ml from the
full rectal balloon, pressure increases were larger
(74 cmH,0) and ENG responses with SNR = 0.10-
0.26 (N =5) were recorded.

The ENG and pressure signals recorded during
rectal distension in Patient 2 are shown in Fig. 3.
The subsequent 50ml saline injections (at t = 35,
65, 95 and 130s) increased the rectal pressure by
17-27 cmH,0, reaching a peak of 68 cmH,O. The
SNR of the ENG response ranged between 0.12
and 0.14. With the following rapid extractions and
re-injections (from t = 150s), changes in pressure
of 23-37 emH,0O and ENG responses with SNR =
0.08-0.21 were recorded.
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Fig. 3: Variance of the recorded ENG (upper trace),
intravesical pressure (Pves, middle trace), and the rectal
pressure (Prect, lower trace) during distension of the
rectal balloon in Patient 2.

Nerve signals from the bladder

The consecutive saline injection in the bladder of
Patient 1 failed to increase the pressure and no
ENG response was recorded.

Fig. 4 shows the ENG and pressure signals
recorded during eight consecutive 50ml saline
injections in the bladder of Patient 2. Each
injection increased Pves by 13-48 ¢cmH,0, clearly
visible in the middle trace of Fig. 4, and the
maximum Pves obtained was 102 cmH,0O during
the fourth injection (t = 75s). ENG responses
increased from the first (SNR = 0.10, t = 20s) till
the fourth injection (SNR = 0.21, t = 75s), but did
not increase more as following injections (t = 90-
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Fig. 4: Variance of the recorded ENG (upper trace),
intravesical pressure (Pves, middle trace), and the rectal
pressure (Prect, lower trace) during consecutive saline
injections in the bladder of Patient 2.

170s) created similar changes in pressure:
increases of 40-48 ¢cmH,O in Pves increased the
ENG with SNR= 0.14-0.22 during each injection,
after which both pressure and ENG declined
rapidly.

Discussion

Sensory nerve signals originating from different
pelvic organs were recorded from the extradural
sacral root in both patients. The recorded ENG was
very small in amplitude, which may be due to the
relative large diameter of the cuff electrodes used.
Alternatively, the cuff could be placed intradurally,
where the dorsal and ventral roots are separated,
smaller in diameter, and thus a larger signal would
be obtained. Also, the amplitude of the recorded
cutaneous ENG was much larger than ENG
recorded from the bladder and rectum because the
dermatomes are innervated by nerve fibers with
much larger diameter compared to the nerve fibers
innervating the bladder and rectum.

Furthermore, ENG signals were recorded while the
dermatome, rectum and bladder were stimulated
individually, and with the patients under general
anesthesia. In clinical application however, the
level of background neural activity will be much
higher and there will be a continuously changing
amount of afferent neural activity from different
pelvic organs simultaneously. Improvement in
recording selectivity and development of advanced
signal processing techniques are therefore needed
before the use of sensory ENG signals in a neural
prosthetic device to control bladder function can be
considered.
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Summary

Sensory supported electrical stimulation of the
peroneal nerve during treadmill walking is
proposed as a gait training modality in incomplete
spinal cord injured (SCI) patients. Multisensor
device provides the information on the tilt of the
shank during the swing phase. The provided
information significantly improves the triggering
instant of the electrical stimulation. In the same
time the swing phase estimation serves as a
reference to determine the needed motor
augmentation support. Both approaches, triggering
as well as the intensity control of the functional
electrical stimulation, were applied on healthy
person and on C4-5 SCI patient.

State of the Art

In the last decades more incomplete than complete
SCI patients are arriving to the spinal units. One of
the primary goals of the rehabilitative program for
the incompletely paralyzed subjects is to restore
their walking patterns. The gait pattern can be
restored in paralyzed persons by surface or
implanted multi or single channel functional
electrical stimulation (FES), by delivering
electrical stimuli to the efferent and/or afferent
nerves. The swing phase obtained by eliciting a
synergistic flexion response through electrical
stimulation of the common peroneal nerve was
extensively used by our group [2]. The gait
training modalities eliciting reflex responses result
in complex and natural like movements which are
in consequence provoking afferent signals in
joints, tendons, and muscles, important for re-
education of walking. Treadmill walking is
producing hip extension at the end of the stance
phase which is inducing reflex hip flexion and thus
initiating the swing phase of walking [1]. The
treadmill training can be combined with electrical
stimulation of the partially paralyzed extremities
and may be used in combination with body weight
support (BWS) [4]. The BWS helps the patient to
concentrate on walking without having problems
with maintaining stability. In the early gait training
either physiotherapist or patient is manually
triggering the electrical stimulation [2]. When the
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triggering is performed by the physiotherapist, then
the patient is able to focus on the gait performance,
while the physiotherapist's task remains to be the
estimation of walking quality. Therefore, the
instant of triggering is based on physiotherapist's
experience and may vary from step to step.
Consequently, the patient's walking performance
depends on physiotherapist's skills. In order to
overcome this undesired dependency, the FES
triggering should be automatic, i.e. linked with a
selected gait event or gait phase. There were
described several attempts of using sensory
information for direct control of FES to achieve
the desired joint motion [6]. Hereby, we suggest
the use of the tilt information of the shank in
combination with an algorithm for gait evaluation
[3]. The algorithm estimates the quality of the
performed swing phase on the basis of the detected
gait cycle and assessed acceleration time-course.
Afterwards, the swing phase quality is classified
into three levels and provided to the patient during
treadmill walking as an audio cognitive feedback.
The proposed method allows the patient to fully
cooperate in the rehabilitation process and to take
voluntary actions to improve his/her walking
pattern.

In the paper we are proposing the use of the
sensory information to trigger the surface peroneal
nerve stimulation combined with treadmill
walking as a modality for gait training in
incomplete SCI persons [5].

Methods

The swing phase of walking in incomplete SCI
patients is usually achieved by electrical
stimulation of the peroneal nerve. Manual
pushbutton or footswitch triggering was replaced
by the proposed method based on the assessment
of the tilt of the shank. Despite of the fact that the
shank angle could be determined by two-axial
accelerometer with low-pass filter, we had
difficulties designing the efficient low-pass filter
due to the time-delay of the high order filter.
Therefore, we applied the gyroscope that was built
in the multisensor device for the purposes of the
swing phase estimation [3]. Using both sensor
types and applying a recursive Kalman filter, we



were able to determine the shank angle irrespective
of the sensor misplacement or strong heel strike,
which were frequent sources of error.

The analysis of the gait cycle shows that the shank
angle reaches its peak, in clinical terms the
maximal knee flexion, in the pre-swing phase. This
is the moment before the toe-off when the lower
extremity goes into the swing phase. During the
swing phase the knee joint moves toward
extension. Therefore, the peak in the shank angle
time-course was used to trigger the FES. We have
also introduced an adjustable time delay to assure
the appropriate instant of triggering for the patients
with various motor disabilities.

© , gyroscope 0

model
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Fig. 1 A Kalman filter is implemented for accurate
shank angle (0) determination.

In the present investigation a healthy subject and a
patient with C4-5 spinal cord lesion have
participated. The role of the measurements in the
healthy subject was to verify the assessed reference

(OB

shank angle trajectory, while the patient was
involved into the FES treadmill walking. The
surface electrodes were placed over the peroneal
nerve with the aim to evoke the flexion reflex. A
stimulation frequency of 20 Hz, a pulse duration of
0.2 ms and intensity of 35mA were used during the
swing phase performance.

Results

The electrical stimulation was triggered by the help
of the estimated shank angle as presented in fig.2.
When the subject entered the pre-swing phase, the
shank angle reached the peak value. Considering
the predefined time-delay, the train of electrical
stimulation pulses was delivered to the peroneal
nerve. Before the gait training session also the
duration of the train of stimuli, depending on
patient's deficits and demands, was set up.

Our patient had difficulties performing a swing
phase and was unable to make a progress of his
lower extremity into the swing phase without
stimulation. The applied peroneal nerve
stimulation significantly increased hip and knee
flexion and ankle dorsiflexion during the swing
phase of walking. Consequently, the leg progressed
into the swing phase efficiently as shown in fig.3.
Even more, the patient was able to maintain the
stability and walk on treadmill without arm
support.
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Fig. 2 The instant of FES triggering is determined with shank angle. A time-delay can be set manually.
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Fig. 3. Record of an incomplete SCI patient’s walking with the peroneal electrical stimulation.

Discussion

FES for lower extremities has been a research issue
for several decades. Most of the conclusions were
stating that permanent use of FES cannot be very
efficient due to the muscular fatigue and patients'
rejection of cumbersome devices. We can claim
that therapeutic FES has proven successful,
especially in combination with other rehabilitation
techniques, such as treadmill walking. We have
shown an efficient cooperation of the patient which
is demonstrated by the successful combination of
patients' voluntary action and the use of FES
during treadmill walking [5]. The method proposed
in the paper is also trying to point out the use of
small, portable multifunction sensory system to
control the FES for therapeutical purposes after
incomplete spinal cord injury.
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Abstract

In this work an inclinometer type sensor device
was developed. It is intended for measuring the tilt
angles of body segments as feedback inputs for
control systems in FES. The device is based on a
two axis solid state accelerometer sensor, with a
microcontroller for signal analysis. It provides 80
digital samples/s over the serial interface. The
angular resolution is 0.5 degrees. The absolute
error was always below #4 degrees. There is no
need for frequent calibration. Trial measurements
of the shank angle during slow walking showed,
that the output of the sensor is severely disturbed
during fast movements. The system may therefore
only be of use in slow movements that do not
involve strong transient accelerations: for example
standing up, standing, and sitting down. It is
intended to use gyroscope sensors for
compensation in order to the system more
generally applicable.

Introduction

Although an increasing number of commercial
systems for Functional Electrostimulation (FES)
have become available recently, only very few of
them use feedback from sensors for monitoring
and control. This may be in part due to the lack of
proven sensor systems that support the use in
everyday life without adding too much complexity.

Inclinometer sensors have been used in FES.
Williamson describes the use of different
acceleration sensors for gait event detection [1].
Cikajlo successfully used a combination of
acceleration and gyroscope sensors for sensing the
shank inclination angle during walking [2].

This work was aimed at a rigid, lightweight, easy
to use, and reliable sensor system for measuring
the tilt of body segments during FES. Multiple
sensors on different body segments shall be used to
measure joint angles. One main goal was to make
the system as small and lightweight as possible, so
that it may be fitted into an existing electrode
trouser. It was therefore intended to study the
feasibility of inclination measurements of body
segments during walking with acceleration sensors
alone. The static performance was to be tested, and
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the sensor output should be compared with an
optical gait analysis system.

Material and Methods

The gravitational acceleration is measured in two
directions using a solid state acceleration sensor
ADXL202 (Analog Devices, Norwood, MA,
USA). The signals are analysed by a PIC16F876
microprocessor (Microchip Technology Inc.,
Chandler, AZ, USA). From the two calibrated
acceleration values two inclination angles are
calculated: (1) the angle alpha between the sensor
x-axis and gravity, projected into the sensor plane,
and (2) the angle gamma between the sensor plane
itself and gravity. Up to four sensors may be
monitored by a single decoder, in order to measure
joint angles, e.g of the knee by calculating the tilt
difference between the shank and the thigh.

Four sensors were manufactured. Each sensor was
calibrated at production time, and the calibration
parameters were stored into the EEPROM of the
microprocessor. For static measurements the
sensors were mounted on a testing device, and
rotated over the full range of 360 degrees. The
sensor outputs were compared to an absolute angle
decoder (Art.Nr.: 07301312, Fa. Leine und Linde,
Schweden). Regression curves were calculated and
the maximum errors were calculated using Excel
(Microsoft Corporation, Redmond, WA USA).
This was repeated for different tilt angles gamma
of the sensor plane. AIll measurements were
repeated one week later, in order to test the long
term stability.

Attempts were made to eliminate accelerations of
the body segments themselves, for example during
heel strike and heel off events. Low pass filters
with cutoff frequencies from 45Hz down to 0.5 Hz
were applied on the raw acceleration signals before
calculating the inclination angles.

Results

The sensor provides 80 samples/s of both angles,
alpha and gamma via the digital RS232 interface.
It consumes 5 mA at a supply voltage of 6 V.

The angular resolution is 0.5 degrees (alpha) and
1-10 degrees (gamma). The maximal error of alpha



was always between * 4 degrees if gamma was
between —75 and 75 degrees. The maximum error
for the angle gamma was in the range of
+ 5 degrees for gamma greater than 20 degrees.
The measurements were repeated one week later
without recalibration, and showed no noteable
changes. An example of the static tests of the four
calibrated sensors are shown in Fig. 1, where the
sensor plane was exactly vertical, gamma therefore
being zero.
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Fig. 1: Example of a static measurement of all 4 sensors.
The inclination angle calculated by the inclinometer
sensor resembles the tilt angle very closely over the
complete 360 degree range.
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Fig. 2: The sensor output, as a testperson holds it in the
hand and slowly rotates it over the full 360 degree
range. The sensor plane is near vertical (gamma=0). The
bottom trace shows the angle alpha between the x-axis
and gravity, projected into the sensor plane.

Fig. 2 shows a trial measurement. The sensor is
held by a testperson, which slowly rotates it over
the full 360 degrees range. The acceleration signals
in the upper two traces of Fig. 2 were filtered with
a 45 Hz lowpass filters.

Fig. 3 shows the results of a first measurement of
the shank angle on a healthy testperson during
slow walking on an even surface, again with 45 Hz
lowpass filters. The shank angle signal is distorted
by dynamic accelerations. This is especially

133

obvious after the heel on and heel off events. In
other trials the distortions were even more
dramatic, so that no clean inclination angle signal
could be derived.

Low pass filters with cutoff frequencies from 45
down to 0.5 Hz were tested. The inclination angle
measurements were not significally improved.
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Fig. 3: Shank angle measured with an inclinometer
sensor during slow walking. The heel on and off events
are marked in the acceleration curves. The angle output
is distorted by accelerations of the shank.

Discussion

In this work an inclinometer sensor was developed
was tested in static measurements. The inclination
angle measurements were found to be accurate and
fast enough for applications in FES. First trial
measurements of the shank inclination during
walking resulted in inclination curves similar to
those found in the literature [3]. However,
accelerations of the shank disturbed the
measurements severely. These components could
not be eliminated by low pass filtering, probably
because the disturbing accelerations overlap the
relevant inclination signal components very much.
The comparison of the sensor output to the optical
gait analysis system, as initially planned, was
therefore not conducted.

We conclude that acceleration measurements alone
the way they were used here were not sufficient for
measuring body segment angles during normal and
fast walking. The sensor in its present form is
therefore limited to applications that involve slow
movements, without strong transient accelerations:
standing up, standing, and sitting down. Future
work will involve gyroscope sensors in order to
compensate for the accelerations of body
segments, as it has been demonstrated by Cikajlo

[2].
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Abstract

Using electro-physiological signals like EMG or
EOG for device control isa promising research area.
The application in practice however has the disad-
vantage that electrodes have to be attached to the
user and all electrodes have to be wired to biosignal
amplifiers and the device to be controlled. To mini-
mize the effort of electrode application and to avoid
wiring at all a set of biosignal amplifiers with body
area network connectivity is being developed. In the
first stage an EMG module and the base station of
the body area network is demonstrated.

I ntroduction

Usually body area networks (BAN) are associated
either with exchanging electronic business cards by
handshake [1] or with physiological monitoring [2].
Some projects focus on mobile telephony applica-
tions in conjunction with BAN technology for tele-
care [3] and other projects focus on local applications
in hospitals [2, 4] e.g. intensive care units (ICUs).

This paper describes the application of body area
network concepts in the field of rehabilitation tech-
nology to control devices like computer mouse emu-
lators or nurse calling systems in hospitals.

One of the target user groups of the system could
be patients with spinal cord injuries or equivalent dis-
eases. By applying EMG activated devices on de-
fined muscle groups the patients can interact with
their surrounding using environmental control de-
vices which are operated by the EMG device.

Materialsand M ethods

Due to the fact that the upper portion of the
m. trapezius and the m. sternocleidomastideus use
the n. accessorius (segment XI) as path of conduc-
tion, spinal cord injuries even at C7 or C6 will not
affect the ability to activate this muscles [6].
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For the development of signal processing algo-
rithms and for the testing of algorithms and hard-
ware a set of test EMG signals was recorded. The
signals were derived from the m. trapezius with Ag-
AgCI surface electrodes using Grass biosignal am-
plifiers and a 16 bit data acquisition system from
I0tech. With this test data off-line simulation of sig-
nal processing and detection algorithms could be per-
formed.

Before a threshold detection of the EMG signal is
possible the envelope of the signal has to be calcu-
lated. Instead of using a simple rectifier it was de-
cided to calculate the RMS (root mean square) of
the EMG signal. The disadvantage of a peak recti-
fier could be that short spikes, with a small amount
of energy, deliver the same peak value as a DC volt-
age of the same level but much higher energy. RMS
calculation (1) delivers information of the effective
voltage which is equivalent to the energy of the sig-
nal. RMS calculation of the EMG signal was cho-
sen since very irregular waveforms of the signal can
be expected and the RMS value provides a reflection
of the effective voltage independent from the wave-
form.

(1)

To avoid unwanted triggering of the threshold detec-
tor caused by a permanent high muscle tonus an ad-
ditional slope detection [7] was implemented. Only
a slope with a certain amplitude can trigger the de-
tector which can now not be influenced by high bias
levels.

For an easy realization of the prototype ISM band
RF modules seem to be a good choice because they
minimize the engineering effort. To avoid distur-
bance by common 433MHz remote control devices
the 868MHz ISM band was chosen. Similar tech-
nology could be identified in other experimental
body area network setups [5] and seem to be, next
to technologies like BlueTooth, a promising choice
also in future since there are growing new stan-



dards for wireless control and sensor networks like
IEEE 802.15.4 (ZigBee Alliance) operating in 868,
900 and 2450 MHz ISM bands that will become also
interesting for medical applications.

The BAN protocol must provide a secure data
transfer, device and net identification, exchange of
device class, functions of the device and payload data
transmission. For example it must be possible to dis-
tinguish between ’intelligent’ sensors which perform
all signal processing tasks themselves and send only
trigger events and between sensors which transmit
the raw data. With this information another device
in the network could determine if a communication
with the sensor is possible and the device can re-
spond to transmissions of the sensor.

Results

The lab prototype setup consists of an EMG sensor
with integrated signal processing, a relay box with
five outputs and a PC unit with USB interface.

T

= —

Figure 1. Base Station

All devices are equiped with an Adcon ad-
dLink868 half duplex RF module which already pro-
vides addressed network modes with up to 65536 dif-
ferent network identifications and up to 256 devices
for each network ID.

The EMG sensor module uses a Texas Instru-
ments MSP430 ultra low power 16bit microcon-
troller which handles all processing of the EMG sig-
nal and the BAN protocol. EMG is derived with dis-
posable Ag-AgCl electrodes, an instrumentation am-
plifier and the on-chip ADC at a sample rate of ap-
prox. 400 samples per second and the RMS value is
calculated over a rectangular window with a length
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of 32 samples. A pushbutton on the module allows
to send a request message on the net containing the
device 1D, the modality of the device and the device
class. The example below shows a request from an
EMG, binary class device with the ID 10.

10=R:EM:B

Binary class devices, like our EMG sensor, only send
a trigger message to the network so that a binary
mode reciver could perform an action when a trig-
ger event is received.

The fact that the sensor modules should be miniatur-
ized and may be hermetically sealed for some appli-
cations rise the problem of configuration of the mod-
ules. Compared with the relay box which allows a
menu controlled setup of different parameters there
is no space for comfortable displays or keypads on
the sensor devices and also a plug to connect a pro-
gramming device seem not suitable. Also an access
via the BAN is not possible because the addressed
mode impedes a communication between two net-
works with different 1D.

The solution was found by using iButton® tech-
nology, which has it’s origin at Dallas semiconduc-
tor. Small EEPROMSs or other non volatile memories
with OneWire® interface in small metal housings
similar to watch batteries. A single iButton® with
an EEPROM inserted into the sensor module holds
parameters like device number and network 1D and
can easily be inserted and removed in the sensor de-
vice. The EEPROM can be loaded on the PC via a
special software and a USB dongle.

The whole assembly can be powered with
rechargeable NiMH, Li-lon or Li Polymere batteries
since it operates at voltages down to 3 VDC and has
a power consumption of approx. 4 mA (mean value
measured over a period of time of 5 minutes, device
triggered every 10 seconds).

For monitoring BAN traffic, simulating devices
and to receive payload data a PC module with USB
interface has been developed. It can be operated in
addressed modes to receive and transmit data in a
BAN with a certain ID or it can be operated in a
transparent mode to view raw data of the devices in-
dependent from their network number. The PC mod-
ule acts only as bridge and all additional function-
ality comes from various test software modules pro-
grammed in LabView 6.1.



The relay box shown in figure 1 has five relay out-
puts and provides easy to use menus to set up param-
eters, assign devices and to invoke special modes of
operation like the RF level monitoring. On a device
request the module figures out if the request is from
a device with a suitable device class, because the box
provides no data processing and can act only on trig-
ger messages from binary modules. If the class is
identified and correct it is checked if the requesting
device is allready assigned to an output. New de-
vices can now be assigned to one of the five out-
puts and allready assigned devices can be deleted
from the system. The module is based on an At-
mel AVR® microcontroller since there is no need
to minimize the power consumption because it is op-
erated from mains.

Discussion

The prototype is going to be evaluated in clinical
practice after it delivered promising results during
lab testing. For the future the design of new mod-
ules like EOG amplifier devices for the operation
of a mouse emulator is planned. In combination
with the EMG modules it could be possible to navi-
gate the mouse cursor by eye movements (measured
with the EOG module) and to emulate the left and
right mouse click with the help of the EMG mod-
ules. Evaluation of the system, miniaturization of the
modules and efficient power sources will certainly be
the most important tasks for future development and
research.

In general assistive technology can be associated
with an improvement of quality of life trough an
increased autonomy of the user. The use of wire-
less, wearable sensor technology may bring and ad-
ditional enhancement of quality of life [9] since the
application of the device and the operation are easier
compared with wired ones.
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Abstract

A musculoskeletal model of the upper limb for
FES research work was developed in this study.
Movements of the elbow, the forearm and the wrist
could be controlled by stimulating 15 muscles with
the shoulder joint fixed at an arbitrary angle of
flexion/extension. The muscle model had nonlinear
length-force and velocity-force relation-ships,
recruitment  characteristics  and  activation
dynamics. Nonlinear joint angle dependency of
moment arm and passive viscoelastic property
were also included into the model. The model was
examined in multichannel closed-loop FES control
of 2-DOF of movements of the wrist joint. Model
predictions were qualitatively similar to results of
experiments performed on neurologically intact
subjects. Computer simulation studies using the
developed model would be reasonable as an
alternative to experiments in FES research work.

I ntroduction

In order to improve the current clinical FES
system in Japan that is an open-loop control system,
we have been developing a multichannel closed-
loop FES control method [1, 2]. In studies of an
FES control method, however, experiments with
subjects, to whom electrical stimulation is applied,
are required. Those experiments sometimes cause
burdens on subjects and low reproducibility due to
differences between subjects and so on.

Computer model simulation can be effective in
FES research work because it makes it possible to
evaluate new controllers or control methods
without experiments on subjects. Since electrically
gtimulated  musculoskeletal  system  shows
complicated nonlinear and time variant properties,
a musculoskeletal model at least including
nonlinear properties has to be utilized for
providing an aternative to experiments with
subjects in FES studies.

In this paper, a musculoskeletal model of the
upper extremity that would be used in FES study
was developed. The developed musculoskeletal
model was examined in closed-loop FES control of
two degree-of-freedom (DOF) of movements of
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the wrist joint through computer simulation
comparing to experimental results obtained from
neurologically intact subjects.

Material and Methods
Musculoskeletal Model for FES Study

A skeletal model of the upper extremity was
constructed for FES control of elbow flexion/
extension, forearm pronation/supination, and wrist
dorsi/palmar flexions and radial/ulnar flexions. The
shoulder joint was fixed at an arbitrary angle of
flextion/extention. The 15 prime movers of those
movements were modeled to be stimulated: biceps
brachii long head, biceps brachii short head,
brachialis, brachioradialis, triceps brachii long
head, triceps brachii lateral head, triceps brachii
medial head, pronator quadratus, pronator teres,
supinator, extensor calpi radialis longus, extensor
calpi radialis brevis, extensor carpi ulnaris, flexor
carpi radialis and flexor carpi ulnaris.

The whole musculoskeletal model is outlined in
Fig.1. Muscle force F¢r was described by the Hill
type muscle model consisted of activation level
determined by electrical stimulation a(z), length-
force relationship 4(/), velocity-force relationship
h(v) and maximum force F,,.. asfollows:

Fop = a(@k(Dh(v) Fg, D)

¢t showed time. / and v were muscle length and
contraction velocity, respectively, which were
functions of time. Active torque z¢x developed by
electrical stimulation was calculated by muscle
force Fcr and moment arm r4(6). That is,

Tep =Fep "’_/(9) 2
Moment arm r(0) was represented by an
approximated polynomial equation as a function of
joint angle @ for each movement of each muscle
[3]. Each element of the Fx is described as bellow.

The recruitment property of electricaly
stimulated muscle u(s) was modeled by the
following [4]:

u(s) = sc - tanh {Sh FEC (5 — xc)}-l— ye (3)
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Fig. 1: Outline of the musculoskeletal model

where sc, sh®¢, xc and yc were parameters.

Electrical stimulation was expressed by normalized
stimulation intensity s as a function of time. The
muscle activation a(f) was described by the
following dynamics using recruitment level [5]:

da 1

dt ¢

I3

{u(s) - a(t)}u(s) + ti{u(s) - a(l)} (4)
I

where 7. and ¢, were time constants for rising and
falling, respectively.

The length-force relationship (/) was described
by eq. (5) using muscle length / that was a function
of time and optimum muscle length /, [6].

2
l—laj

051,

k(l) =1—( (5)

The velocity-force relationship A(v) during
shortening of muscle was modeled by using
muscle contraction velacity v that was a function
of time and maximum contraction velocity v,,.. [6].
For lengthening of muscle, the relationship was
described based on our previous work [7].

Viax —V
hv) + 2.5v

max

(v < 0: shortening)

(6)

Vi 25 (v>O0:lengthenig)

h(v)=1.3-0.3-

2
OV

max

The maximum muscle force developed by
electrical stimulation F,,. was determined by
PCSA4 (physiological cross sectional area) as
follows|[3].

F,, =PCSAx2.2 7)

The passive viscoelastic element developed
passive torque 7z, calculated by eg. (8) for each
joint movement [8]. The range of motion was aso
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represented by this property.

7, =ky0 + by + k {explk, - 0) -1} (8)
where ¢ and @, which were functions of time, were
joint angle and angular velocity, respectively.
Parameters ko, bo, k1 and k, were constants
determined for each joint movement. In this study,
same passive property was used for the wrist
dosri/parmar and radial/ulnar flexions.

Validation of Musculoskeletal Model

The developed model was examined in
multichannel closed-loop FES control of the wrist
comparing to the experimental results that we
performed with neurologically intact subjects[1, 2].
Two DOF of movements of the wrist joint, which
were dorsi/palmar flexions and radial/ulnar
flexions, were controlled by stimulating the
extensor capi radiais (ECRL/B), the extensor
carpi ulnaris (ECU), the flexor carpi radialis (FCR)
and the flexor carpi ulnaris (FCU). Since surface
electrodes were used in the experiments, ECRL
and ECRB were assumed to be one muscle because
of difficulty in selective stimulation to them. Target
trajectory of the closed-loop control was circle
trajectory in joint angle plane. Model simulations
were performed under two different cycle periods
(movement velocity) and two different shoulder
positions.

Model parameters were adjusted to produce an
experimentally acceptable delay time from the
onset of electrica stimulation to a start of
movement and a time constant in the first order
delay approximation of step response. The
input-output characteristics of the muscles were
also roughly fitted to experimentally measured one
through model parameters adjustments.
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Fig.2 shows the input-output characteristics of
the four muscles obtained from a normal subject
and the model. Although it was difficult to make
good fitting if a muscle had different nonlinearity
in the characteristics of its functions, the model
represented roughly similar characteristics.

An example of model simulation result of
closed-loop FES control is shown in Fig.3 with the
experimental result under the same condition.
Stimulation pattern of the model was similar to the
experimental one. That is, the stimulation
intensities of ECR and FCU, those of ECU and
FCR changed in reciproca pattern as seen in
antagonistic muscle pairs. However, stimulation
intensities obtained from the model simulation
were larger than those of the experiment.

Other model simulations also showed
qualitatively similar responses to experimental
results. For example, changing movement velocity
or the shoulder joint angle (to put the upper limb in
the horizontal plane) caused similar variation of
stimulation intensities and joint angle trajectories
between model simulations and the experimental
results.

Discussions

Stimulation intensities of the model were larger
than those of experiments as shown in Fig.3. This
was manly because the input-output
characteristics of the model were not completely
the same as the experimental one, but just roughly
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fitted to them in model simulations.

In the model simulation result (Fig.3(a)), small
oscillations of stimulation intensity was observed.
Since the parameters of the PID controller were
calculated by using slopes of approximated linear
lines of the input-output characteristics [1], those
oscillations were observed in experimental results
if the linear approximations were insufficient.
Even in those cases, the undesirable oscillation was
suppressed by using an approximated line at the
steepest part of the characteristic. In the model
simulation, the same adjustment of the
approximated linear line suppressed the
undesirable oscillation.

In this study, the aim of using model simulation
is not to predict responses on a specific patient, but
just to use it as an aternative to the nonlinear
musculoskeletal system. For this purpose, model
simulations will be accepted if it predicts
qualitatively experimental results. Since most of
experimental results obtained from normal subjects
were reasonably predicted by the model, the
developed model is considered to be sufficient for
this purpose. The model will be effective as an
dternative to human subjects in FES research
work.
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Abstract

We describe the control applied for the Functional
Electrical Therapy (FET) of the arm and hand in
post-stroke hemiplegic patients. The controller
implements two properties being characteristic for
able-bodied humans when performing Reach /
Grasp / Release (RGR) maneuvers: 1) Temporal
synchrony, and 2) Spatial synergies. Temporal
synchrony comprises the execution of RGR as a
sequence of the following phases: 1) the hand
transport to the object post (positioning or
reaching), hand orientation and opening
(prehension), hand closing (grasping of the
object); 2) hold and move object; 3) using the
object (the actual task); 4) returning the object;
and 5) finally releasing it at the object post.
Spatial synergy relates to rules establishing
mappings among central control variables to
individual joints of a limb, and the consequences
are relations among performance variables. The
kinematical data needed for the design of control
was collected from 18 able-bodied subjects by
using goniometers, and custom designed software
running in  LabVIEW  environment.  The
coordination control was designed by applying
heuristics to determine temporal synchrony, and
radial-basis  function neural networks for
determining spatial synergies. The validity of the
control algorithm was tested in five post-stroke
hemiplegic patients otherwise unable to grasp and
release objects with their paretic arm.

Introduction

Clinical implementations of the Functional
Electrical Therapy — FET [1] suggested that the
functioning of post-stroke hemiplegic patients in
the acute phase was improved to a higher level
compared to patients who received conventional
therapies only. The review [2] of the clinical
studies which analyzed the recovery in hemiplegic
post-stroke patients, that follows traditional
therapeutic electrical stimulation suggests only
modest recovery compared to the one that we
found in the FET application. This is in accordance
with the very promising reports obtained from the
constraint induced movement therapy (CIMT)
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studies [3]. The significant recovery after FET is
likely benefiting from several elements: 1)
intensive exercise that is augmented with the
electrical stimulation; 2) provision of the function
that is otherwise not available due to a paresis; 3)
increased motivation to use the paretic arm; and 4)
augmented activation of the afferent neural
pathways due to electrical stimulation.

The control that we developed relies on a so-called
coordination model of the Reaching / Grasping /
Releasing (RGR) [4]. The hierarchical control for
the RGR neural prosthesis comprises pre-
programmed time sequencing and preprogrammed
spatial synergies [4]. At the highest control level
the user of a neural prosthesis selects voluntarily an
action and the modality of operation, that is, she/he
specifies the task. At the middle control level, the
controller itself supplies temporal synchrony by
applying a discrete rule-base algorithm. This rule-
base controller operates as a finite automaton, and
implements the state model of movement that was
cloned by a heuristics of machine classification of
the data acquired in able-bodied humans. At the
lowest level, the controller implements spatial
mapping determined by rule-based methods. The
spatial synergies are performed in time windows
established by temporal synchrony. The execution
level, that is, stimulation pattern, directly matches
the synergistic control laws.

A neural prosthesis that mimics biological control,
most likely facilitates the recovery because of the
external activation that is synchronized with the
biological use of preserved sensory-motor systems.

Procedure for Designing the Control

Determination of temporal and spatial synergies.
We studied 18 able-bodied subjects. The subjects

were seated in front of a desk and performed five
RGR tasks. The RGR tasks have been selected to
include the following: 1) three grasping strategies
(palmar grasp, lateral grasp, precision grip); 2) six
different object positions within the working space
defined with two attributes: distance and laterality,
and 3) different sizes and masses of objects. The
selection was accomplished by analyzing the
following: 1) drinking from a 0.5-liter juice can; 2)
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Fig. 1: The diagram presents the time synchrony (A), spatial synergies (B), and stimulation pattern (C) for the task of
drinking from a 0,33-liter bottle proximal to the acromion. Temporal synchrony (A) shows that 9 joint angular velocities
are divided into five successive phases (reach and grasp, hold and move, use, return and release the object). Spatial
synergies (B) are presented by using joint angular velocity phase plots of the appropriate joint rotations. The synergies
were determined by using radial basis function neural networks, and kinematics as inputs and outputs. Finally, the
stimulation pattern (C) for this task was established based on the temporal synchrony and spatial synergies.

drinking from a 0.33-liter bottle, 3) inserting a
VCR tape into a VCR machine; 4) writing on a
paper positioned at the desk; and 5) eating finger
food. The subjects repeated ten times each
functional task with their dominant arm in three
independent sessions. The order of tasks was
randomly changed. Penny and Giles flexible
goniometers (Biometrics, Gwent, U.K.) were
mounted to measure the following: shoulder
flexion/extension, abduction/adduction, elbow
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flexion/extension, forearm pronation/supination,
wrist ulnar/radial deviation, palmar/dorsal flexion,
index finger flexion/extension, thumb
adduction/adduction, and thumb flexion/extension.
A custom designed acquisition program was used
to capture the nine joint angles.

The sampling rate was 100 samples per second, and
joint angles were low-passed filtered at 30 Hz with
the 4™ order Butherworth filters. All data were off-
line processed using a MatLab based program that



allowed determination of angular velocities The
task was to determine the minimal number of
unique couplings between joint angular velocities
that characterize the task, object position and size,
or their combination.

Two forms of couplings were of interest: 1) the
time synchrony, and 2) the spatial mappings. These
couplings were determined by a computerized
matching that applied radial basis functions neural
networks, and inductive learning.

One example for RGR task (0.33-liter bottle) is in
Fig. 1 (top and middle panels).

Stimulation paradigm. We selected the frequency
of 50 Hz, and pulses (T = 250 ps) with steep
exponential rising edge to minimize unpleasant
sensations typical for electrical stimulation via
surface electrodes. The stimulation intensity was
selected by varying the pulse amplitude between 5
and 40 mA in a manner that was acceptable by
patients and resulted with functional movements.

Mimicking normal grasp and release of objects was
provided by the newly designed multi-field
electrode [5] that allowed activation of selected
muscles via surface electrodes positioned over the
forearm muscles.

The selection of the preferred stimulation sites did
not necessarily lead to the “normal” grasp; yet, in
all cases the grasp was functional. In addition to the
control of finger and thumb flexion/extension (four
channels), four channels of stimulation were
applied to the following muscle groups of the arm:
forearm supination (Extensor Carpi Radialis
Longus m, Supinator m.); forearm pronation
(Pronator Teres m., Pronator Quadratus m.);
elbow flexion (Biceps Brachii m, Brachioradialis
m.); and elbow extension (Triceps Brachii m.).

Fig. 1 (bottom) shows a typical stimulation pattern
for the RGR of a small bottle (0.33 liter). The
timing of the start and release commands is
indicated with arrows pointing to the horizontal
axis. The time has to be set according to the overall
abilities of the user. The whole operation in
average lasts about 10 seconds.

The described control for functional electrical
stimulation systems was applied by using the
custom designed 8-channel stimulator. The
controller regulates the frequency, pulse duration,
and charge balance, and executes triggered pre-
programmed operation.

The PC compatible interface for setting the
stimulation paradigm is realized via an IR serial
communication channel.

The stimulator described
Jorgovanovic [6].

is in details in
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Implementation of the Control

The control system was tested in a case study that
included 5 acute hemiplegic patients (Table 1).

The inclusion criteria were that patients had
preserved wrist extension no more than 10 degrees;
yet, no voluntary grasping and releasing. The study
lasted three weeks. Subjects were asked to exercise
for 30 minutes, five days, during three weeks. The
treatment is described in details in Popovic et al.

[1].

Period
Subject Age after CVA Diagnosis MAS score

(years) (weeks)

A 62 25 Hemi. L. Sin. 1+

B 50 3 Hemi. L. Sin. 2

C 62 35 Hemi L. Dex. 1+

D 65 Hemi L. Sin. 2

E 61 2 Hemi L. Sin. 3

Table I: Patients demographics; MAS —Modified Ashworth
Scale; CVA-Cerebro Vascular Accident.

The Upper Extremity Function Test (UEFT) scores
compared the effects of the neural prosthesis. The
UEFT shows the ability to perform typical daily
activities that require the grasping and releasing of
various objects. The UEFT score was defined as
the number of successful repetitions of a task that a
subject could perform during a two-minute period.
The successful operation was the one in which the
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Fig. 2: The UEFT scores for the 5 post stroke patients on
the day 1 and the day 21 of the study. The score is the
averaged number of the grasps of various objects during
two minutes. Square symbols show no stimulation, and
the diamond symbols the scores with the stimulation.
Vertical lines are the SD calculated for 11 tested tasks.



subject grasped, manipulated and used the object
with his/her paretic arm. The same, trained
individual evaluated the UEFT by analyzing the
video recordings from a session when the UEFT
was performed. The UEFT test was performed
without and with the stimulation on the first and
21* day of the case study.

The results of the effects of the stimulation are
presented in Fig. 2. The UEFT scores at the
beginning (day 1) were 0 for all five patients
without the stimulation (squares, top panel in Fig.
2) because patients were not able to perform any of
the eleven functional tasks (handling can, pen,
telephone, CD, etc.). During the same session the
electrical ~ stimulation allowed patients to
functionally grasp between 3 and 6 objects in two
minutes (diamonds, top panel in Fig. 2).

After the treatment, on the day 21, the patients
improved their performance without the stimulation
(squares, bottom panel, Fig. 2); they were able to
effectively repeat task between 8 and 11 times
during the period of two minutes . The performance
with the electrical stimulation was still better;
patients scored between 9 and 12 (diamonds,
bottom panel in Fig. 2). The difference between the
use of electrical stimulation and no stimulation
became marginal after three weeks of the treatment
due to the enhanced recovery as described in [2].

Conclusion

We describe here the control method for a neural
prosthesis applicable for therapy that is appropriate
for limited time application in the clinical
environment. The aim of this control is to augment
or generate missing functions of the paretic hand
and arm in a manner that resembles to movements
typical for able-bodied humans. The controller
operates in the open-loop mode and response to
two commands (trigger grasp and trigger release)
that are issued by the user by a push-button
interface.

The use of the controller was tested in five post
stroke hemiplegic patients who were not able to
perform simple daily tasks. All five subjects who
participated in the study benefited immediately
form the application; they could perform daily
tasks assisted by a neural prosthesis. The benefit
from the neural prosthesis could be seen also after
three weeks (day 21 of the study); yet, the
difference between the use and no use was very
small.

The usage of this neural prosthesis requires that a
patient use some preserved motor skills in order to
compensate for the inexactness of the control. The
control also needs that patients learn how to
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integrate the externally assisted activity of muscles
into their own voluntary activities.

In average, patients needed one session (30
minutes) to get used to the system operation
because the stimulation schema mimics the
movements that were typical before the CVA.

This control method is not yet suitable for home
usage because of the complexity; it is intended for
the therapy in the clinical environment.
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Abstract

Our studies have recently demonstrated that a
proportional and derivative (PD) feedback
controller, which takes advantage of the position
and velocity information of the body sway, is
capable of effectively generating a needed
anticipatory control command in order to facilitate
stable quiet standing. Furthermore, we identified
gain pairs that ensured that the system behaved in a
robust manner and that it had a dynamic behavior
similar to the one observed in quiet standing
experiments. The purpose of the present study was
to  experimentally demonstrate that the
aforementioned PD controller can facilitate stable
quiet standing. Our real-time closed-loop control
system consisted of a center of mass position
sensor, functional electrical stimulation regulated
by the PD controller and a subject who had
difficulty maintaining balance during quiet
standing due to a neurological disorder called von
Hippel-Lindau disease. The experiments were
conducted in order to evaluate the subject’s
stability in the anterior-posterior plane only. In
conclusion, the achieved results strongly suggest
that the proposed feedback control system is
capable of improving human balance during quiet
stance in subjects with certain neuromuscular
disabilities. The observed performance of the PD
controlled feedback system supports our findings
that the CNS adopts a control strategy that relies
heavily on the velocity information.

Introduction

The improvement of standing capabilities has
various therapeutic and functional benefits for
subjects that suffer from spinal cord injuries and
other neurological disorders. Therefore, open- and
closed-loop applications of functional electrical
stimulation (FES) for the purpose of facilitating
stable standing have been subjects of research for
many years. To compensate for significant time
delays in the closed-loop control system of human
bipedal quiet stance, it has been suggested that an
anticipatory command to the body sway position
can be achieved by using a feed-forward control
system [1,2]. By contrast, a nested feedback
system regulated by a torque controller has been
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developed and evaluated by Hunt et al. [3,4]. Our
team has recently demonstrated that a feedback
system regulated by a simple proportional and
derivative (PD) position controller is capable of
providing the active torque component that is
being applied by the CNS in order to regulate the
body sway in spite of long neurological time
delays [5,6].

The purpose of the present study was to evaluate
our theoretical results experimentally and to
investigate whether a PD controller can provide
satisfactory control of balance during quiet
standing. We applied and evaluated a real-time
control system that was characterized by the
following components: 1) a displacement sensor
measuring the fluctuation of the approximated
center of mass (COM), 2) a PD controller with Kp
and Kd gains obtained in our theoretical studies
(Kp =750 Nm/rad and Kd = 350 Nms/rad) [6], and
3) the controlled level of ankle torque generated by
means of FES.

Materials and Methods
Experimental Setup

Figure 1 shows a schematic of the experimental
setup. The PD controlled system received its input
from a laser displacement sensor (Keyence
LK-2500, Japan), which recorded the fluctuation of
the body sway in the anterior-posterior direction.
The laser sensor was placed at the height of the
subject's COM and used reflection to determine the
distance to the reflection plate on the subject's back.
Additionally, the subject stood on force plates
(Kistler, Switzerland) that recorded the fluctuation
of the center of pressure (COP). While only the
COM was used for balance control, both COM and
COP were used for stability analysis.

The laser displacement measurements were sent to
the controller, which determined the level of active
ankle torque that was needed to stabilize the
system. After dividing the required torque into
equal portions for each leg, the stimulator provided
the necessary level of FES for both ankle extensors
(Compex Motion, Switzerland). Please note that
for safety reasons the two inputs to the stimulator
were optically isolated from the rest of the system.
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Figure 1: Feedback Circuit for Balance Control

The applied stimulation pulses had a constant
frequency (35Hz) as well as pulse width (300ps),
and were controlled by amplitude variation (mA).
In order to produce the torque as calculated by the
controller, we determined the amplitude-torque
relationship of the subject in a preliminary
experiment. The complete real-time system was
executed by a C++-based kernel (MS Visual C++)
that was controlled via a serial connection using
the Matlab software (version 6.5) and the xPC
toolbox (version 2.0). A National Instruments data
acquisition board (PCI-MIO-16E-4) performed the
necessary A/D and D/A conversions.

The closed-loop time delay of the feedback circuit
consisted of the group delay time of the noise filter,
the signal processing time within the circuit and
the electromechanical response time of the plantar
flexors. The delay was set within the range of
80-135ms to correspond with the physiological
closed-loop time delay that is observed in
able-bodied subjects during quiet standing.

Control System

Figure 2 shows the control system that was
executed on the PC which regulated the level of
muscle stimulation in real-time. The main
components of this system were:

e A/D interface

e Butterworth 3™ order low-pass filter with 10Hz
cut-off frequency

e PD controller with gains set to Kp = 750
Nm/rad and Kd = 350 Nms/rad

e Limits for minimum (0 Nm) and maximum
torque (40 Nm)

e D/A Interface

In our setup, the positive values of the controller
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output represented the torque that was expected to
be generated by the plantar flexors. By contrast,
the negative values represented the torque that the
dorsiflexor muscles were meant to produce. Since
we only stimulated plantar flexors, only positive
values of the controller output were delivered
whereas the negative values had no effect. Future
research will consider the less dominant negative
torque by including a stimulation branch for
dorsiflexor muscles.

FCLMIO-16E-4
2 Hational Instz,
Analog Tt

PCI-MIO-16E-4 (IN)

FCLMIO-L6E-4 |
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Arabog Outprt 2

PCIMIO-16E4 (OUT)

Figure 2: Control System for Balance Control

Procedure

In order to determine whether the proposed system
was capable of improving balance during quiet
standing, we compared the subject's performance
for three different treatments:

e NTR: Natural performance without stimulation
e CST: Performance with constant stimulation
e CTR: Performance with controlled stimulation

For each treatment, three trials of equal length
were recorded. During the 120 seconds of each
trial, the subject was asked to stand still and
maintain a balanced position (eyes open). The
signals of the COM and COP fluctuation were
logged at a sampling frequency of 1000Hz, filtered
(4™ order Butterworth, 5Hz cut-off frequency) and
analyzed by means of a one-way ANOVA with a
common significance level of a = 0.10.

The fluctuation of the COM position and velocity
was analyzed by means of the following statistics:
1) range of motion, 2) average amplitude, and 3)
standard deviation. The COP fluctuation was
analyzed by a method that was derived from the
stability criterion for controlling standing in
able-bodied subjects that has been suggested by
Popovic et al. [7]. As a first part of the COP
analysis, we determined the high preference and
low preference zones for each recording. The high
preference zone (HPZ) was defined by a circle that
included 99% of the two-dimensional points. The
circle that contained all two-dimensional points
represented the low preference zone (LPZ). As a
second part, the COP's HPZ and LPZ for the three



treatments were put into relation, allowing a
statement on the subject's stability for each case:
The smaller the respective preference zones, the
higher the subject's balance control.

Subject

The proposed system was tested with a male
subject that has difficulty keeping balance during
quiet standing due to a neurological disorder called
von Hippel-Lindau disease (VHL). The subject
was 36 years of age, had height 173 c¢cm, mass 59
kg, and suffered from VHL since birth. VHL is a
rare genetic multi-system disorder characterized by
the abnormal growth of tumors in certain parts of
the body. The tumors of the central nervous system
are called hemangioblastomas and may develop in
the brain, the retina of the eyes, and other areas of
the nervous system. Symptoms of VHL vary
among patients and depend on the size and location
of the tumors. The subject of our study had balance
problems and impaired gait due to partial loss of
sensation and proprioception. Furthermore, he
experienced vision problems, dizziness and
significant muscle weakness in the legs.

Results
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Figure 3: COM Fluctuation during Quiet Stance. COM
fluctuation without stimulation (NTR), with constant
stimulation (CST), and with controlled stimulation
(CTR).

Figure 3 shows the time dependent COM
displacement of the subject for three trials, each
representing a different treatment. Already a visual
inspection suggests that the body sway in CTR has
a smaller magnitude than it does in NTR. The
phase plots of the three COP recordings are shown
in Figure 4, where each row represents the same
treatment as in Figure 3. As with the COM, the
smallest fluctuation is seen in CTR.
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Figure 4: COP Fluctuation during Quiet Stance

Table 1 shows the results of the COM and COP
analysis. Please note that the stated values
represent the mean of three condition-specific
results. For each of the eight statistics (range,
amplitude, standard deviation, etc.), the smallest
averaged value among the three treatments has
been marked (bold font). It was revealed that the
differences in treatment were significant for seven
out of eight statistics.

Table 1: Average Stability Results for each Treatment

COM Position NTR CST CTR
Range of Pos. 6.642 cm 6.795 cm 5.575 cm
Avg. Amplitude 0.852 cm 1.102 cm 0.701 cm
Std. Deviation 1.112 cm 1.321 cm 0.898 cm
COM Velocity NTR CST CTR
Range of Vel. 11.812cm/s | 9.516 cm/s 7.615 cm/s
Avg. Amplitude 0.939 cm/s 0.882 cm/s | 0.776 cm/s
Std. Deviation 1.240 cm/s 1.132 cm/s 1.020 cm/s
COP Position NTR CST CTR
Radius of HPZ 4.807 cm 4.316 cm 3.756 cm
Radius of LPZ 6.339 cm 5.618 cm 4.745 cm
Discussion

The trials using a controlled level of stimulation
had the smallest average value for all methods of
analysis, suggesting a reduced body sway for this
treatment. We also observed that the constant
stimulation showed smaller values than the natural
treatment for five out of eight statistics. Since the
constant stimulation increases the level of stiffness
around the ankle joint by providing additional
muscle tonus, it improved the subject’s balance in
some regard. However, due to the findings that all
statistics were larger for the constant stimulation
than for the controlled stimulation, the role of the
PD controller is clear: It is capable of effectively
improving balance during quiet stance by
mimicking the active part of the physiological
control task. Hence, the feedback control system
represents a valid setup for improving stability of
subjects with certain neuromuscular disorders.



The question of whether a feedback system can
control unsupported standing was also addressed
by Hunt et al. They established and evaluated a
feedback system that was regulated by a torque
controller [3,4]. The inner loop provided feedback
control of muscle moment, while the outer loop
controlled the angle. The system performed
reliably and according to the design formulation.
Due to the fact that we applied a controller that
emphasizes the velocity information of the body,
we did not consider a nested structure: The
information of the body angle — position and
velocity — was sufficient to control the ankle
moment. In spite of the different structures of the
control systems, both studies agree that a feedback
system is capable of stabilizing the human body
during quiet stance, though several studies
proposed the necessity of a feed-forward system
[1,2].

Conclusion

The findings presented herein strongly suggest that
human balance can be improved by means of a PD
controlled feedback system that mimics the control
task of an intact CNS. Furthermore, the system’s
effectiveness shows once more that the CNS
adopts a control strategy that relies highly on the
velocity information. Future research will test the
proposed control system with a larger group of
subjects who have poor control of balance due to
age or neuromuscular disorders. Additionally, our
system should incorporate stimulation of the
dorsiflexor muscles. This allows the delivery of all
control actions produced by the controller and not
only the component in the posterior direction.
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THERAPEUTIC EFFECTS OF SPINAL CORD AND PERIPHERAL NERVE
STIMULATION IN PATIENTS WITH THE MOVEMENT DISORDERS
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Institute of Control and Information Engineering, Poznan University of Technology,
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Purpose: In the presented study we have investigated the therapeutic results of the modified
FES and TENS programs applied to the patients with the treated degenerative spine disorders
and the discopathy at the cervical and lumbar regions (group A, N=12), as well as to the
patients after injuries and with the mielopathies at the cervical region of the spinal cord (group
B, N=9).

Methods: The parameters of the electrostimulation programs (the pulse width, frequency and
the train duration) have been modified in order to maximise the quality coefficients associated
with the following criteria: functional evaluation of the limbs (upper and lower), examination
of the physiological reflexes, examination of the perception of the superficial and deep
receptors, evaluation of the muscles tension. The electrotherapeutic results have also been
verified by the diagnostic examinations: EMG, ENG (M-wave) and SEPs of the selected
muscles and nerves in the upper and lower limbs.

Results and Conclusions: It has been observed, that the one-side spinal stimulation (with
anode-electrode placed above cathode) had the following effects: improved efficiency of the
selected muscles (in case of groups A and B), improved afferent transmission to the spinal
centres at the cervical region (B), as well as a slight improvement of the peripheral nerves
conductivity at the upper and lower limbs (B). The local transcutaneous stimulation (with
anode placed above cathode) of the peroneal nerve was characterised by the improved efferent
conductivity to the innervated muscles, but had no effects on the afferent conductivity (A).
The opposite electrodes placement (cathode above anode) resulted in the analgesic effects
(A).

The optimisation procedure considered in this study allows to determine the progress and the
directions of the physiotherapeutic treatment, aimed at the restoration of the patients' senso-
motoric capabilities in the shortest time.
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THE EFFECTS OF THE ELECTRIC STIMULATION WITH MIDDLE
FREQUENCY ON CENTRAL AND PERIPHERAL PALSY

Rosselli D !, Magliano M !, Vrola M
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Poliambulatorio Kibesiterapico Tesoriera,Torino, Italy (2)

The cause of motor lesion in central palsy mostly concerns the peripheral motoneurons and
muscle fibers innervated by them. The affected motor units are only deprived of informations
from the motor brain centers responsible for significant movement control. The muscles are
“flabbily” paralyzed immediately ,the muscle tone is fastly reduced. After some time, the
initially flabby palsy becomes increasingly spastic, with a progressive rising of reflex tone.
The treatment goals of this kind of electrotherapy on these patients are to prevent the spastic
mode, with acceleration of the axonal transport ,increased enzymic synthesis and challenge of
metabolism(training effect),acceleration of the sprouting of regenerating axons, the
maintenance of the range of motion of the joints involved.

This, in order to accellerate physiotherapeutic exercises. The effects of action impulses
produced by middle frequency electrical stimulation in neural functional disorders, partially
or totally denervated muscles due to peripheral palsy are:

Activation of the muscle pump to accelerate the centripetal transport of blood and lymph
Activation of blood flow in the active muscle

Adaptation of the muscle fibers and their innervating motoneurons to the metabolic needs, i.e.
increased repolarization activity and,in the muscle fibers additional contraction activity.

Thanks to this electrical stimulation therapy,what was once considered as a theoretical
conclusion has now turned into reality.Of about 100 patiets examined, 30 (left side involved)
were specifically treated with 2 electrical middle frequency circuits.The treatment started 10
days after the stroke.All the patients began the rehabilitation without articoular rigidity or
spasticity evolution in the muscolar districts.Moreover, they experienced a relaxing feeling in
their muscular groups and showed benefits since the very first applications.These
considerations and these relevant results are the object of this study.
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Abstract

The goal of this research project was to
guantitatively assess whether transcutaneous
triceps stimulation can overcome the expression of
abnormal torque patterns in the paretic upper limb
of subjects with hemiparetic stroke. Abnormal
torque patterns consist of strong coupling between
shoulder abduction (SAB) and elbow flexion (EF)
or between elbow extension (EE) and shoulder
adduction (SAD) torgues. Both patterns reduce the
active range of motion during arm movements.

Eight chronic stroke subjects with moderate to
severe (Fugl-Meyer assessment scores of 21/66 —
36/66) upper limb motor impairment participated
in this study. Shoulder and elbow joint torques
were measured with a 6 DOF load cell under
isometric conditions, while the triceps muscle was
stimulated to generate EE torques. At the same
time the subjects were asked to lift up their armto
generate different SAB torque levels.

The obtained isometric results showed that
electrical stimulation can overcome abnormal
torque patterns in chronic stroke subjects while
generating SAB. This is likely to have potential
benefits to increase the reaching workspace of the
paretic arm.

I ntroduction

Sensorimotor deficits and restricted mobility are
among the more common problems following
stroke. Clinically recognized motor deficits
following stroke are weakness or paraysis and
spasticity or hyperactive stretch reflexes. However,
another more disabling deficit following stroke is a
significant disturbance in movement coordination.
Abnormal coordination is expressed in the form of
abnormal muscle synergies and results in limited
and stereotypic movement patterns, which are
functionally disabling [1,2]. Abnorma coupling
between SAB / EF and SAD / EE torques were
quantitatively characterized [3,4] and are estimated
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to be one of the main factors related to reaching
deficits following stroke [5,6].

Transcutaneous functional electrical  stimulation
(FES) of the upper limb could provide the means
to overcome abnormal torque coupling. Up to now
FES in the upper extremities was mainly applied to
improve or partially restore grasp function [7,8]. In
addition to hand function a few laboratories
investigated the control elbow extension
movement in spinal cord injured (SCI) subjects
using FES [9,10]. However, to date nobody has
attempted to employ FES in hemiparetic stroke to
reduce the effect of abnormal muscle and torque
coupling between the elbow and shoulder.

The presented study was designed to investigate
whether selective FES stimulation of elbow
extensors can reduce the expression of the flexion
synergy (i.e., SAB/EF coupling) thus potentially
enhance the paretic arm’s workspace during free
reaching.

Material and M ethods
Subjects

Eight subjects (5 male and 3 female; age 44-73)
with a unilateral brain injury resulting from a
stroke at least two years prior to participation in
this study were selected. All subjects showed a
moderate to severe upper limb motor impairment
(Fugl-Meyer assessment scores of 21/66 — 36/66).
Selection criteria for the hemiparetic subjects were
the following: 1) Paresis confined to one side, with
significant motor impairment of the upper limb; 2)
Absence of muscle tone abnormalities and motor
or sensory deficits in the unimpaired arm. 3)
Absence of severe wasting or contracture of the
impaired upper limb. 4) Absence of significant
sensory deficits in the impaired upper limb. 5)
Absence of severe cognitive or affective
dysfunction. 6) Absence of severe concurrent
medical problems. 7) Absence of brainstem lesions
as determined from clinical or radiological reports.
All subjects signed informed consent, which was



reviewed and approved by the Institutional Review
Board of Northwestern University.

Setup

Subjects were seated in a Biodex chair with
shoulder and waist strapped to restrain trunk and
shoulder girdle movement during testing. The
forearm, wrist, and hand were attached to a 6-DOF
load cell (JR3 Inc., Woodland, CA, Modée
#45E15A) using fiberglass casting and a Delrin
ring mounted at the wrist The attached arm was
positioned in 75°SAB and 90°EF angle such that
the middle finger was aligned to the medial sagittal
plane of the body. Isometric shoulder and elbow
torques were measured and the SAB torque was
displayed in real-time on a computer monitor
placed in front of the subject. The triceps brachii
muscle was stimulated with a Compex Motion [11]
transcutaneous electric stimulator using trapezoidal
stimulation patterns with 1 s amplitude ramps and
5 to 12 s constant stimulation depending on the
task. A stimulation frequency of 25 Hz was used in
al trials. The stimulation amplitude was adjusted
to generate the strongest EE torque without
causing discomfort. The pulse duration that caused
the highest EE torque was chosen from four
durationsi.e., 150, 200, 300, and 500 us.

Experiment

In the first part of the experiment the stimulation
amplitude and pulse duration that generated the
highest EE torque were determined. This was
achieved by using the 1 s ramps to determine the
maximum stimulation amplitude for a given pulse
duration. Increasing the stimulation amplitude
didn’t always result in a higher EE torque because
antagonistic muscles were activated at higher
amplitudes (see Fig. 1). The highest stimulation
amplitude that didn't generate co-contraction of
antagonistic muscles was determined for each of
the four pulse durations and the pulse
duration/amplitude pair that produced the highest
EE torque was then chosen for the rest of the
experiment.

B 150 ps
38 mA

B 200 ps
30 mA

B 300 pus
25 mA

O 500 ps
7 19 mA

|| 500 ps
21 mA

4
time [s]

Fig. 1: In most subjects shorter pulse durations
generated higher EE torques. The EE torque decreased
when reaching greater stimulation amplitudes

presumably due to activation of antagonistic muscles
(compare lowest plot (dashed - 500 ps and 21 mA) with
2nd plot from below (500 psand 19 mA)

In the second part of the experiment the subjects
were asked to lift their arms with different SAB
torque levels while the triceps muscle was
stimulated to produce an EE torque. Subjects could
see on a dia on the screen displaying the actua
SAB torque. They were asked to adjust and hold
SAB torque for 12 seconds within a range of +/-
10 %. For each tria the required SAB torque was
randomly changed. During the holding phase the
triceps muscle was stimulated for a duration of 7
seconds.

In the third part of the experiment the subjects had
to peform different levels of SAB as in the
previous paradigm, but in addition the subjects
were instructed to generate voluntary EE torques
during triceps stimulation.

Results

On average, without the subjects volitiona
intervention a maximum EE torque of
6.3(x4.2) Nm or 258 (x14) % of maximum
voluntary contraction could be generated by triceps
stimulation (n=8). It was generated with an average
stimulation amplitude of 51 (+ 15) mA and an
average pulse duration of 181.25 (+ 53) ps.
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Fig. 2 The upper plot shows how the abnormal EF
torque coupling generated by voluntary SAB of 10 Nm
(lower plot) can be reversed applying triceps
stimulation.



The maximum EE torque was calculated as the
difference of the mean torque between 2 and
5 seconds after stimulation onset and the mean
torque between 500 ms and O ms prior to triceps
stimulation.
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Fig. 3: The stimulated elbow torques of 8 subjects are

plotted against the SAB torques the subjects were asked

to generate voluntarily. Negative elbow torques are EF

torques, occurring from abnormal torque coupling that

couldn’t be reversed by electrical stimulation.
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When subjects were asked to lift up their arms in
order to generate a SAB torque an abnormal
coupling with EF was generated (as shown in the
upper plot of Fig. 2). In six subjects the abnormal
torque coupling could be reversed by electrical
stimulation (Fig. 3).
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Fig. 4: In the third part of the experiment the subjects
were asked to generate sub-maximal voluntary EE
contraction during SAB. After EE was generated by the
subject for about 2 s triceps stimulation was added to
the voluntary contraction.

On average, while stimulating the triceps muscle
subjects could achieve a SAB torque of
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11.7 (£ 7.2) Nm without generating concurrent EF
torques. EF torque could be eliminated by
generating FES-induced average EE torques of
6.7 (+ 3.8) Nm. Four subjects could lift up their
paretic arms against gravity (SAB torque of
~10 Nm) and have a net FES-induced EE torque at
the same time. In two subjects the abnormal EF
torque coupling could not be eliminated during
SAB when electrically stimulating the triceps.
When the subjects were instructed to volitionally
assist triceps FES a SAB of 13.7 (+ 7.0) Nm could
be achieved while not generating abnorma EF
torques (n=6, Figs 4 & 5). During stimulation of
the triceps a net EE torque of 6.6 (£ 4.2) Nm was
generated. In the same two subjects no reversa
from EF to EE was obtained during triceps
gtimulation, even if these subjects tried to
volitionally extend their elbows during SAB. They
were not able to lift up the arm against gravity and
hold a constant torque level either.
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Fig 5: Sx subjects could lift up the arm and produce
together with triceps stimulation a net EE torque, which
can be interpreted as a reaching out movement. Four
subjects could perform SAB torques high enough to lift
up the arm against gravity, while maintaining an EE net
torque during stimulation.

Discussion

In the present study the possibility of using triceps
stimulation to overcome abnormal torque patterns
in chronic stroke subjects was investigated under
isometric conditions. In six out of eight subjects
the results showed that FES of the triceps muscle
could generate enough torque to overcome
abnormal EF coupling during SAB. In four
subjects triceps stimulation could overcome
abnormal EF torgues when the subjects were
generating SAB torques higher than 10 Nm. Such
SAB torques are necessary to lift up the arm
against gravity. The measured net EE torque
during SAB that were higher than 10 Nm indicate
that the subjects would be able to lift the arm and
generate a net extension torque due to triceps
stimulation. However, two subjects could not
generate the SAB torques necessary to lift up the



arm against gravity. Furthermore, in these subjects
triceps stimulation could not overcome their
abnormal elbow/shoulder torque coupling.

The results showed that the torques generated by
triceps stimulation added to the voluntarily
generated EE torques and therefore may have
beneficial effects during dynamic reaching [5,6].
The EE torgue increase was possible, because the
volitionally generated EE torques were sub-
maximal. The subject at the same time had to
generate EE torques and keep the SAB torque
constant. Such dual tasks could only be performed
with sub-maximal voluntary contractions and
requiretraining [12].

In the present study we only performed isometric
measurements. Dynamic experiments that directly
show an increase of the active workspace
generated by triceps stimulation will  be
investigated in future experiments.

A future goa of our work will be to develop a
suitable control strategy that enables FES-assisted
arm movements and takes into account voluntary
arm movement. A system that enables controlled
FES-assisted arm movements may help subjects
suffering from stroke to enlarge the active
workspace. It could be used to train the subjects to
overcome their abnormal torque synergies.
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Abstract

Background: Intensive care unit patients (ICUP)
show an enormous loss of muscle mass due to
immobilization. Neuromuscular electrical
stimulation (NMES) has been shown to be an
effective method to enhance strength and
endurance capacity of the skeletal muscles for
patients who are not able to perform active
exercise. This pilot study aimed to evaluate effects
of NMES on mass of knee extensor muscles in
ICUP.

Methods: Thirty-three ICUP (length of stay at
ICU: at least 14 days) were enrolled in this
randomized, controlled, double-blind pilot study.
These patients were stratified into 2 groups based
on their immobilization period on the ICU: acute
patients (AP <7 days) and longtime patients (LP
>14 days). Both cohorts were randomized in
stimulation group (SG) and controls (CG) differing
in terms of stimulation intensity (strong muscle
contractions in SG, sensory input without muscle
contractions in the CG). The electrical stimulation
was applied via surface electrodes during a period
of 4 weeks (session-time up to 60 min, 5
sessions/week). The NMES protocol consisted of
biphasic rectangular impulses with a pulse width
of 350 x5 and a frequency of 50 Hz (on-/off=
8s/24s). Before and after the stimulation period,
ultrasonography was performed to quantify muscle
layer thickness of knee extensor muscles.

Results: In all AP a significant loss of muscle mass
of > 36 % (p<0.01) could be observed. The
stimulated LP showed a significant increase of
muscle mass of 4.9 % (p<0.05) in contrast to the
LP controls showing a slight decrease in muscle
mass.

Conclusion: These findings indicate that NMES
with a protocol as used in this small pilot study
does not seem to be effective in preventing muscle
atrophy in ICUP. Nevertheless NMES seems to
enhance muscle mass in long time ICUP.
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Introduction

Neuromuscular electrical stimulation (NMES) has
been shown to be an effective method to enhance
strength and endurance capacity of skeletal
muscles for patients who are not able to perform
active exercise [1, 2, 3].

Atrophy of skeletal muscles has been observed
after space flight, bed rest and immobilization [4,
5]. Most intensive care unit patients (ICUP) show a
prolonged catabolic state inducing loss of muscle
mass. To our knowledge there are no comparable
data about changes in muscle mass and
morphology in intensive care patients during
immobilization, yet.

To evaluate the physiological muscle morphology
of human thigh and leg muscles, several equal
imaging techniques as CT, MRI or ultrasound can
be employed [6, 7].

This pilot study aimed to evaluate effects of NMES
on knee extensor muscle mass (e.g. muscle layer
thickness) using ultrasonography - and their time
dependency - in ICUP.

Material and Methods
Study design

Prospective, randomized, controlled, double-blind,
comparative pilot study of NMES or sham
treatment.

Setting

This pilot study was conducted at the ICU as a
cooperation of the Dept. of Physical Medicine and
Rehabilitation with the Dept. of Anesthesiology
and Intensive Care, and with the Dept. of
Radiology / Osteology (all Vienna Medical
University, General Hospital of Vienna). All
procedures were approved by the University Ethics
Committee, and informed consent was obtained
from all patients.



Study population

Forty-six consecutive patients of an ICU (54+11
years, male/female:  28/5, for patients’
characteristics see table 1) were enrolled in this
pilot study. Thirty-three patients completed the
study. Exclusion criteria were a stay at the ICU
shorter than 14 days, age less than 19 years, a
muscle layer thickness = MLT total > 25 cm,
implanted stimulation devices (PM, ICD),
neuromuscular disorders or myopathy, epilepsy,
allergic reactions to the electrodes, peripheral
edemas, severe ischemia of the lower extremities,
obesity/BMI>30, dermatological diseases at the
stimulation sites.

Based on their immobilization period on the ICU,
patients were stratified 1) in an acute patient group
(AP - time between their arrival at the ICU and the
beginning of the NMES therapy had to be less than
one week), and 2) in a longtime patient group (LP -
time between their arrival at the ICU and the
beginning of the NMES therapy had to be longer
than 2 weeks). After this stratification (AP, LP), a
balanced randomization in stimulation group (SG)
and control group (CG) was performed using the
sealed envelope method (4 blocks, 4 patients each,
see table 1).

Group AP- AP- LP- LP-
SG CG SG CG
Sex m/w 7/1 7/1 7/1 6/2
Age * 52 48 61 64
(#10) (£12) (£10) (£8)
Multiple trauma 3 4 2 1
Pneumonia 0 1 1 2
Tumor 1 1 2 2
Transplant 2 1 2 1
C.ardiovascular 7 7 1 )
disease
Incomplete
(Death/Transfer): 1/2 2/1 3 3/1

Table 1: baseline characteristics of ICUP, *Mean + SD
Treatment

For the NMES stimulation Compex®-P-Sport
devices (Medi-Konzept GmbH) were used. Details
about the stimulation protocols are given in table 2.

NMES was applied via self-adhesive surface
electrodes (2"x2" and 2"x4", Compex®”, Medi-
Konzept GmbH) on both quadriceps muscles. The
electrodes were placed bilaterally on the ventral
aspect of the thigh, medial and lateral, 3 cm
proximal of the upper border of the patella and 5
cm distal of the inguinal fold.
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0.35 msec biphasic

Duration of impulse !
symmetric rectangular

Frequency of repetitive

. . 50 Hz
stimulation

Stimulus regime — on/off  8/24 sec

beginning with 30 min.

Duration per da
P Y increasing up to 60 min.

Intensity SG strong tetanic contraction

Intensity CG above sensory threshold
without any palpable or

visible muscle contraction

Table 2: Verum stimulation protocol NMES and sham
stimulation protocol NoNMES

Patients received either verum treatment (resulting
in a strong muscle contraction) or sham treatment
(stimulation above sensory threshold, but without
any palpable or visible muscle contraction) in
identical manner. During a treatment period of 4
weeks, each patient received 5 NMES sessions a
week.

Outcome measurement

To detect changes from baseline, muscle layer
thickness of the quadriceps muscle was measured
by high resolution real-time ultrasonography as
described in other studies [4, 8]. All the ultrasound
examinations were performed by a single operator
with a portable ATL ultrasound system (HDI-
1000), using a L7-4 transducer with a 5 cm linear
array footprint (see picture 1).
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Pic.1: transverse image from the anterior aspect of the
thigh

Muscle layer thickness of quadriceps was assessed
bilaterally 1) at the border between the lower and
upper two thirds, and 2) in the middle of the
distance between the anterior superior iliac spine
and the upper pole of the patella, with the legs
relaxed lying flat in extension. Muscle layer
thickness mean (MLT) was calculated by mean of



the four measurements. The coefficient of variation
for a single muscle layer thickness measurement is
close to the obtained 3% by Bleakney [8]. MLT
measurement used in the present study improves
the coefficient to 0.25%.

Statistics

Data were analyzed using Statistical Package for
Social Sciences (SPSS 12.0 for Windows).
Descriptive  statistics were calculated and
Wilcoxon signed rank test was used to compare the
distribution of two related wvariables. Group
comparison was done with Mann-Whitney U-Test.
Significant level was set at p<0.05.

Results

In AP MLT significantly decreased
(p=0.012) as well as in CG (p<0.008).

In LP MLT significantly increased with NMES
(p=0.036) but remained unchanged in CG.

Group comparison between AP-SG and AP-CG
did not show any statistical significance
concerning MLT decrease. In contrast a significant
difference in MLT (p=0.014) was detected
comparing LP-SG and CG (see table 3 and
figurel).

in SG

Baseline 4 weeks D%
MLT AP-SG 289 18.3 -36.7 %
(+6.57) (#3.2)
MLT AP-CG 329 20.1 - 38.9 *x
(£9.71) (£5.44)
MLTLP-SG 184 19.3 +49%
(+4.24) (*3.79)
MLTLP-CG 186 18 32
(£5.87) (£5.76)
group comparison AP - SG/CG 1.4
group comparison LP - SG/CG 83 *

Table 3: MLT at baseline and after 4 weeks (mm, mean
+ SD); D% = difference in %; *p<0.05; **p<0.01;
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OLP-SG mLP-KG

Figure 1. MLT (mm) difference diagram between
baseline and 4 weeks in each patient of LP - SG/CG.

Discussion / Conclusion

Especially due to its easy practicability, it was
decided to wuse high resolution real-time
ultrasonography for this small pilot study in ICUP
because it has been described to be a relatively
simple and reproducible imaging [4,8].

Ultrasonography revealed a significant loss of
muscle mass of >36% (p<0.01) in AP-SG and
AP-CG. The LP-SG showed a significant increase
of muscle mass of 4.9 % (p<0.05) in contrast to the
LP-CG showing a slight decrease in muscle mass.

These findings indicate that NMES with a protocol
as used in this small pilot study does not seem to
be effective in preventing muscle atrophy in ICUP.
Nevertheless NMES seems to enhances muscle
mass in long time ICUP.
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Abstract

We present in this paper the preprocessing unit of
a wireless fully implantable multichannel cortical
data acquisition system. The first part of the
preprocessing unit is a low-power front-end
module that removes low-frequency noise and
offset voltage wusing Chopper stabilization
technique. The second module is an analog wavelet
processor which improves the efficiency of on-chip
signal processing methods such as spike detection.
This preprocessing unit has been designed using
low-power  log-domain  techniques and its
implementation area has been optimized. The
preprocessing unit has been sent for fabrication in
CMOS 0.18um technology. The front-end module
has an input referred noise below 30nV/VHz and
its power consumption is less than 20uW, while the
analog wavelet processor consumes 20uW.

Introduction

Needs for researches in neurophysiology and
recent advances in micromachining technologies
carried out to the development of new dedicated
sensing and stimulation tools. Powerful monitoring

devices are implemented by combining integrated
circuits to microprobes. These circuits integrate
several channels on-chip to acquire extracellular
potentials simultaneously from many neurons.
These emergent systems are powered wirelessly
and exchange data over a same radio frequency
(RF) link. The numerous hardwire leads and
percutaneous connectors which may induce
infections and make currently used recording setup
cumbersome are then avoided. A fully implantable
acquisition system is depicted on fig. 1. These
devices will eventually be integrated into a higher
level system which will communicate through a
wireless  network, controlling each  user
applications involved. Various kinds of prosthetic
devices and user applications dedicated to patient
suffering from specific central nervous system
(CNS) dysfunctions could be included. All of these
components could be activated on the decisions
made by the host, represented by biopotentials
collected directly on the cortex by the monitoring
devices. To extend the capability and performances
of acquisition, the implementation of a fully
implantable device is undertaken by our team.

Implantable multichannel acquisition system

Highly parallelized low-power mixed-signal modules
Low-noise Log-domain - - Controller
Ch 1 analog | —»| analog Wavelet || Mixed-signal ADC Transceiver
event detection 1
front-end Transform Vi)
RF data link
Low-noise Log-domain - n
Mixed-signal ADC Encoder and data
Ch2 analog |—w analog Wavelet [—= o ¢ yotection _'Q Compression
front-end Transform
Low-noise Log-domain - " e
Mixed-signal ADC Smart Power Rectifier &
Chn » analog |—= analog Wavelet |—m event detection ——g I management LDO regulator
front-end Transform
External processing unit User applications
&; \ commands — gl -
Transceiver | | Controller | | Dispatcher »l My name is v -
’_y— . + * ABCDEFG Stimulator 2 -
- ] HI1JKLMN .
3 o o Data processing Data t Iati OPQRSTU -
456789.,!

Prosthetic devices (Actuators)

Communication tools

Fig 1. Block diagram of the multichannel cortical data acquisition system
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However, several obstacles still need to be
addressed prior to the advent of such systems.
Extracellular cortical signal recording collects
huge amount of data and one of the first limitation
encountered is the RF data link bandwidth
performances. The transfer rate reachable with
Load Shift Keying (LSK) is unfortunately still
insufficient to transmit the activity of the large
number of cells needed to control sophisticated
prosthesis with an adequate sampling rate.

We present in this work a preprocessing integrated
module suitable for a fully implantable
multichannel acquisition system. Moreover, a
solution for increasing the number of channels of
such systems is proposed.

Material and Methods
The front-end module

A block diagram of the analog front-end is shown
on fig. 2. Usage of Chopper modulation for this
module enables minimum area occupation and
enhances noise performances as it has been
reported in [1].

2™ grder bandpass filter
Low-noise Preamplifier

Low pass filter f =7kHz

demodulator 2™ amplifier
modulator
m(t) [ mit) |
1 T | 1 | Vout_ch1
Vin_ch1 + -i : ]o{xsﬂj:;» { } .{ % H \ -lxsz:_;:.~ Y
Vi Volt Channel 1: |
Vin_ch2 -« « Vout_ch2

Vin_chd -« - Vout_chd |

Fig 2. Block diagram of the analog front-end

Low-power consumption and small silicon area
make this module parallelizable over all channels.
These great advantages leave room for more
embedded circuits such as the event detection
module which will be detailed in next sections.

Event detection

Event detection has been used in past work. A
simple buffered threshold detector has been
implemented with several digital signal processors
(DSPs) working in parallel [2]. The effective
transfer rate reached with event detection has been
found to be around 15% of the theoretical
maximum rate. It is worthwhile to see that the
capability of wireless monitoring systems could be
extended based on this principle. By integrating an
efficient event detection method, a monitoring
system designed for 16 channels could be extended
to more than 100 channels with the same
transceivers and sampling rate specifications.
Consequently, event detection is a well indicated
solution to overcome the wireless data link
bandwidth issue of such systems.
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Wavelet Transform

Wavelet Transform (WT) is a tool known for its
suitability for biomedical signals analysis [3]:
some common usages are compression [4],
denoising [5], spike detection and sorting [6].
Spike detection may be implemented quite easily
by using an amplitude threshold, but this method
results in a lot of detected false spikes and omitted
real action potentials, especially in a noisy
environment such as cortical extracellular
background. Wavelet transform performs a
multiresolution analysis in time and scale (related
to frequency). The scale variations adapt the
wavelet to low-frequency large structures as well
as high-frequency transients of the signal, while
the time translations track the exact moment of
event occurrence. The preciseness of the resultant
analysis makes the relevant signal usually well
separated from the background noise [7].

The continuous WT (CWT) equation is

1 t—
CWT(zr,a)= jf(z).—-y/[—fjdz (1)
Ja a
where a is the scale and t the time translation,
related to the subsequent sampling of CWT. This
equation shows the convolution between the signal

f(t) with the wavelet function w(2); it corresponds

to the filtering of f{z) by a filter of which impulse
response is y(2). By varying the scale a by a factor
of 2, a filterbank of Q-constant filters, whose
respective center frequencies f,; are logarithmically
spaced, is obtained and sampled at a frequency of

2o

In order to perform a good analysis, a wavelet must
have a compact effective support, that is, being
negligible outside a certain section both in time
and frequency. Analog filters cannot achieve a real
compact support but can still sufficiently approach
it. The 6™ order transfer function

047865’ ?)
5° +2.0585° +3.1395" +2.5375° +1.569s° +0.51455+0.125
is approximated from gaussian function; the

filterbank is made up of 6 of these 6™ order band-
pass filters of which center frequencies have been
chosen to provide a full coverage of action
potentials frequency range (100 Hz to 6kHz) :
0.156, 0.3125, 0.625, 1.25, 2.5, and 5kHz. Each
filter is composed of three 2™ order filters in
parallel. To reduce the implementation area, use of
transitional filter techniques [8] with transfer
function manipulations have permitted the sharing
of a 2" order filter between each 6™ order filter
neighbors. This leads to 13 2™ order filters for the
whole wavelet processor as depicted on fig. 3.
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Fig. 3 Parallel implementation of the filterbank
Circuit implementation

CMOS log-domain techniques have been used to
implement the filters. Usage of CMOS transistors
biased in weak inversion allows to reach the very
low power consumption needed for an implantable
device. Log-domain filters  logarithmically
compress an input current into internal voltages
that are processed before being expanded back;
therefore they are well suited for low-voltage
circuits. Straightforward implementation of the
state-space model derived from the transfer
function results in circuits often impossible to
realize because of the wide range of bias current
and capacitance size. Several state-space
transformations have been applied on the model to
ensure good performances while minimizing area
of implementation. The filter coefficients have
been balanced to make sure that the biasing
currents are equal or at least in the same range.
This enables the sharing of biasing circuits
between elements. Then a dummy input has been
added to make the internal state variables having
the same operating point [9]. Currents /p;4s and I,
respectively setting the signal range and the cut-off
frequency, have been made independent so
frequency tuning is possible while maintaining
acceptable range for input signal, current level and
capacitance size. The state-space and its
implementation are illustrated on fig. 4.

Bel_fan au | V| [0 bal(Vi|. _
|:I'82c:|_|:021 0 Vz + 0 bzz VD > VOUTI —V1
B

-
A V2
Fig. 4 Block diagram of state-space model realization

Results
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The front-end achieves an input referred noise of
2.5uVrms for a power consumption of less than

20uW. The whole module occupies a chip area of
0.0705mm’. Table 1 gives a summary of the main
characteristics of the front-end.

Table 1. Frond-end performances summary
Power consumption <20uwW
Total input noise 30nV/\VHz
1/f noise attenuation (1-20kHz) 70-20dB
Bandwidth DC - 7kHz
Total gain 80 dB
One channel integration area 0.0705mm”

Fig. 5 shows the ability of the Chopper modulated
front-end to reduce a low-frequency input noise.

Input signal

A AN AN AN AN AN AN AN A

Fig. 5 Low amplitude signal retrieval with the Chopper
modulation front-end

Fig. 6 shows the frequency and time responses of
the wavelet analog processor.

a) b)

Fig. 6 Frequency and impulse responses of a) 6™ order
filterbank b) 2™ order parallel implementation (impulse
response of each group of three 2™ order filters are
summed)



Table 2 presents some characteristics of the analog
wavelet processor.

Table 2. Wavelet processor performances summary

Power consumption <20uW
Bandwidth 100Hz - 6.8kHz
Input dynamic range >49dB

Discussion

We have presented the first stages of a wireless
fully implantable multichannel cortical signal
acquisition system. The analog front-end and
wavelet processor are needed as  signal
conditioning and preprocessing modules prior to
on-chip event detection. By allowing to send only
relevant data, spike detection is one solution to
optimize the usage of RF link bandwidth, which is
a bottleneck for wireless multichannel recording
devices.

After neural signal decomposition by the wavelet
transform, event detection is performed by
applying a threshold, straightforward to implement
using a simple comparator. After detection, the
kept data is only a window that delimitates the
signal from a short period of time before and after
the event occurrence in order to enable further data
processing steps such as spike sorting. This implies
that a portion of the signal must be buffered. With
a 30kHz sampling rate and 8 bits/sample, the
required buffer size is 256 bytes per channel for a
8.5ms time window. However, implementing
memory can be challenging for the chip area
constraints. For a 32-channel recording system, the
memory size can be as large as 2.6mm®. This issue
must be addressed in future work.

RF transceivers developed by our laboratory
achieves a transmission rate up to 1.13Mbits/s
[10]. Therefore, without any kind of data
reduction, only 5 channels of raw data can be
transmitted. As reported before, event detection
can reduce the relevant part of signal to be sent up
to 15% of the original data. Taking advantage of
this means that the same RF link could
accommodate more than 32 channels. Further data
compression, which is also currently undertaken by
our team, will enable to handle an even greater
number of channels.
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Abstract

In this paper, an ASC Stim/Rec circuit to be used
with different type of electrodes has been designed,
implemented in a CMOS technology and tested in
acute experiments with rats. The performances of
this Sim/Rec are: fully programmability of
waveform parameters, 4 stimulation and 1
recording channel extensible to 16 and 4
respectively, anodes and cathodes can be chosen
independently allowing the current to go in a
longitudinal or transversal way for cuff electrodes.
A very low noise (5nV/CHZ) amplifier has been got
with digitally programmable bandwidth and gain.

I ntroduction

The use of functional electrical stimulation (FES)
technique [1] is used not only restoring motor
activity in SCI subjects but also for therapeutic or
prosthesis control. Nowadays, there is not much
work done on development of implantable systems
with stimulation and recording capability into the
same ASIC with the benefit of a reduction in the
size of the resulting implantable device athough it
seems anew line on thisdirection isstarting [2]. In
this paper a stimulation/recording circuitry
implemented in the same ASIC is presented. The
system is designed without being tied to a specific
application and alowing to operate in a closed
loop system using the stimulator to provide
information to the subject and the recording to
sense a certain motor action as in the case of
controlling a hand prosthesis or inversely for a
motor action in SCI people. The parameters of the
system are digitally programmable from the
externd control and once programmed the only
requirement for an autonomous operation is the
power supply. The hierarchical strategy alows
modifying the number of channelsin an easy way.

Material and Methods
1. System structure.

The system proposed consists in a four channels
electrical stimulator, an external electrode selector,
full channel ENG signal recording, two step/up
voltage regulators providing the high voltage for
the dtimulator and a control digita block to
program and control the above blocks. This system
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corresponds with the internal unit (without
telemetry) in an implantable stimulation-recording
system like that shown inFig. 1.

Lt

Fig. 1: Implantable system

External
Unit

Internal
Unit

A simplified blocks schema for the mentioned
system is shown in Fig. 2. This system is designed
to work with sieve and cuff electrodes then an
electrode selection module for the sieve and
independents anode-cathode pairs for cuff have
been implemented. Moreover, all these blocks have
been designed in an ASIC using a high voltage
technology 12T CMOS 0.7 micron. This is a
preliminary verson of a multiple channel
stimulator—recording circuitry provided with a bi-
directiona telemetric link for energy and data
transmission that is being developed in the
framework of Cyberhand project.

+ Internal unit i

—*| Electrode |

i | Digital logic selector 1 8
——> control 5 %

i ; Electrical [0

i stimul ator e

: ‘ > £

ENG Signa | x i S

: recording < } -

Step-up

: voltage ;

; regulators E

Fig. 2: Blocks schemafor stimulation-recording
circuitry

2. Digital logic control.

The structure for the digita logic control (DLC) is
based on an internal memory that can be
programmed according with the kind of electrode
and the application to be implemented. The
functionality associated to this block has been split
in several ssimple blocks, as shown in Fig. 3, al of



them connected by an internal bus whose access
will be managed by the main block named
MainCtrl. Each block has its own internal address
through which they can intercommunicate. The
functionality associated to each module is briefly
described in the following paragraphs.

ComlO MainCitrl FreqGen FIFO
Internal RecCitrl stimctr
RAM

Fig. 3: Structure of logic control

Coml O: This block acts as interface between the
DLC and the externa controller or telemetry
system. Frames are identified and processed
activating the interna signals addressing the
information to destination. FregGen: Thisblock is
responsible for generating the frequencies of
stimuli. Is based in a general counter of 19 bhits,
containing the period of the stimuli, with aclock of
4MHz, only the 12 most significant bits are needed
for the frequency control in a range of 7 to 200 Hz
with 1 Hz resolution. When more than one
frequency is activated before generating the
stimuli, a collision is produced and the pending
stimulation waveform is sent to a FIFO for a later
activation. Internal Ram: In this block al the
stimulator parameters are stored. ThisisaRAM of
256 words of 12 hits that allows programming 16
frequencies for 16 different stimulation
waveforms. The parameters for the programmed
waveform will be stored in consecutive positions.
A norma waveform consists in a prepulse
followed by a stimulation pulse an interdelay and
finally a recovery phase. An exponential charge
recovery phase can be programmed to compensate
the residual charge due to finite resolution in
parameters definition. FIFO 8x4: This FIFO of 8
levels deep and 4 bits wide is used to solve the
collisions problem. Then when a stimulation is
activated from FreqGen module, this is introduced
in the FIFO and will be read after finishing the
actual stimulation. MainCtrl: The task of this
module is to control the access to the internal bus.
Any module can need the bus at any time for
accessing to any of the other blocks, then a request
is sent and the MainCtrl block assigns the bus
based in a priority table aready established. The
highest priority is assigned to the FregGen module
to avoid any frequency loss, second ComlO to
assure the reception of data coming from outside,
third StimCtrl and finally the RecCtrl. StimCtrl:
This block implements the algorithm for stimuli
generation reading parameters from memory and
generating signals controlling the stimulator.
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Single stimulus or bursts at the programmed
frequency can be generated. The process for a
stimulus generation follows the sequence below:

1. The module FreqGen finish the count for a
frequency

2. Module FreqGen write in the FIFO the
frequency identifier

3. If the FIFO is not empty, the StimCtrl reads
from the FIFO the pointer to one of the 16
waveforms

4, StimCtrl reads the initidl RAM address for
this waveform

5. StimCtrl reads the parameter and execute the
sequence for stimulus generation

6. The RAM addressisincreased to the next one

7. Step 5 and 6 are repeated as many times as the
number of parametersin the waveform

8. When the contents of the RAM isequal 0 then
the waveform is finished and next position of
the FIFO isread.

Finaly, the RecCtrl: It is the last module in the

DLC generating the control signals required for

amplifier activation, electrode selection, sampling

of information and control signas for ADC

conversion. Moreover, digital data from ADC will

be stored in in specific registers for a posterior

transmission to the exterior controlled by the

ComlO module. Although only one channel has

been implemented, the module has been designed

to fulfil the final specifications concerning the

number of recording channels.

3. Electrical stimulator.

The electrical stimulator is based in programmable
current sources providing biphasic stimuli of
constant current in the range of 2 to 126 mA with
resolution 2mA or 20 to 1260 mA with resolution
20 mA.
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E: == & | — ] I

Comparator

ToDLC

L External channel selection =>
- To Sieve electrode

Fig. 4: Blocks structure of electrical stimulator

The Hstructure used for the output stage assures
the same current amplitude in the positive and
negative phase because the same current source is



used and only the current through the electrode is
reversed. A blocks schema for the stimulator is
shown in Fig. 4. The DLC will generate all the
control signas for the stimulus shape,
amplitude/duration of the stimulation and recovery
phase, frequency and channel activation among
other programmabl e features.

When using the stimulator with cuff electrodes,
any anode can be associated to any cathode
allowing not only longitudinal stimulation but also
transversal. The sieve electrode has been housed
with a multiplexer to reduce the number of wiresto
access any specific electrode contact then the
external channel selector will generate the number
of pulses to select an specific cathode in the sieve.
Stimuli are applied between the selected cathode
and a common anode.

Specific circuitry and channel activation sequence
has been implemented to reduce initial spikes in
stimuli generation and aso an impedance
measurement module with electrode testing
purposes has been added to each cathode terminal.

4. One channel recording.

A full differential preamplifier followed by two
signal amplifiers has been designed, fabricated and
tested to have very good performances such as a
low noise (5nV/OHz), very low input (1-200 mV),
low frequency range (100-5000 Hz), high gain (70-
100 dB) and high common mode rejection ratio (90
dB). A linear implementation with a CMOS
technology has been used to assure the high
CMRR because there are not components between
the electrode and amplifier inputs. Specific design
techniques have been used to obtain high time
constants in a reduced silicon area to solve one of
the most important problems appearing working
with neural signals. The solution implemented has
been proven to be very efficient to obtain a band
pass amplifier for the above range of frequencies.

5. Method to use the Sim/Rec

The Stim/Rec circuit has been developed thinking
that it can be used in different applications like a
genera-purpose stimulator or as a part of an
implantable stimulator [Cyber]. If it is used in a
local bus, for example with a microcontroller to
control the stimulator, the system uses a 8 bits bus
for Data, Rd/Wr and CS signals. On the other hand
if the Stim/Rec is used in an implantable system a
3 wires serial bus for data and 2 for power supply
will alow placing the system as near as possible to
the electrodes and far from the telemetry. For
programming the Stim/Rec a frame with the format
(lc-Number, Command, Parameters) is used. To
implement all possibilities and make the design
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simple each command is the internal bus address
used in the Stim/Rec. In Table 1 can be shown 3
different actions and its frames.

Action Command | Parameter
Program Freguency 1 0x100 Period
Enable Frequency 9& 1 | 0x009 0x021
Force StimulationCh2 | 0x010 0x002

Table 1: Example of frames for programming

The methodology used to implement the proposed
stimulation-recording circuitry isthat followed in a
mixed (analogue/digital) circuit. The recording
block and the analogue part of the stimulator is a
full custom analogue CMOS design while for the
digital logic block a semi-custom strategy is
followed. Because the high voltage requirement of
the analogue part of stimulator, a high voltage
technology is needed then, 12T100 compatible with
CMOS 0.7 micron has been used. A micro-
photograph of the developed circuit is shown in
Fig. 5.

Digital logic control
1Ch recording

ACh stimul ator
Technology 12T100
Size 5171 x 5794 nm?

Fig. 5: Picture of recording-stimulation circuitry

Results

The full operation of stimulator and recording
circuitry including the digital part for programming
and controlling the two blocks have been tested at
the laboratory and aso the monolithic prototype
developed with the test application has been used
in experiments with animals. Results in Table 2
show the electrical characterization of stimulator.

The resolution in the amplitude is higher than
specified resulting in a higher full range.
Moreover, a higher stimulation frequency can be
programmed with a lower resolution if necessary
but this is not considered of interest in biomedical
applications. Table 3 shows typica parameters
defining the full amplifier operation, it isimportant
to notice the perfect correspondence between the
experimental and simulation results.

In this amplifier the gain in the band as well as the
low cut-off frequency are digitally programmed for
a better adaptation to input signal.



Parameter Vaue
Amplitude 3- 184 A resolution 3 A
30 - 1840 nA resolution 30 A
Pulse duration
and Inter-delay | 4- 1024 nsresolution 1 N
16 different waveforms
Standard
waveform _I_,_
.
Charge recovery | Exponentia programmable extra
charge recovery
Stimulation 7-200Hzresolution1 H
frequency 200 - 300 Hz resolution 3 Hz
16 different frequencies
Impedance 500-22 kW
measurement

Table 2: Stimulator electrical characterization

When the higher low cut-off frequency is
programmed a better noise performance is got and
the rgjection of muscular and electrode interface
contamination is also higher. The decay of gain for
the low and high corners is 60 and 40 dB
respectively.

Parameter Smulaion Experimentd
Gainintheband (dB) | 75,83, 97, 103 | 76, 80, 96, 102
Nose (nV/GH2) 49 5
CMRR (dB) % A
Low aut-off freg. (Hz) | 97,116,206,335 [ 106,119, 201,352
High cut-off freg. (Hz) | 5.3kHz 8kHz

Table 3: Results for recording amplifier

The developed monalithic prototype optically
isolated has been used in experiments with
animals. It was used to test muscular activity
produced with biphasic charge compensated
stimuli applied at different frequencies and aso
gpatial selectivity is accomplished using amplitude
and pulse width modulation. In Fig. 6 results
obtained with a Sprague-Dawley rat stimulating
the tibial nerve and signa recording in plantar
muscle using microneedle electrodes for the
recruitment with amplitude modulation is shown.

Recruitment curve in plantar musc le

Fig. 6: Recruitment curve with amplitude modulation

Finally, in Fig. 7 the ENG signa recorded with a
cuff electrode [3] in sciatic nerve in response to
repeated pinpricks on hind limb skin is shown.
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Fig. 7: Response to mechanical stimulation
Discussion

Actually functional electrical stimulation is being
used in many applications and also in closed loop
operation in order to improve restoring functions
but there is not reported any system including
natural sensors (stimulation and recording circuitry
in the same ASIC) to implement the full system.
Here we are presenting a general purpose
stimulation-recording circuitry that can be used to
fulfil these requirements in SCI subjects or in
amputees. The system characterization obtained by
electrical measurement at the laboratory and aso
the work carried out in acute experiments with rats
has proven to work properly. Moreover, and
because of its modular implementation, the system
performances can be improved concerning the
number of channels for the Stim/Rec device and
also logical control flexibility allows to connect
several devices with a few wires to the telemetric
unit in implantable systems.
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Abstract

An integrated micro-stimulator designed for a
cortical visual prosthesis is presented, along with a
pixel reordering algorithm, together minimizing
the peak total current and voltage required for
stimulation of large number of electrodes at a high
rate.

In order to maximize the available voltage for
stimulation at a given supply voltage for
generating biphasic pulses, the device uses
monopolar stimulation, where the return electrode
voltage is dynamically varied. Thus, voltage
available for stimulation is maximized, as opposed
to the conventional fixed return voltage monopolar
approach, and impedance is significantly lower
than what can be achieved using bipolar
stimulation with micro-electrodes. This enables the
use of a low voltage power supply, minimizing
power consumption of the device.

An important constraint resulting from this
stimulation strategy, however, is that current
generation needs to be simultaneous and in-phase
for all active parallel channels, imposing heavy
stress on the wireless power recovery and
regulation circuitry in large electrode count
systems such as a visual prosthesis. An ordering
algorithm to be implemented in the external
controller of the prosthesis is then proposed. Based
on the data for each frame of the video signal to be
transmitted to the implant, the algorithm minimizes
the total generated current standard deviation
between time multiplexed stimulations by
determining the most appropriate combination of
parallel stimulation channels to be activated
simultaneously.

A stimulator prototype has been implemented in
CMOS technology and successfully tested.
Execution of the external controller reordering
algorithm on an application specific hardware
architecture has been verified using a System-On-
Chip development platform. Near 75% decrease in
the total stimulation current standard deviation
was observed with a one-pass algorithm, whereas
a recursive variation of the algorithm resulted in a
greater than 95% decrease of the same variable.
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Introduction

Integrated circuits are now used in several
biomedical applications as implantable stimulators
for rehabilitating physical disorders [1-3]. In many
cases, these are controlled by an external processor
and they get their supply energy from an inductive
link. The available power for these implants is
especially limited because the electromagnetic
field through tissues is limited by standards for
safety, and for avoiding excessive heating,
maximum power efficiency is required. Therefore,
both current and voltage shall be kept to a
minimum.

The voltage required at the output stage of the
implant is dictated by the combination of the
current used for stimulation and the electrode-
tissue interface impedance. In most cases, to
provide the stimulator with sufficient voltage
compliance, designers have chosen to use
relatively high voltage technologies, either aging
or non standard [4-5]. However, for complexe
systems, numerous digital operations need to be
performed. If one wants to include flexibility in
stimulation patterns with high pulse rates, despite a
limited bandwidth imposed by the use of low
frequency carrier for reduced absorption by tissues,
data compaction shall be used. Also, safety
features such as communication error detection and
correction capability, as well as implant status
monitoring, are highly desirable. Such tasks
require significant processing capability. Added to
the need for high power efficiency and low
physical dimensions, low voltage state-of-the-art
technologies are preferred. Unfortunately, the use
of high voltages is then either impossible or not
reliable for long term usage.

To limit stimulation voltage swing, one can usually
still inject sufficient charge with low current,
provided that extended pulse period are applied.
However, when the total number of sites is very
large and stimulation has to be performed at a high
rate, as in the case of a visual prosthesis, this
results in the need for very high parallelism.
Hence, the total current supply need remains
important.



We discuss in the next section the several options
available for current based stimulation, and select
an optimal approach with respect to the voltage
compliance of the stimulator output stage. The
intended scheme, however, although easily
implemented on devices with few channels, brings
regulation concerns and affects power efficiency.
An algorithmic approach to solve this issue by
minimizing the total peak current according to the
data to be processed will then be introduced.
Implementation results and a summary will follow.

Low-Voltage Biphasic Stimulation

For chronic stimulation, the preferred approach
consists of applying constant current signals, most
commonly pulse shaped [6]. To avoid degradation
of the tissues, charge balanced biphasic pulses are
mandatory. Fig. 1 shows a simplified model of an
output stage capable of performing both bipolar
and monopolar stimulation, with a simplified
electrode-tissue impedance model, in which Rs is
the series ohmic resistance, while Cp and Rp are
the capacitive and resistive components of the
double-charge layer at the electrode-electrolyte
interface. Note that the off-chip return electrode is
not intended for stimulation, therefore it can be
large and its impedance can be neglected.

Co

I l

Electrode-Tissue
interface model

¥VJ N~—
Off Chip

— I

—
Stim. chip output stage
Fig. 1. Simplified schematic of the stimulator
output stage for two electrodes on a single channel,
with their associated electrode-tissue interface
impedances.

Bipolar stimulation presents the advantage of
allowing much larger voltage swing than
monopolar stimulation at a given supply (VDD, vs
VDD/2, neglecting current sources saturation
voltages), while the latter approach has nearly half
the total electrode-tissue impedance. When the
stimulation pulse is shorter than what is required
for the voltage to reach its theoretical maximum,
which is the case in most applications, the higher
ohmic resistance of the bipolar path reduces the
charge that can be injected/withdrawn in/from the
tissues (Q, vs Q; in Fig. 2).

In the same conditions, if the off-chip return
current electrode is set dynamically such that its
voltage is VDD (VSS) for cathodic (anodic)
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stimulation, both highest voltage swing and lowest
impedance are obtained. Note that because of the
non-linear rise of the electrode voltage during
stimulation, doubling the allowable voltage swing
for a given electrode-tissue impedance allows for
more than twice the maximum charge (Qs).

VDD

VDD/2

VStim

»
y

t

IStim

t>
Fig. 2. Typical electrode voltage waveform (a)
when applying a constant current pulse (b).

Stimulating in a monopolar configuration with a
return electrode alternatively set to VDD or VSS
has been used in the past [7]. However, serious
concerns arise when this has to be applied to a
stimulator with a large number of parallel
channels. Since, at any time, either of the current
sources or sinks is unusable, anodic and cathodic
stimulation cannot be performed simultaneously on
parallel channels. Therefore, a high instantaneous
total current is required, putting heavy strain on the
regulating circuitry.

Because of their low noise performance and small
size, linear devices are generally the preferred
components for voltage regulation. However, their
power efficiency is very poor if their voltage drop
from input to output is large.

In an effort to minimize the peak current and total
current variance, hence reducing the drop-out
voltage through the regulator, we propose an
algorithm that adapts the scanning sequence
depending on stimulation parameters.

Reordering

Consider a visual prosthesis driving an NxM
electrode matrix, where N is the number of parallel
channels, each driving M electrodes in M
successive time periods for forming an NxM
image. Let N=M=8 and the simple image in Fig. 3
a) be created by relative current intensities
represented by integer values in Fig. 3 b).

Scanning parallel rows in a predefined left-to-right
manner would result in the total current
consumption pattern depicted in Fig. 4 a). A simple
yet relatively efficient way of smoothing the total
current deviation is to sort the M elements of odd
and even numbered channels in increasing and
decreasing order, respectively, prior to sending the
stimulation data to the implant. Applying this



operation (Opposite Sort Sum - OSS algorithm) to
the example of Fig. 3 leads to the total current
consumption pattern of Fig. 4 b).

9/8[8|8|8]10/10/10
10]9]10|5|5|7]10/10
100 7]/5(1]1]5|610
5[3[1]1]1]1[3]5
4131111(1]1]4|5
9|5/3]1]1|3[6/10
9|9[/5|3|3|6[/9/10
1019]9]7]7]9]10[10
a) b)

Fig. 3. Simple 8x8 image (a) with its associated

current intensities (b).
A

I TOT
I TOT

66|53|42/27|27/42/58/70]
t »
a)

Fig. 4. Total stimulation current before (a) and

after (b) OSS algorithm.

Although this technique significantly reduces the
maximum instantaneous current consumption and
the mean deviation of the total current in many
cases, the algorithm is not very effective on
inhomogeneous images because of evaluation of
data limited to only pairs of lines. To make the
algorithm more reliable for any input image, the
algorithm can be applied recursively on growing
sets of sorted parallel channels.

After a first iteration, identical to that described in
the OSS case, pairs of channels are considered
together and their M summed elements are sorted
in either increasing or decreasing order. In this
second iteration, N/2 sorts of M elements are
performed, where N/4 of them are increasing and
as many are decreasing. Subsequent iterations can
be performed until single increasing and
decreasing sorts are performed on the total currents

Iteration 1 (OSS) Iteration 2 Iteration 3

Row 1 [8]8[8[8]9 1010110101010 8[9[8]8[8
— » 5|5 7109101010\
Row 2 \10\10\10\10\9\7\5\5/1%1%171818181 18\8 8M10/8]9]8M10MC
< 1010710 9105|5
Row 3 [1]1]5]5]6]7[1010—L0L0[5]5]7[6]1 1 -1]115/6/7/5101C
- > 11331155/55311311
Row 4 \5‘\5\3\3\1\1\1\1/11118 818]7]6[61 |2424/252526/26/26/2¢

Total [4847]48a749504749 [a9504848484747ja8 [agdagagagadagagac

Fig. 5. Data flow of recursive algorithm applied to
the upper half of the sample image in Fig. 3.
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of two sets of N/2 channels. A near optimal
smoothing can be reached after Log,(N) iterations.
Fig. 5 depicts this processing, named Smoothing
Of Set of Opposite Sort summation algorithm
(SOSO0S), applied on the example used above.

Implementation Results

Two independent test benches were created. First,
an integrated stimulator prototype with 16
stimulation sites in 4 channels driving 4 electrodes
each was fabricated in a CMOS 0.18 um process,
as described in [8]. The implant interface module
controller was implemented using discrete
components and a pattern generator for testing the
various stimulation strategies via microelectrodes
in a physiological solution.

Complementarily, a dedicated computation unit
was implemented on a SOC rapid prototyping
platform and tested on a stimulator prototype not
intended for implantation. The latter comprises the
same hardware structure as the integrated device,
but is intended to drive a large matrix of LEDs in
order to display images in real-time, enabling the
testing of controller hardware and algorithms prior
to the availability of a large electrode-count
implantable device. The implemented test set-ups
are presented in Fig. 6.

Stimulator Electrodes Access pts
Analog
Pattern | Interf. | % ”
Gen. » IC
. Ret. Electrode
Oscilloscope )
Electrodes Matrix
a)
IMAGE
ACQUISITION
IMAGE PROCESSING
SOFTWARE
FPGAVIRTEXXCV2000E
I (SOSO0S)
IMPLANT
HARDWARE
| ARCHITECTURE
BENCH

b)
Fig. 6. Test set-ups.

Fig. 7 shows the clear advantage of using dynamic
return electrode when the voltage swing is limited
by a low supply. The maximum allowable current
is more than doubled when current sources
saturation voltages are taken into account. Also,
maximum charge per phase when the phase
duration determines the peak stimulation voltage is



also significantly increased, leading to effective
stimulation being possible in greater number of
situations.

Maximum Q/Ph for VStimPk <= cte
1.2
= 4 Bipolar
o 1
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0 0.2 0.4 0.6 0.8 1 1.2
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Fig. 7. Maximum charge per phase Vs current
applied with integrated stimulator (VDD = 3.3V)
for monopolar, bipolar and dynamic return
monopolar stimulations.

Fig. 8 depicts the results of applying the reordering
algorithms to pseudo-random and real images prior
to sending data to the implant. Both maximum
instantaneous consumption and variations are
reduced by applying the single step algorithm, and
the recursive approach leads to near optimal pre-
regulation. Reduction in the total current standard
deviation reaches near 75% and more than 95%
when applying the OSS and SOSOS algorithms,
respectively.
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Fig. 8. Peak (a) and standard deviation (b) of total
current for square images before and after OSS and
SOSOS processing.

Summary

An effective stimulation strategy for applying
constant current pulses has been presented, along
with a data processing algorithm that enables
smooth current consumption for large electrode-
count implantable systems.

Combining these two concepts allows for
maximum efficiency at a given supply voltage, and
for minimum regulator drop-out, making the use of
state-of-the-art technologies for implant fabrication
notably efficient and reliable.
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Abstract

The implantable stimulation device was developed
for the conditioning of long-term denervated
degenerated muscles. The goal of this still running
project is the examination of the muscular
regeneration by the use of different stimulation
protocols in an animal experiment in rabbit. In
comparison with the stimulation of an innervated
skeletal muscle, a high current density and pulse
duration is required to cause a contraction of a
denervated muscle.

The stimulator is controlled by a microcontroller
and powered by two Lithium Thionyl Chloride
batteries. The pulse parameters and training
parameters are programmable via a bidirectional
telemetry circuit. The output stage provides a
biphasic constant current pulse for muscle
excitation. The final size of the stimulator is
46x38x17 mm; it weighs 45 g. The electrodes are
manufactured of stainless-steel and embedded in
silicone rubber. A thin sheet of 0.1mm is spot
welded to the lead, one side isolated by silicon
rubber and shaped like a pear to touch the whole
muscle. The stimulation data are input using a
notebook computer. Each modification is stored
automatically and can be processed in conjunction
with comments by the user to create an individual
study protocol for each animal.

The design of the stimulator turned out as resistant
and long-term stable. Up till now 41 units had
been used in the study. No functional defects were
discovered over an implantation duration of 2-24
weeks.

Introduction

The described implantable stimulation device was
developed for an animal experiment in rabbit as a
part of a research project of the European Union
called "RISE". In this project a novel clinical
rehabilitation method for patients suffering from
long-term  flaccid  paraplegia  (denervated
degenerated muscles - DDM) with no chance of
recovery of the nervous system, will be developed.
It will restore their muscle fibres (and mass),
muscle function (tetanic contractions, weight
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bearing) and thus their ability to rise (’standing
up’) and maintain a standing posture (’standing’).
Based on the results of animal experiments on
rabbit and pig and initial clinical trials the
associated technology will be developed. The
method addresses the needs of about 20 new
patients per million EU inhabitants per year. First
results of this project had been published by
Carraro U.[1], Kern H.[2], and Mayr W.[3].

The implatable stimulator is used for the
conditioning of the denervated M. tibialis anterior
in rabbit. Different stimulation patterns will be
used and the change of the muscle fibres and
function will be analysed.

In comparison to an implantable nerve stimulator
[4], the architecture of a muscular stimulator is
quite similar. Differences are given by the
electrodes and the stimulation patterns. For the
excitation of a denervated muscle the electrical
field had to spread into the whole volume of the
muscle. Therefore, the active area of the electrodes
had to be enlarged and covers more or less the
whole surface of the muscle. Additionally, an
increased current density is required. Both effects
are increasing the pulse charge, necessary for the
contraction of a denervated muscle, by a factor
between 100 to 500 compared to an innervated
muscle.

The development of the device was aimed to fulfil
the following principles. Basically, the device
should be long term stable for an implantation
duration of 12 weeks, with the opportunity to
modify the stimulation patterns and the device
itself in a easy and fast way. The device should be
user friendly and safe against operating errors. At
least, the device should support and simplify the
realization and analysis of the animal experiment.

Material and Methods

The stimulation device is composed of a
programmer with a transmitter unit, a
programmable stimulator, and epimysial electrodes
(Fig. 1). Implant programming is achieved by a
notebook computer, supported by a graphical user
interface.



TRANSMITTER UNIT

STIMULATOR

ELECTRODES

Fig.1. Schematic drawing of the stimulation device
Programmable stimulator

The stimulator includes an output stage, a
transmitter  unit, and a  microcontroller
(PIC16F874, Microchip Technology Inc., Arizona
USA). Each training sequence had to be triggered
by the programmer and is terminated automatically
by the microcontroller.

The microcontroller activates the output stage for
each burst. The pulse parameters (frequency, pulse
width, pulse amplitude) and training parameters
(burst duration, burst pause, period of training) are
set by the controller. All parameters and functions
are programmable via the bidirectional telemetry
circuit. Data transfer in both directions is carried
out using radio-frequency telemetry. The output
stage provides a biphasic constant current pulse for
muscle excitation. An additionally capacitor on the
output is used to guarantee charge balance.

Stimulation Amplitude

max. 10 mA (40 pA)

Pulse Width per Phase

0,5 - 40 ms (0.5 ms)

Stimulation Frequency

1 -64 Hz (1 Hz)

Period of Training

10 - 180 min(10min)

Burst Duration 0,1 -10s(0.1s)

Pause Duration 0,1 -10s(0.1s)

Maximum Electrode

Impedance

500 Q2

Table 1. Technical specifications for the stimulator
() Resolution of this parameter

The stimulator is powered by two Lithium Thionyl
Chloride  batteries (LPC-7PN, Eagle-Picher
Industries, Missouri, USA) with an open circuit
voltage of 3.67 V and a capacity of 750 mAh. The
operating time is mainly influenced by the
stimulation parameters. The power consumed by
controlling (130uW during stimulation, 55uW in
stand by) and data transmitting can almost be
neglected.
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The electronic circuitry of the stimulator is
fabricated in surface mount technology (SMT).
The hybrid is enclosed in a hermetically sealed
(resistance seam welded) gold-plated flatpack
(Olin  Aegis, MA, USA). The flatpack still
connected to the batteries, the receiver coil, the
output capacitor for DC decoupling and the
electrode connector are embedded in medical grade
epoxy resin. The final size of the stimulator is
46x38x17 mm; it weighs 45 g.

Fig.2. Programmable stimulator embedded in epoxy
resin, controlled by a microcontroller and powered by
two batteries.

Electrodes

The electrodes are manufactured of stainless-steel
and embedded in silicone rubber. A temporary
pacing lead (Medtronic, Inc., Minneapolis, MN,
USA) is used to connect the stimulator with a thin
stainless-steel sheet of 0.1mm. The active electrode
area is about 150 mm’. The sheet is spot welded to
the lead, one side isolated by silicon rubber and
shaped like a pear to touch the whole muscle.
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Programmer and transmitter unit

The stimulation data are input using a notebook
computer (IBM-PC or compatible). A graphical
user interface facilitates the setting and
modification of parameters. Each modification is
stored automatically and can be processed in
conjunction with comments by the user to create an
individual study protocol for each animal.

Data are transferred from the PC to the implanted
device using a bidirectional radio-frequency
transmitter unit linked to the serial port (RS-232)
on the PC. Transmission to the implant is achieved
by using Amplitude Shift Keying (ASK) and Load
Shift Keying (LSK) for back transmission. The
transmission link operates over a vertical
displacement of up to 40 mm with a horizontal
displacement of +/-30mm at a data rate of
1200 bit/s and a carrier frequency of 100 kHz.
Transmission reliability is increased by the
stimulator sending its serial number and each
individual data word back to the programmer for
checking. Furthermore, the modified stimulation
data are only accepted after a check sum
transmitted from the programmer has been verified
by the implant.
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Fig.4. Graphical user interface used for the modification
of stimulation patterns

Results

Up till now 41 units out of a serial of 54 units had
been used in the animal study. No functional loss
occurs over an implantation duration between 2-24
weeks.

During production 5 units had been lost by
mechanic (2) or electrical (1) manufacturing faults
and by the failure of single electronic components
(2). The production of one unit takes the amount of
approximately 20 man-hours.

Discussion

The design of the stimulator turned out as resistant
and long-term stable. A failure rate during
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production below 10% is acceptable. The long-
term stability in vivo without any functional loos is
very satisfactory.

The functionality of the device turned out as user-
friendly and efficient. Additional features, for
example a measurement module for the detection
of the strength - duration curve, had been edit-in
during the ongoing experiment.

An interesting technical problem could be
recognized during the development. The frequency
of the implant resonance circuit increases stepwise
by tempering the implant at the end of production
process. Mechanical stress between the ferrite core
and the epoxy resin capsule could be detected as
the cause of this phenomenon. Micro cracks in the
ferrite core are obviously decreasing the
conductance, which increases the resonance
frequency. To solve this problem we are now
coating the ferrite core by a thin elastic silicone
layer before casting.
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Abstract

In spinal cord stimulation (SCS), two types of
pulse generators (PG) are used: single-channel
and multi-channel. In any PG, the physiologic
impedance (Z) of the tissue surrounding the
stimulating contacts is important in determining
the amount and distribution of the stimulating
current to the spinal nerves. To evaluate these
effects, in 35 patients, undergoing percutaneous
trial of SCS for chronic pain, we measured the Z of
common SCS leads (Medtronic Models 3487A and
3890) to characterize the difference in Z between
contacts on the same lead and on dual-parallel
leads in the same patient. We found a significant
difference in the monopolar Z between contacts on
the same lead (median: 35 (2, 25%-75% quartiles:
18-76 2; P <0.05). We also found a significant
difference between the bipolar Z on matched
bipoles on dual-parallel leads implanted in the
same patient (79 2, 28-132 2; P <0.05). These
results have clinical implications for SCS, as the
ability to provide “balanced” multiple pain site
coverage is difficult with single-channel PG’s.
The use of multi-channel stimulators or stimulators
with independently programmable current sources
for each contact can mitigate these problems.

Introduction

Spinal cord stimulation (SCS) has been employed
in the treatment of chronic, intractable neuropathic
pain for over 30 years [Il]. Technical
advancements in SCS systems have improved the
long-term efficacy of the therapy: these include an
increase in the number of stimulating contacts on a
lead [2] and the ability to deliver stimulation
current from dual leads [3, 4].

A relatively underexplored factor of achieving
consistent stimulation results in SCS is the contact
impedance. Earlier reports have focused on the
impedance of simple contact combinations (e.g.,
bipoles) and their variation over time. [5, 6, 7].
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However, since the selectivity of the stimulation
field (stimulating desired nerve fibers while
avoiding the stimulation of undesired nerve fibers)
is primarily determined by the distribution of the
anodes and cathodes along the implanted contacts,
achieving optimal paresthesia coverage for patients
with complex pain often requires more complex
contact combinations [3, 4, 8]. In such
combinations, the impedance of each contact plays
a role in the delivery of the stimulation current and
thus can affect the resulting paresthesia. We
investigated and analyzed the variability of the
impedance of individual implanted contacts on a
per-lead and across-lead basis.

Methods

Clinical

Patients were enrolled who were undergoing a
percutaneous trial of SCS for a variety of chronic
pain conditions. We limited our impedance study
to patients implanted with two of the most
common Medtronic lead models: the 3487A
Pisces Quad and the 3890 Pisces Z Quad. These
are quadripolar leads with the following
characteristics:  isodiametric 1.27mm diameter;
cylindrical contact shape of 3mm contact length,
6mm edge-to-edge intercontact spacing; platinum
iridium alloy contact material [9, 10]. In order to
accurately study the impedance of these
percutaneous SCS contact arrays, we employed a
custom  ohmmeter system  with  greater
measurement accuracy than the ~11% reported by
Andersen for standard SCS programming systems
[3]. For the period of the study, patients were
disconnected from their commercially-available
trial stimulator and connected to the ohmmeter
system. The ohmmeter circuitry was battery-
powered and communicated via an infrared link to
a laptop/pen tablet PC, which ran custom software.
The custom software was able to make pulsatile
impedance measurements. The measurable range



of impedance was 0 — 3024 Q with a resolution of
1 Q.

Impedance Measurement Technique: The
impedance between any two contacts was defined
as a ‘vector.” The value of an impedance vector
was determined as follows: a four-pulse burst of
1.0mA, 20us pulses was delivered within a 500ms
period. The voltage value at the middle of the
20us pulse was sampled by the stimulator system.
Each voltage value was then divided by 1.0mA
and all four measurements were averaged to form
one impedance value for a single vector. Multiple
(3-6) impedance values were obtained for each
impedance vector. The impedance for a number of
vectors was obtained using ‘blocks,” where each
block was a randomized collection of impedance
vectors. . All block files were run with the patient
in the sitting position. The patient was instructed
not to move during the measurements. Two types
of impedance measurements were made:
monopolar, where the impedance between each
implanted contact was measured with respect to a
10cm self-adhering TENS patch; and bipolar,
where the impedance was measured between
adjacent contacts on the same lead.

Impedance Calibration, Correction, and

Assessment of Error

Stimulator Calibration for Systematic Error: In
order to get accurate estimates of the impedance,
the stimulator system was calibrated to a known
resistive load (1% accuracy) so that corrective
factors could be estimated and used to adjust the
measured impedance values. The impedance
circuit was verified to be linear (R* > 0.9999), on
resistive loads over a typical clinical range [5, 6,
7]: 200 — 1750 Q, but to have a systematic error
due to an offset at all points in the measurable
range. A correction factor was estimated from
resistive load measurements this factor was then
added/subtracted from each measured value. The
calibration process resulted in a reduction of the
systematic error to < 3%.

Impedance Correction: Lead Wire Resistance: In
order to determine the “physiological” aspect of
the impedance values (the impedance due to the
tissue surrounding the contacts), the resistive
portion of the impedance due to the wire
conductors within the lead was subtracted from the
calibrated impedance values. Estimates of the wire
impedance were made from several dry bench
samples of each lead type. It was found that the
3487A lead had approximately 101 and 146 Q of
wire impedance per monopolar vector for the
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33cm and 45c¢cm models, respectively. The 3890
had approximately 3 and 5 Q per bipolar vector for
the 33cm and 45¢cm models, respectively. These
values were subtracted from the measured values
to provide the “physiological” impedance.

Random Measurement Error: The measurement
variability for each impedance vector was
calculated from the calibration measurements as
well as from measurements on patients. The mean
error of the impedance measurement due to
measurement circuit variability on a known
resistive load was no greater than + 6 Q,
independent of the scale of the impedance. The
mean error of the impedance measurement due to
measurement circuit variability in patients was
slightly higher, but was no greater than £ 9 Q,
independent of the scale of the impedance

Data AnalysisMonopolar: Since the monopolar
impedance measurements included the impedance
of the TENS patch electrode, the difference
between monopolar impedances measured on
adjacent contacts on a lead was used to estimate
the impedance variability along the lead. Three
pairs of contacts on each lead were used to
calculate these differences (Zei — Zez, Zer-Zoe3, Ze3 -
Z.4; where el is the most rostral contact and e4 is
the most caudal contact).

Bipolar: To characterize the variability between
leads, the impedance between matched bipolar
contact pairs was assessed (e.g., Zei2 on lead 1
was compared to Z...; on the lead 2. Typical dual-
lead stimulation combinations often have the same
polarity (anodic or cathodic) on adjacent contacts
on dual leads placed in perfect parallel (or slightly
staggered) [3]; this is done to achieve
superposition of the stimulation field into the
dorsal columns [11]. Thus, using these matched
pairs can give insight into how any differences in
impedance might affect the clinical outcome.

Impedance measurements for all patients were
transferred into a spreadsheet analysis program
(Microsoft Excel 9.0; Microsoft Corp, Redmond,
WA) for statistical description and analysis. For
non-parametric analyses, a statistical add-in
analysis  package  (statistiXL  ver 1.2,
statistiXL.com) was employed. Non-parametric
analyses were performed as appropriate to the
distribution of the data. Statistics are reported as
‘median (25% - 75% quartiles). The level of
statistical significance was set at P < 0.05.



Results
Number of Patients 35
Gender 13M / 22F
Median Age 51.3y (35-80)
Mid-Cervical Leads 10
Mid- to Low-Thoracic Leads 53
FBSS (Low Back/Leg Pain) 23
RSD/CRPS 3
Primary Neuropathy 3
Pathology FNSS 3
Post-Surgical Pain 2
Other 1
Table 1. Patient Demographics
Monopolar Impedance Variability: For the

monopolar impedance analysis, 35 patients,
implanted with 63 leads, were analyzed. Across
all patients, we found that on any lead, there was a
mean 45% likelihood that the monopolar
impedance of the adjacent contact was
significantly different (P < 0.05). Overall, the
monopolar impedance was found to vary by 35
(18-76) Q from contact to contact on the same lead
(see Fig 1). Other studies of epidural leads in SCS
with similar lead geometries have shown that the
acute physiological monopolar impedance is
approximately 270Q2 [12]. Thus, the impedance
can vary approximately 13% from contact to
contact on the same lead.

Figure 1. Variation in Physiologic Monopolar
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Impedance from Contact-to-Contact on Same Dorsal
Epidural Lead. Median (25% - 75% quartiles): 35 (18
—-76) Q.

Bipolar Impedance Variability: In 16 patients
implanted with dual parallel leads, we found that
the bipolar physiologic impedance on all leads was
464 (228 — 1001) Q. We also found that the cross-
lead impedance from matched bipolar pairs varied
by 79 (28 — 132) Q. In 57/67 comparisons, a
matched comparison revealed a significant
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difference (P < 0.05) in the impedance of matched
bipoles on adjacent leads.

Discussion

The variability of the impedance on a per-lead
basis has implications for single-channel
stimulator (where a ‘channel’ is defined to be a
pulse generator with a single anode and single
cathode termination, with controllable pulse
amplitude, pulse rate, and pulse width). A channel
can have a controlled voltage (CV), controlled
current (CI), or continuous current distribution
(CCD; where the current output from each contact
is individually controlled) output architecture; all
will yield different results in physiologic systems
with varying contact impedance. In a simple
monopolar stimulation condition, a CV system will
have a wvariable current output, depending
primarily upon the impedance of the cathodic
contact. This can result in variability in measured
stimulation thresholds. If a CI system is used, the
stimulation current is consistent regardless of the
variable contact impedances. This represents an
improvement over CV systems.

However, stimulation combinations are rarely
simple  monopoles; complex  stimulation
combinations involving multiple contacts defined
as anodes and cathodes are the clinical norm,
especially in patients with complex pain conditions
[3, 4, 8]. When single-channel CV or CI systems
are connected in such complex combinations, the
control of the stimulation current to individual
contacts will be compromised by variable
impedances among the contacts. Only a CCD
system avoids these issues by controlling the
current from each contact.

In our first analysis, we found that the impedance
on adjacent contacts often varies and the median
difference is about 13% from contact-to-contact.
In our 2™ analysis, we found that the impedance of
matched bipoles measured on two leads placed in
parallel in the spinal column differed by a median
79 Q. This ~ 17 % difference can have clinical
implications.

For example, assume that the two leads are placed
in perfect parallel, with perfect symmetry to the
physiologic midline (Fig. 2). If bipoles are
programmed on each lead, then, just due to the
difference in impedance between the two leads, the
stimulation current delivered to each bipole will
differ by 17 %. This will result in an unbalanced
stimulation current, likely resulting in paresthesia
stronger to one side of the patient’s body. This
result is true for both CV and CI single-channel
systems.



In order to correct for this imbalance, there are
several options. First, the clinician may attempt to
redistribute the anodes and cathodes to different
contacts in order to re-balance the stimulation
field.  This is likely a time-consuming and
unpredictable process. Second, the clinician may
employ a dual-channel stimulator system, where
one channel of stimulation is dedicated to each
lead. Then each channel can be individually
programmed to output the necessary voltage or
current to compensate for the impedance
difference. This is a viable solution, though it
requires a more complex stimulator. A possible
drawback is that, if a single channel of stimulation
is required to achieve the necessary spatial
superposition from the two leads for greater dorsal
column activation [11], multi-channel devices that
use time-interleaved pulsing will not suffice. To
achieve balanced simultaneous bilateral currents
from both leads, a CCD stimulator can be used.

Conclusion

We found that the impedance on single SCS
percutaneous leads can vary significantly from
contact-to-contact, typically by 13%. Also, we
found that the impedance between matched bipoles
on dual parallel SCS leads typically varied by
17%. These variations in impedance may have
clinical ramifications for consistent stimulation
results.

420 Q 500 O

(O

Lead1l Lead2

Figure 2. Unbalanced current flow from single-channel
pulse generator connected to matched bipoles on dual-
parallel leads. Even with perfect symmetrical
placement with respect to physiological midline,
difference in impedance between bipoles results in
imbalanced current flow and may cause unbalanced
paresthesia coverage and intensity.
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Abstract

Motor nerve activation can be adjusted via the
amplitude or duration of the stimulus pulse, but
also depends on the properties of the nerve-
electrode interface. Growth of connective tissue
around implanted electrodes changes these
properties over time. Recruitment characteristics
are also influenced by the use of mono- or
biphasic pulses, constant voltage or constant
current stimulation and the nerve diameter.

The aim of this study was to establish the
threshold of stimulation amplitude needed to
activate motor axons in the common peroneal
nerve of rabbits, rats and mice. Under general
anaesthesia, loop electrodes were placed close to
or under the nerve. Animals were reanaesthetised
for a terminal experiment and electrodes were
placed acutely in a similar position in the
contralateral limb. The tibialis anterior or
extensor digitorum longus muscle was carefully
freed from the surrounding tissues and connected
to the measurement system by its distal tendon.
Measurements were performed at optimum length.
Strength-duration curves were constructed from
the minimum  stimulation amplitudes that
generated a twitch force higher than 30% of that
elicited by supramaximal stimulation.

The stimulator was designed specifically for these
experiments. All parameters were controlled by a
personal computer running custom sofiware. A
National Instruments data acquisition card was
used to set muscle length and to measure muscle
force.

The required stimulus amplitude was markedly
higher for the implanted electrodes than for
acutely placed electrodes. These results allow an
objective choice of stimulation parameters for
activating single nerves in small animals in which
stimulus spread to adjacent nerves needs to be
avoided. They also provide a reference dataset for
applications that require stimulation of motor
nerves in the 0.5-2mm range of diameters.
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Introduction

The excitability of a nerve and its corresponding
muscle is generally defined by its strength-
duration curve (Fig. 1) [1]. For each pulse
duration, the minimum stimulus amplitude that
produces the defined response is plotted.

strength-duration curve
monophasic constant voltage stimulation
acutely placed electrodes

12 T T T T

S 1 CVMA —a— |
(]
3

= 0.8 —
Q.

i

§ os6f i
s

i 04 | A
>

£ 02¢f 1
®

0 1 1 1 1 1

0 1 2 3 4 5

pulse duration (ms)

Fig. 1: Typical strength-duration curve, constructed
from rat data (n=7).

Despite the widespread use of electrical
stimulation of muscles in small mammals in
research, little reference strength-duration data is
available. Moreover no data seems to be available
on strength-duration curves after chronic
implantation of electrodes. Grill et al. stated that
‘the resistivity of the encapsulation tissue is
sufficient to alter shape and magnitude of the
electric field generated by chronically implanted
electrodes’, but did not measure the effect these
changes have on the stimulation amplitude
required to elicit a muscle twitch [2].

Complete strength-duration data for rabbits, rats
and mice allows objective design of the output
stages of (implantable) stimulators. Use of the
minimum effective stimulus amplitude can reduce
stimulus spread and therefore the risk of
discomfort associated with collateral stimulation
of sensory structures.

Materials and Methods
Surgical procedures

All surgical procedures were carried out in
accordance with the Animals (Scientific
Procedures) Act 1986 that govers the use of
experimental animals in the UK. All implant



procedures were performed under full aseptic
conditions.

Five New Zealand White rabbits (2.5 - 3kg), 8
Wistar rats (250 - 300g) and 2 CD1-mice (25 -
30g) were anaesthetised by means of inhalational
anaesthesia (2% Isoflurane). In one species
(rabbit) one loop electrode was placed under the
common peroneal nerve and the second electrode
was placed on the lateral head of the
gastrocnemius muscle. In the two smaller species
(rat and mouse) both loop electrodes were placed
under the common peroneal nerve. Electrodes
were made from stainless steel wire (Cooner Inc.)
and had a small loop on one end, which was used
to secure the electrodes in place. The free end of
the electrode wire was left subcutaneously.
Animals were allowed to recover from
anaesthesia and inspected on a daily basis.

In a second procedure under general anaesthesia —
performed at least 14 days after the initial
implantation — two loop electrodes and a flap
electrode were implanted in the contralateral limb
of one species (rabbit) and two loop electrodes
were implanted in the two smaller species (rat and
mouse). Electrodes were implanted in a position
similar to that used in the initial implantation. The
tibialis anterior (TA) muscle was exposed in one
species (rabbit) and the extensor digitorum longus
(EDL) muscle in the two other species (rat and
mouse). All muscles were carefully freed from
surrounding tissues. The free ends of the electrode
wire were deinsulated and used to connect an
external stimulator to the electrodes.

Measurements

The muscles of two species (rabbit and rat) were
connected to a servomotor (Cambridge
Technology, Inc., USA); the mouse EDL muscle
was connected to a load cell (UL4 and microscale
ULS, Statham Instruments, Inc., USA), which was
connected to an amplifier (Fenlow Amplifier
ZA2) and acted as one part of a Wheatstone
bridge (Fig. 2).

servomotor

Fig. 2: Measurement setup for rabbit and rat. In mouse
experiments a load cell was used.
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Each muscle was connected via its distal tendon.
Strength-duration curves were constructed from a
series of twitch force measurements with pulse
durations in the range from 100msec to 50usec.
Strength-duration measurements were performed
at optimum length, which was determined prior to
the experiments by a force-length test. A
reference force was established before each test
with supramaximal stimulation. The first
stimulation amplitude resulting in a twitch force
greater than 30% of that reference force was
recorded. For each pulse duration two twitches -
separated by 5s - were measured and averaged.
Stimulation was delivered by means of a
stimulator designed specifically for these
experiments. The stimulator was capable of
generating rectangular constant voltage and
constant current pulses with pulse durations from
200ms to 50pus and a maximum amplitude of SmA
or 5V. Measurements were performed using
monophasic constant voltage (CV M), biphasic
constant voltage (CV B), monophasic constant
current (CC M) and biphasic constant current (CC
B) stimulation (Fig. 3).

A amplitude

time

Fig. 3: left side: monophasic pulse; right side: biphasic
pulse

Stimulator settings were controlled by a personal
computer. Custom-made software was used to
control the stimulator as well as the position of the
servomotor. The same software was used to
record the force in response to the stimulation. A
National Instruments data acquisition card (PCI-
6035E) was used to interface the measurement
hardware with the personal computer. The
percentage of the maximum twitch force was
calculated during the experiments. When
electrical noise could have influenced the results,
a moving average over 4, 8 or 12 values was
applied to the recorded force traces.

Data analysis

All data shown are expressed as mean £ SEM. As
the relevant changes in stimulation amplitude
occurred at pulse durations lower than 1ms (Fig.
1), further analysis will concentrate on the 1ms —
50us range. Such a range is relevant in the design



of implanted stimulators because pulse durations
in the range from Ilms to 125us can easily be
generated using a PIC microcontroller and a
watch quartz oscillator (32.768kHz).

Significance testing between implanted and
acutely placed electrodes was performed by one-
way ANOVA for each pulse duration. All analysis
was performed using Minitab for Windows
(Minitab Inc., USA). Statistical significance was
accepted for p-values<0.05.

Results
Threshold stimulation amplitude

In general, threshold stimulation amplitudes were
higher for chronically implanted electrodes than
for acutely placed electrodes. They were also
higher for monophasic stimulation pulses than for
biphasic stimulation pulses (Fig. 4a, b). Whereas
in rabbits there was some difference between the
two electrode sets for biphasic stimulation, there
was almost no difference between the two
electrode sets in rats. As only the constant voltage
data of two mice were available, no data on mice
has been included here. The results of these two
animals were however very similar to the results
gained during the rabbit experiments.
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Fig. 4: Constant voltage data: a) rabbit, n=5, b) rat, n=4
for implanted electrodes (I), n=7 for acutely placed
electrodes (A).
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Data using constant current stimulation was
similar to the data using constant voltage
stimulation for each species (Fig. 5a, b).
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Figure 5: Constant current data: a) rabbit, n=5, b) rat,
n=4 for implanted electrodes (I), n=7 for acutely placed
electrodes (A).

Statistical significance

Although threshold stimulation amplitudes for
implanted electrodes appeared to be greater in all
experiments, only those for monophasic constant
voltage stimulation at pulse durations shorter 1ms
in rabbits were statistically  significant.
Monophasic constant current stimulation in the
same species at pulse durations shorter than 1ms
was close to being statistically significant, with p-
values below 0.1. In rats and mice no statistically
significant differences between the two electrode
sets could be found. There were no statistically
significant differences between implanted and
acutely placed electrodes when biphasic
stimulation was used. There were also no
statistically  significant differences between
monophasic and biphasic stimulation in the same
electrode set.

Discussion

Implantation time in rabbits was 17.4+1.03 days
(range 15 — 21 days), 47.5+£18.59 days (range 16 —
94 days) in rats and 16+2 days (range 14 — 18
days) for the mice. Implantation interval was
closely matched for rabbits and mice. In the rats,



two animals were implanted for 16 and 19 days
(‘short-term”); while two more animals were
implanted for 61 and 94 days (‘long-term’). No
difference could be found between the ‘short-
term’ implanted electrodes and the ‘long-term’
implanted electrodes, thus suggesting that any
growth of connective tissue, which could
influence the electrode-nerve interface, happens
within the first two weeks after implantation.

Despite the lack, at this stage, of statistically
significant data, our results indicate that, after a
minimum of two weeks implantation, higher
stimulation amplitudes are required to elicit a
muscle twitch. The only statistically significant
data were found in rabbits. This could either be
caused by the differing electrode placement,
whereas placing both electrodes under the nerve —
as was done in rats and mice — resulted in a more
stable electrode-nerve interface, or by species
differences, such as the reaction of the rabbits to
chronic implantation. It could be, for example,
that the rabbit is more prone to the generation of
connective tissue adjacent to an implanted
electrode. Our data showed that thresholds for

biphasic stimulation are less sensitive to
implantation than those for monophasic
stimulation. Constant current stimulation, as

expected, reduces the influence of changes at the
electrode-nerve interface. This has implications
for the design if implantable stimulators. Where
stimulator dimensions are of minor importance, a
biphasic constant current output stage would be
ideal. It may, however, be necessary to
compromise when designing devices for
implantation into the smaller laboratory species.

The data sets allow the output voltages of future
(implantable) stimulators to be adjusted to the
values required. Unlike chronaxie and rheobase
data alone, the complete curves presented allow
us to take the pulse duration of the stimulus into
consideration, thus aiding an objective choice of
the required stimulation voltage. This will help to
restrict stimulation to the intended target.
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Abstract

In the UK and elsewhere, there is an increasing
number of multiple sclerosis (MS), Stokes and
Peripheral Nerve Disorders. These diseases affect
the central nervous system and cause various
nervous and muscular disabilities. Extremity
muscle weakness is the most common difficulty that
these diseases victims suffer such as foot drop,
which affects the walking gait.

Surface electrode Functional Electrical
Stimulation (FES) systems have been used for
many years for the rehabilitation of lost movement
in  extremities. Various surface electrode
stimulators have been designed for different
applications and some of them are available
commercially. Most of these surface stimulators do
not completely satisfy the users. For example,
patients find it difficult to place the electrodes
correctly, and they experience fatigue, skin
irritation and hot spots. Furthermore the
stimulators are not self-tuning.

A completely new portable prototype surface
electrode FES system been designed using the
latest embedded systems technology. The new
system uses sensors to monitor the movement and
drives an array of surface electrodes for
stimulation. Using feedback from the sensors, the
optimum configuration of electrodes is chosen to
produce correct stimulation and movement in real
time. The system is also able to vary the chosen
pattern of electrodes, the stimulation pulse
parameters and shape during the stimulation
process. This may enable some problems
associated with fatigue and skin irritation to be
reduced.

This system is being applied, in the laboratory, to
solve the foot drop problem by placing the
electrode array over the foot dorsiflexion and
eversion muscles mainly to stimulate the deep and
superficial branches of the common peroneal
nerve. The exact foot movement can be controlled
using the feedback sensors and the surface
electrode array. The system will tune itself in terms
of electrode selection and stimulation pulse
parameters to overcome the physiological changes
during the stimulation. This system will provide
more choice for physiotherapy departments to
expand the use of surface electrode FES.
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Introduction

A common disability amongst MS patients is foot
drop, impaired or absent voluntary dorsiflexion of
the foot which prevents the toes from clearing the
ground during the swing phase of gait. Several
FES systems have been developed over the years
for foot drop clinical use. Common problems and
factors seem to limit the use of these devices, such
as finding the optimum stimulation site for the
electrodes [1], sensor location and achievement of
optimum movement at the ankle. An intelligent,
user friendly and low cost system has been
developed at the University of Leicester to
overcome these problems. The system is small,
portable and is based on the latest embedded
microprocessor technology. The stimulation
system uses a surface adaptive electrode array for
to allow automatic optimisation and adjustment
without having to remove and replace the
electrodes during set-up. The system incorporates a
new sensor combination to detect the response of
the functional movement.

The improved ease of electrode placement and the
achievement of optimum ankle dorsiflexion are
expected to achieve better gait normalisation,
optimise comfort, and improve confidence and
safety in use of FES. In addition, the new system
offers the capability to vary stimulation pulse
output such that a more normal degree of foot
movement in each part of the gait cycle is
achieved. This system has wider applicability: it
may be used for many other functional electrical
stimulation applications, such as the hand.

Material and Methods

An overall block diagram for the stimulation
system is shown in figure 1.

System Specification

e The stimulator produces 12 different
waveforms (different shape, charge
balanced or biphasic), but any wave shape
can be pre-programmed into the
stimulator.
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Figurel : FES system block diagram

e The waveforms are split into 200 samples
and stored in memory. The timing of the
software interrupts are used to produce
pulses of different pulse width

e  Waveform pulse width range: 10us -
500us in 10us steps.

e  Waveform repetition rate ranges: 1Hz to
100Hz in 5 Hz steps.

e  Waveform amplitude: OV - 10V peak —
peak in 0.1V steps. These are amplified to
300V peak - peak using a transformer
output.

e Capability to load user’s set-up and control
these parameters automatically using
stimulation algorithms

e Switching of the stimulation waveform to
8 to 32 electrodes (electrode array) using a
high voltage switching circuit.

e  Multiple channel 10 bit on chip analogue
to digital converter (A/D) to sample the
feedback sensor data.

e Full display of all the stimulation
parameters, output switches and the feed
back using the liquid crystal display (LCD)
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Battery power supply

The system is powered using 4AA rechargeable
Nickel Metal Hydride batteries wired in series to
give approximately 4.8V. Delivering full output
(300V pk-pk) into a 1k ohm resistor (body load),
approximately 100mA is drawn from the batteries.
The circuit can therefore stay powered for up to 23
hours without the need to charge the batteries. The
power supply circuits are based on step up DC-DC
converters that generate regulated +5V and £15V
at 1A load current and 10W output power. Battery
monitoring is used to detect battery charge, an
LED on the front panel indicates when the batteries
need charging.

Microcontroller

The microcontroller is the heart of this system; it
allows real time control over the system. It is one
of the latest Microchip PIC technology products. It
is a low-power high-speed flash CMOS device,
running at 40 MHz with operation up to 10 MIPs.
It has a 10-bit 16-channel analogue-to-digital
converter and in-circuit serial programming and
debugging. A combination of assembly language
and C language are used for programming this
microcontroller.

Keypad and LCD

This system is controlled using a 4x4 keypad and
4-line x 20-character backlit LCD interface, which
allows full interactive control over the system.

Waveform generator

Twelve waveforms are programmed into the
microcontroller and some of these are shown in
figure 2. These digital waveforms are converted
using an 8-bit digital to analogue converter that
provides very high speed performance to convert
each stored digital waveform to a £500mV peak-
to-peak analogue signal.

AN

/\

——w aveform 1 Square w ave
——w aveform 2 Balanced Square w ave
——w aveform 3 sine wave 1 cycle

——w aveform 4 sine wave 2 cycle

——w aveform5 sine wave 3 cycle

Figure2: waveforms samples



This is then amplified to =5V using a high-speed
operational amplifier with low input offset voltage
and bias current, high input impedance, high slew
rate and wide bandwidth.

High voltage Amplifier (output stage)

A power operational amplifier that can produce
pulse currents up to 0.7A is used to drive a
transformer to amplify the £5V waveform to 300V
peak to peak (suitable for use in surface electrode
FES). The transformer is capacitively coupled
using high voltage polystyrene capacitors, to the
switcher circuit, which is then capacitively coupled
to the electrodes. This double capacitive isolation
is part of the safety features to prevent DC current
being applied to the skin should an electronic fault
occur. The circuit prevents any DC component in
the stimulation waveform, which makes the
stimulation very comfortable with no reddening of
the skin under the electrodes during use.

High voltage switching circuit

The high voltage signal is switched between 8§ to
32 channels using analogue MOSFET high voltage
switcher circuits that are controlled digitally by the
microcontroller.

The “switchers” have a very low quiescent power
dissipation (10pA), 22Q output on-resistance and
low parasitic capacitance. They can switch
analogue signals up to a 10MHz with excellent
noise immunity but require high voltage biasing up
to £200V to allow waveforms of up to £200V to be
passed. High voltage DC-DC converters are used
for biasing the switching circuits, which convert
+5V to +200V high voltage DC. A protection
circuit is used to monitor the input current to the
dc-dc converters. Should a fault occur in the
switcher circuit, DC current will flow out of the
switcher. To control this fault condition, the short
circuit current is limited to 2mA at the output of
the DC-DC converter using a series resistor on
each of the £200V supply rails. An independent
current monitoring circuit detects the rise in output
current as a rise in the input current monitored at
the 5V power supply, which energises a latching
relay turning the 5V power off. Even if the
stimulation unit is turned off and then on the
latching relay will always remain in the off state
until the short circuit fault is repaired.

Electrode array

The array consists of multiple small closely-spaced
electrodes covering the muscle/nerve groups of
interest and the stimulation is achieved by
connecting one or more electrode to the stimulator
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output stage. A typical example of electrode array
is shown on figure 3.

Active
electrodes

_ Indifferent
* electrode
Figure 3: Electrode array

Feedback sensors

Artificial sensors have been a key element of FES
systems. They provide the controller with real time
feedback information about the movement to
facilitate efficient and precise FES control. The
main problem with most of the sensors used with
FES is the size and mass such as accelerometers
[4] and gyroscopes [5]. Recent technological
advancements in  micro-machined electro
mechanical sensors have overcome these problems.

Accelerometer:

A two-axis MEMS miniature accelerometer is used
with  positive and negative  acceleration
measurement to maximal level of £2g with 12.5%
per (g) sensitivity.  This accelerometer can
measure dynamic and static acceleration. It
produces an analogue output (voltage proportional
to acceleration) and duty cycle output (ratio of
pulse width to period proportional to acceleration).
It has a faster and more sensitive response than
liquid tilt sensors. This accelerometer sensor is
used to detect foot acceleration in the planes of
dorsiflexion/plantarflexion and eversion/inversion.

Gyroscope:

Two miniature MEMS gyroscopes (angular rate
sensors) are used to measure angular velocity
<+150°/s. These produce positive output for
clockwise rotation and negative output for anti
clockwise. These gyroscope sensors are used to
detect foot angular rotation in the planes of
dorsiflexion/plantarflexion and eversion/inversion.

FSR (force sensitive resistor) sensor:

This is a tactile sensor, which responds to applied
physical pressure by exhibiting decreasing
resistance: the greater the force the lower the
resistance. This sensor is used as foot switch to
detect heel or toe lift/strike.
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Figure4: accelerometer & gyroscope sensors
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Results and Discussion

The new FES system has undergone bench tests at
University of Leicester to assess the reliability and
validity of the System. One of these tests is to
ensure that the sensors provide a clean signal
during specific stimulation sequences. This signal
is analysed using an algorithm programmed into
the microcontroller to record the movements of the
foot by stimulating different electrodes.

Other tests include stimulating an artificial body
load of 1kQ resistor parallel with 0.1uF capacitor
to ensure that the device conforms to BS EN
60601-2-10:2001. The design of the output stage
facilitates comfortable near pain free stimulation
and different waveform shapes allow user selection
according to personal feeling. The software has
been designed to allow different pulse rates of
stimulation to be applied during the gait cycle with
the aim to improve effectiveness of lifting the toes.

The electrode array is optimised by measuring the
dorsiflexion/plantarflexion and eversion/inversion
twitch response of each individual electrode, which
have been shown to be indicative of the continuous
response [3]. Combinations of electrodes give
responses that are approximately the sums of the
dorsiflexion/plantarflexion and eversion/inversion
responses. The microcontroller can therefore
calculate likely optimum electrode combinations
from individual twitch responses.

Tests on 16 normal volunteers have produced
encouraging results, which indicate good
correlation between sensor outputs and observed
movement. Field tests are being planned at the
time of writing to assess the effectiveness of the
stimulation system on multiple sclerosis and stroke
patients with foot drop.

Conclusion

A stimulation system is described that has been
designed to take into account easier electrode
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placement for foot drop applications. The
electrode array concept was originally developed
during EU TIDE project number 1250, FESTIVAL
(1993-1996) and the work presented here is a
continuation of these concepts to bring the device
closer to the users. With current state of the art
microcontroller and sensor technology, the
complexity of surface stimulation is becoming
more affordable for use in everyday life.
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Abstract

Transcutaneous Functional Electrical Stimulation
normally uses self-adhesive electrodes to deliver
the required stimulation pulses to the correct
muscle groups in order to achieve a functional
movement. Identifying the optimal electrode
placement on individual patients is a time
consuming process, and prone to misplacement
when undertaken by users. Virtual Electrodes
(VE's), the location of which can be electronically
controlled in space and time, can overcome such
problems and allow the potential for new
applications for advanced functional movement.

VE's can be formed from a two dimensional array
of small electrode elements, each of which can be
switched between ‘stimulation’ and ‘off’ (high
impedance) states. A novel 16 element Fabric
Transcutaneous Electrode Array (FTEA) was
manufactured from silver coated fibres,
embroidered into square elements (10mmx 10mm)
arranged in a 4x 4 pattern, with 2mm inter-element
spacing.

The finger flexors (little, ring and index) of
volunteers were stimulated using a Compex Motion
Simulator connected to a device that can multiplex
stimulation currents between any of 16 channels. A
self-adhesive anode el ectrode (Compex, 5cmx 5¢cm)
was placed at the inner wrist, and the FTEA above
the finger flexor muscles (cathode). Force
measurements from the middle tarsal of each
finger were recorded for 1) maximum voluntary
contractions (MVCs), 2) normal electrode
stimulation and 3) a series of different VE's moved
around the FTEA. The obtained results showed
that FTEA's were well tolerated by the volunteers,
and produced controllable forces comparable to
normal electrical stimulation.

I ntroduction

Developing advanced neuroprostheses that provide
useful functional movements to patients with
paralysed limbs requires the ability to accurately
control specific muscle groups. Implantable
systems that stimulate muscle nerves close to the
insertion point (e.g. Freehand [1]) have been
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developed; however the technology is expensive
and difficult to configure.

Neuroprostheses' that make use of transcutaneous
electrodes tend to be cheaper and more acceptable
for patients. Transcutaneous electrodes are
relatively easy to reconfigure in order to optimise
functional activation and accommodate changing
patient conditions (e.g. functional recovery).
However the daily reapplication of numerous sets
of self-adhesive electrodes results in prolonged
“donning and doffing’ sessions, which are prone to
mi splacement. Dynamically reconfigurable
systems should enable selective muscle activation
and faster donning and reconfiguration.

Studies using one dimensional transcutaneous
electrode belts [2,3] have shown that hand and
wrist muscles can be selectively stimulated; but
only when precisely aligned. Livshitz et a [4] have
shown that for a 2x2 array it is possible to
influence the charge distribution within tissue, and
that alignment with respect to motor points is also
important.

We propose to use ‘Virtual Electrodes, (VE'S)
which can be formed from an array of elements,
each of which can be independently switched
between ‘stimulation” and ‘ off’ states. The size and
position of the VE's can then be electronically
manipulated by switching stimulation pulses to
different subsets of array elements.

A multiplexer has been developed [5] to switch
stimulation pulses (e.g. from a modified Compex
Motion stimulator [6]) between any of combination
of 16 channels. The device was connected to a 16
element (4x4x1cm?) Fabric  Transcutaneous
Electrode Array (FTEA) manufactured from silver
coated fibres embroidered into a fabric using a
pseudorandom pattern [7]

The FTEA and multiplexer were used to stimulate
the finger flexors of healthy volunteers in order to
determine to what extent the electrode array could
influence muscle selectivity and force generation.

Material and M ethods
Qubjects



Healthy volunteers with no known physiological
deficit were recruited for the study (3 femae, 9
male, age 22-35), with measurements and
stimulation applied only to the dominant arm (3
left, 9 right). Data from left-handed volunteers was
transcribed to alow comparison with right-handed
results.

Equipment

The ‘Dynamic Grasp Assessment System’ (DGAYS)
[8] uses miniature load cells to record the axial
force generated from the four fingers during grasp.
The finger flexor forces were recorded from the
middle tarsals, the insertion points of the extrinsic
finger flexor muscles. The spacing and orientation
of the device was adjusted to give volunteers a
comfortable grasp whilst ensuring wrist fixation.
The forces from the DGAS were recorded with a
data acquisition card with a sampling frequency of
100 Hz.

One square self-adhesive electrode (~24cn,
Compex) was used as the anode, and placed
anterior arm proximal to the wrist. The
depolarising cathode electrode (FTEA or Compex)
was placed proximal to the anterior elbow (Fig 1).
Bi-phasic monopolar [9] stimulation pulses of
250 ys were provided from a Compex Motion
transcutaneous electrical  stimulator, with a
repetition frequency of 20Hz. The current
amplitude was increased to identify the maximum
tolerable level for each volunteer (typically 11-
15 mA). The location of the cathode was adjusted
to produce optimal flexion of the little (digitorum
profundus Il1, 1V), ring (digitorum. superficialis)
and middle fingers.

Experiment

In the first part of the experiment, the volunteers
were asked to produce four maximum voluntary
contractions (MVC) lasting 5 seconds with one-
minute rest periods. In the second part of the
experiment, normal Compex electrodes were used

a the cathode and anode positions. Electrical
FL dig. superficialis Fl carpi rad.

FL dig. prof L1l Palmaris long Pr?n teres
1
—
e Ko—
o
ﬁ‘xﬁ‘ 6
T 5

FI dig. prof I, I\// Fl (;arpi ulnaris

Fig 1. Location and orientation of transcutaneous
electrodes. Origina image (c) 1993 Florence P Kendall.
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stimulation was applied 5 seconds at the
volunteer’'s maximum tolerable amplitude. The
stimulation was repeated four times with rest
intervals of 20 seconds.

The location of the self-adhesive cathode electrode
was marked on volunteers arm, and replaced with
the FTEA (Fig 1). Conductive gel (Compex) was
used to ensure good contact between the
conductive fibres and volunteer’s skin.

A series of measurements were undertaken with
the multiplexer configured to produce a range of
different VE sizes and positions on the FTEA.
These are summarised as:

1) All 16 elements active to compare with normal

FES el ectrode stimulation

2) 9 (3x3) and 8 (2x4) active elements in four

positions to determine effect of moving VE.

3) 1 active element randomly moved between all
16 postions to determine mapping of

underlying motor points.

Stimulation with each type of virtual electrode
lasted 5 seconds, and was repeated four times at
20-second intervals. Rest periods of 5 minutes
were provided between different electrode
configurations. The ordering of the virtua
electrode configurations was randomised between
al volunteers.

The average force value during three seconds of
contraction was calculated one second after onset
of stimulation in order to remove transient effects.
The average baseline prior to contraction was
calculated in a similar way, and subtracted from
the measured recordings to determine the average
contractile force for each finger.

Preliminary Results

The forces generated by electrical stimulation were
approximately 25% the maximum voluntary
contractions (see Fig 2). The FTEA with 16 active
elements generally produces smaller forces than
the normal electrode, which may be due different
current densities per unit area. The increased forces
seen in volunteer 6 may be due to misalignment of
the FTEA with respect to the normal Compex
electrode.

The maximum tolerable stimulation current
amplitudes were therefore used for VE's on the
FTEA.
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Fig 3: The average contractile forces for a 3x3 and 2x4 virtual electrode moved around the FTEA.

A series of 3x3 and 2x4 VE's were generated on
the FTEA and moved between different locations
(Fig 3). For some volunteers forces comparable to
MVC were observed using both types of virtual
electrodes. A 1 cm change in the VE position had
an effect on the measured forces; however this was
not statistically significant. Ring and little finger
forces clearly increase as the virtual electrode is
moved above their respective motor points.

Some volunteers were able to tolerate a 1cm? (1
element) virtual electrode at stimulation current
amplitudes sufficient to get reliable force
measurements (>12mA). An example of randomly
moving the 1 element around the electrode pad is
shown in Fig 4 for volunteer 1. Clearly as the
virtual electrode approached the major motor
points there was a significant increase in the
measured finger forces. The high forces from
activation of pad 13 may correspond to the flexor
digitorum superficialis. Similar pad 16 may
correspond to activation of flexor digitorum
profundus Il & IV whereas pads 14 and 15 are in-
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Fig 4. Contractile forces resulting from 1 active
element moved around the FTEA (compare element
numbers with Fig 1)

between and show low activation. Similar results
were observed for five volunteers.

Discussion
A series of VE's were generated on a FTEA placed
proximally to the anterior elbow. Force
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measurements from the activated flexor muscles
were recorded at the middle tarsals of each finger.

Different forces were observed for a variety VE
configurations and placements on the FTEA. Large
changes in force measurements were observed
from step changes in the virtual electrode position.
Small differencesin the effective area of the virtua
electrode (3x3, 2x4) did not have alarge effect.

Such results indicate that arrays with a high
number of small elements are required to achieve
precise placement of VE's. Consequently the
position and size of VE's could be fine tuned to
provide optimal stimulation of selected motor
points required for afunctional task.

We could not influence stimulation of the index
finger and the little finger at the same time due to
the restricted size of our FTEA. Therefore we
decided to predominantly activate the motor points
of the middle, little and ring fingers (dig prof 111 &
V).

Integrating electrodes into wearable textiles has the
potential to alow high-density transcutaneous
electrode arrays to be fabricated. We have shown
that such fabric transcutaneous electrodes can be
used to produce €electrical stimulation with results
comparable to normal electrodes.

Our results show that a single stimulating element
(1emx1cm) moved around the electrode array was
able to illicit individual motor points (e.g. flexor
digitorum). However, to be able to compare array
electrode performance amongst subjects, .it is first
necessary to identify motor points for each subject.

We are developing higher density FTEA's to be
able to perform finer movements of VE'S over
larger areasin order to eliminate the restrictions we
had with our current system.
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Abstract

We designed a 24-fields array and a control box
that on-line selects the fields that conduct electrical
charge. Final pattern and size of the electrode
(combination of the conductive fields) are
determined after testing various combinations of
fields in vivo. The array was made from a
conductive micro fiber textile, silver two-
component adhesive, and the conductive ink
imprint on the polycarbonate. The control box
comprises 24 switches that correspond one-to-one
to the conductive fields on the array. Each field can
be made conductive of non-conductive manually by
means of the push-button switches. We present here
test representative results obtained from three
tetraplegic patients during externally assisted
grasping. Therapists could easily select the
appropriate conductive fields for the best grasp
pattern based on visual feedback. When stimulating
over the forearm the array provided effective
grasping with minimal wrist flexion, extension, and
uncontrolled ulnar and radial deviations. The
patterns formed by selected fields in most cases
had a branched look. The main advantages of the
electrodes were: 1) the selection of the stimulation
site was achieved without moving of the electrode;
and 2) the pattern (size and layout) was changed
during the movement. The later quality is of special
interest if the electrode relatively moves with
respect to the motor points (e.g., grasping in
parallel with pronation and supination).

Introduction

Electrical stimulation of nerves and muscles via
surface electrodes is being used for various
applications  (e.g., pain reduction, muscle
strengthening, activation of paralyzed muscles, and
training of sensory-motor mechanisms). Common
to all applications of surface electrodes for
stimulation is that it requires a great deal of skill
and patience of the user and/or the therapist to
place the electrodes in the optimal position for the
function to be performed. It is difficult to predict
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precisely which anatomic structures will be
activated for any given position and electrode
configuration. Very often self-adhering electrodes
are used, which must be taken off before they can
be repositioned at a different location on the skin.
This process is time-consuming, and it can also be
painful and compromises the adhesion of the
electrode to the skin. It is difficult to try many
different electrode sizes. For all these reasons a
non-optimal electrode position and electrode size
are often chosen for stimulation sessions.

Here we describe the advantages of a new multiple-
contact surface electrode combined with an easy-
to-use interface that allows the user to try many
different electrode sizes and positions, without
removing the electrode from the skin. This array-
electrode was developed to replace in daily use a
single-field electrode in applications where
selective activation is required for regaining a

functional movement.

Fig. 1: Actitrode®: The 24-field electrode array (right) and the
control box for selecting of the conductive fields (left).

Apparatus. The system that was evaluated
comprised: 1) the programmable stimulator

(Actigrip CS®'") [1,2], and 2) the selective
electrode (Actitrode®, Fig. 1).

! Actigrip CS® is a four-channel programmable stimulator available
from Neurodan A/S, Aalborg, DK (www.neurodan.dk).



The Actigrip CS® is a multi-channel
programmable stimulator allowing control of
stimulation parameters, and delivering programmed
sequences of pulses following the trigger signals
[3]. Other stimulators can also be used in
conjunction with the Actitrode® in the current
version as long as the stimulator output voltage is
lower than 100 V.

The Actitrode® consists of the following: 1) an
electrode-array comprising a substrate for
application to the skin (Fig. 1, right), and 2) an user
operable switch setting electrical connection
between the selected elements of the array and the
stimulator (Fig. 1, left).

The electrode-array comprises 24 conductive
fields. The conductive fields are circular, and they
are evenly spread over the flexible substrate with
the size of Scm X 8cm. The flexible substrate was
made out of biocompatible polycarbonate. The
electrode array uses the conductive ink imprint, a
silver two-component adhesive, and a conductive
biocompatible micro fiber textile that should be
moisture when applied to the skin. The description
of the electrodes, and testing of their properties are
described elsewhere (available on request to the
authors). The electrode resistance when all fields
are turned on is about 750 Q, and it increases with
the decreased number of fields being turned on to
the maximum of 1,9 kQ.

The switching box has 24 push-button switches
that control a matrix of transistor-based switches
designed for operation beyond 100 Volts. The
control logic was realized by using the micro-
controller PIC16F877. The control box comprises
the infrared communication link for wireless
communication with a PC computer (not used in
this study). Each of the switches has a light
indicator; hence, the user is aware at all times about
the fields that are conducting.

Data acquisition system. We used Penny and Giles
flexible goniometers [4], and the laboratory
acquisition system based on NI DAQ 6024 for
PCMCIA and LabVIEW 6.1 custom designed
software. The instrumentation allowed analysis of
six joints: flexion and extension of the index and
ring fingers (Proximal Inter Phalangeal — PIP, and
Meta Carpo Phalangeal - MCP joints), ulnar and
radial deviation, and wrist flexion/extension. The
sampling rate was 100 samples per second. The
resolution of the system was 2 degrees. The data
was smoothed using the 4™ order Bessel filters.

Procedure

The Actigrip CS® was programmed for application
of four channels (Fig. 2). The common anode was
positioned over the carpal tunnel. Two cathode-
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arrays were positioned at the dorsal and volar sides
of the forearm approximately in the middle
between the elbow and wrist to control fingers and
wrist movements. Each of the two cathodes was
connected to one of the stimulation channels. The
two remaining cathodes were positioned to control
the thumb opening and closing.

We considered that the following muscles are of
importance: finger flexors (Flexor Digitorum
Profundus m. and Flexor Digitorum Superficialis
m.), finger extensors (Extensor Digitorum
Communis m., and Extensor Indicis m.), thumb
extensor (Extensor Pollicis Longus m., and
Extensor Pollicis Brevis m.), and the Thenar
muscles (Abductor Pollicis Longus m., and
Opponens  Pollicis m.); yet, minimizing the
activation of Extensor Carpi Radialis Longus m.,
Extensor Carpi Radialis Brevis m., Flexor Carpi
Ulnaris m., and Flexor Carpi Radialis m.

During the grasp the attention was paid to avoid
stimulation of the following muscle groups:
Extensor Carpi Radialis Longus m., Supinator m.,
Pronator Teres m., and Pronator Quadratus m. in
order to minimize pronation and supination.

Fig. 2 shows the stimulation sequences for the
palmar grasp. We stimulated the fingers and thumb
flexion and extension simultaneously because of
the stimulator limitation to maximum of four
channels. The levels of stimulation in Fig. 2 are
shown with respect the maximum level of
activation that was determined for each subject.
The activation of agonist and antagonistic muscles
are intentionally shown facing up and down to
point to the opposing effects of their activity.

The stimulation parameters were set at 50 pulses
per second. The stimulator delivers constant current
compensated monophasic pulses with the duration
that was at 250 ps. All parameters were adjustable
by using the bush-button controls on the Actigrip
CS®. The pulse amplitude was changed on-line to
accommodate the needs of each selected electrode-
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Fig. 2: The pattern of four-channel stimulation: 1) thumb and
fingers extension, 2) thumb and fingers flexion, 3) wrist
extension, and 4) wrist flexion for the palmar grasp applied with
the Actigrip CS® stimulator and Actitrode® electrodes.



array, i.e., selected set of conductive fields. The
pulse amplitude was varied between 5 mA and 40
mA.

The pilot experiments included three patients with
an injury at C5/C6 level who had no voluntary
movement of fingers, and very little wrist control
against the gravity, but whose muscles responded
to electrical stimulation. Patients signed the consent
form that was approved by the local ethics
committee following the Declaration of Helsinki.

The task in the experiments was to generate
functional movement. The movement was
considered functional if it provided fingers flexion
leading to a strong grasp with the wrist deviating
for less than 15 degrees, and fingers extension
leading to the release of the object with the wrist
deviating for less than 15 degrees. The deviation
included palmar/dorsal flexion and radial/ulnar
deviation.

The testing included systematic change of the
conductive or non-conductive fields on the
electrode-array. The initial position of the fields to
be active followed the anatomic considerations of
the muscles that normally contribute to
movements; although, the muscles responded very
differently in tetraplegic patients due to the disuse
atrophy, and partial denervation.

40 JOINT ANGLE (deg) A

WRIST ULNAR/RADIAL DEVIATION-

MCP INDEX FINGER _
MCP RING FINGER

WRIST FLERION/EATENSION
—

Results

We here show only the results for the palmar grasp
of a small glass bottle (diameter 9 cm, height 19
cm, mass 200 grams). Fig. 3 shows the variation of
the wrist joint angles in parallel with the
reproducible flexion of the fingers measured in one
tetraplegic patient when the conductive fields were
changed.

Four plots (Fig. 3) correspond to movements that
were characterized with undesirable wrist flexion/
extension, and/or ulnar/radial deviation. In all four
cases it was possible to generate effective flexion at
PIP and MCM joints for the desired palmar grasp,
yet the movement of the hand with respect the
forearm compromised the function.

Fig. 4 shows the joint angles in three tetraplegic
patients in the case that the conductive fields were
selected to form a preferred layout for the palmar
grasp. The PIP and MCP joint rotations shown in
Fig. 4 are comparable to the ones in Figs. 3; yet,
the ulnar/radial deviation and wrist
flexion/extension angles were limited to the
preferred rotation of £15 degrees from the resting
(neutral) position. The pronation and supination
required the change of the pattern of the array [5].

There was a substantial difference between the
locations of conductive fields among three patients
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Fig. 3: Joint angles recorded in one tetraplegic subject. Each of the plots shows undesired wrist rotation: A) extensive
wrist flexion, B) extensive radial deviation, C) extensive wrist extension, and D) extensive wrist ulnar deviation.
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Fig. 4: Joint angles recorded in three tetraplegic patients (#1,
#2, and #3) with the conductive fields selected in a preferred
way that resulted with the adequate fingers flexion, and
controlled wrist stiffness and movement.

(Fig. 5). An important finding was that increased
level of stimulation for more than 20 percent from
the one that resulted with functional movement
lead to stronger fingers flexion or extension; yet,
still limited wrist movement.

Conclusion

The new multi-field electrode-array is an effective
tool for applying surface electrical stimulation. The
selectivity is of special interest when the neural
prosthesis is applied to produce functional
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Fig. 5: Black dots show the conductive fields used for control of
finger flexors that resulted with the movements in Fig. 4.

movement. The dynamic control of conductive
fields is the next step in the development. This
control could provide the needed adaptation for
movements that include pronation and supination.
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THREE TYPES OF EYE MOVEMENT PATTERNS ELICITED BY ELECTRICAL
STIMULATION OF CATS SUPERIOR COLLICULUS AND OCCIPITAL CORTEX:
PATTERN OF EYE MOVEMENTS AND RECEPTIVE FIELD PROPERTIES

G. Novikov, T. Moshonkina

Pavlov Institute of Physiology, Russian Acad. Sci., St.Petersburg, Russia

The eye movements (EMs) play a significant role in visual behavior. The superior colliculus
(SC) and occipital cortex (OC) are known as a key structures for initiation of saccadic eye
movements.

The electrical stimulation of the mammalian SC and OC elicits saccadic EMs towards a
region of the visual space where adjacent cells have their movement fields related
retinotopically to the stimulus site. Amplitude and direction of EMs depend on the locus
position in the SC and OC retinotopic map and the initial eye position. So the SC and OC
neurons have receptive and movement fields simultaneously. Its the base for using these
structures as a beautiful experimental model of the oculomotor interaction.

We compared the data of saccade EMs elicited by the local electromicrostimulation and the
pattern of impulse activity of these neurons for the adequate visual stimulation (using the
same sites in SC and OC).

The EMs were elicited by the local electrical stimulation with square impulses (pulse
frequency 100-400 Hz, impulse duration 0.5-2.0 ms, the strength of current was depended on
the SC layer and varied from 10 to 2 mA) using the same electrodes. The accuracy of the EMs
recordings were 1-2 deg.

Probably data obtained throw a light upon to the functional interconnections between the
directional properties of the single SC and OC neurons and the spatial characteristics of EMs
elicited by local microstimulation of the same neurons.

We propose the principle schema of the transformation of the visual signals to the signals for
initiation of the saccadic EMs on the SC or OC level. This schema reflects a possible
mechanism of the visual information transmission about objects movement direction (angle of
directional tuning) into the saccade parameters (amplitude and direction of EMs) in foveation
process in vision.
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Abstract

Cardiomyoplasty makes sub-optimal use of the
power available from a transposed skeletal muscle.
A skeletal muscle ventricle (SMV) can be
configured to work more efficiently. We compared
the power produced by the SMV with that of the
native left ventricle (LV) in the same circulation
and assessed the ability of the SMV to produce
effective counterpulsation.

In 8 pigs the left latissimus dorsi muscle (LDM)
was conditioned by electrical stimulation and then
configured as an SMV connected to the descending
aorta. The SMV was activated during every third
cardiac  diastole. Haemodynamic parameters
during SMV assisted beats and unassisted beats
were compared.

SMYV assist increased the mean aortic diastolic
pressure from 46.8 £ 5.0 to 58.0 + 6.5 mmHg (P =
0.0001) and the endocardial viability ratio from
0.85 £0.09t0 1.13 £0.11 (P = 0.0004).

The power produced during SMV and LV ejection
was calculated from the intraluminal pressures
and the flows produced during ejection. Mean
power output during SMV ejection was 1.68 (range
0.39 - 5.39) W; mean power output during LV
ejection was 2.59 (1.39 - 3.33) W. Thus SMV
ejection produced 63 (21 - 184)% of the power
output of LV ejection in the same pig. Mean stroke
work of the SMV was 0.33 (0.07 - 1.08) J; that of
the LV was 0.89 (0.42 - 1.35) J. Mean SMV stroke
volume was 29.4 (10.1 — 58.3) ml; mean LV stroke
volume of 80.6 ml (59.7 — 117.8) ml.

SMV power output and volume ejected therefore
compared favourably with that of the native LV.
The SMV produced effective counterpulsation. The
grafis that performed best were those in which the
contractile activity had been most effectively
maintained during the operative procedure.

The SMV power in this acute operative setting
demonstrates an impressive potential for cardiac
assist.
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Introduction

The number of heart transplants has declined with
the decreased availability of suitable donor hearts.
This has highlighted the need for suitable
alternative therapies for the treatment of end-stage
heart failure. Biological cardiac assist is potentially
more attractive than transplantation because there
is no need for immunosuppression. Cardio-
myoplasty has been used in over 2000 cases
worldwide [1], but the design resulted in sub-
optimal use of the power available from the
transposed skeletal muscle.

A skeletal muscle ventricle (SMV) was configured
to produce cardiac assist and connected to the
circulation. We compared the pumping power of
the SMV with that of the native left ventricle (LV)
in the same circulation.

Material and Methods

All animals were cared for and operated on in strict
accordance  with the Animals (Scientific
Procedures) Act of 1986, which governs
experimental animal research in the United
Kingdom.

Anaesthetic
stimulator

technique:  implantation  of

Eight female adult Large White pigs were
premedicated with 2 mgkg of intramuscular
Stresnil (azaperone; Janssen Animal Health).
General anaesthesia was induced with a 50:50
mixture of oxygen and nitrous oxide and 1-3%
Isofluorane (Forene;  Abbott, = Wiesbaden,
Germany). An intravenous injection of 2 mg/kg of
propofol (Propofol-LipuroTM; Braun, Melsungen,
Germany) was followed by intubation. Anaesthesia
was maintained with a 50:50 mixture of oxygen
and nitrous oxide and 1-3% Isofluorane
administered through a re-breathing anaesthetic
circuit (Ohmeda, Essex, UK). Pain relief and
respiratory  depression was supplied via a
continuous intravenous infusion of 3-5mg/hr
Alfentanil (Rapifen; Janssen-Cilag; Bucks, UK).



The lateral border of the left latissimus dorsi
muscle (LDM) was exposed via a flank incision.
The LDM was carefully reflected medially to
reveal the thoracodorsal neurovascular bundle. The
single stimulating electrode consisted of a stainless
steel wire with its terminal end de-insulated and
placed on a silicone backing. This electrode was

carefully placed across the thoracodorsal
neurovascular bundle and connected to a
programmable monopolar neuromuscular

stimulator (Itrel SP 7421, Medtronic, Minneapolis,
MN) that was implanted subcutaneously in the
flank.

Muscle training

The pigs were allowed to recover for one week
after surgery, at which stage the stimulator was
switched on. The left LDM was subjected to
continuous electrical stimulation with amplitude of
1.5 to 2.5 volts and a frequency of 30 Hz for 0.19
sec on and 6 sec off. The voltage was adjusted to
the minimum that produced palpable stimulation of
the entire LDM. Conditioning lasted for 28 to 36
days. This pattern converts the muscle fibres from
2B to 2A phenotype, which is both fast-contracting
and fatigue resistant.

Pulmonary artery and aortic homografts were
obtained from fresh porcine cadavers. The
pulmonary artery branches were ligated and the
valve excised. The SMV lining was completed by
anastomosing the pulmonary artery annulus to a
conduit of descending aorta with a double layer of
running 5/0 polypropylene suture.

Acute experiment

At the end of the conditioning period the pigs
weighed between 56 and 95 kg. The animals were
anaesthetised for a second operation with the same
anaesthetic protocols, except that pain relief and
respiratory depression was achieved with the use
of 3-6 mg/hr Diamorphine (Evans Vaccines, UK).
A median sternotomy was performed. Pressure
catheters (Gaeltec, Scotland) were introduced to
monitor the aortic and left ventricular pressures,
ultrasound volume flowmeters (Transonic Systems
Inc, Ithaca, NY) were used to monitor aortic root
blood flow and flow in the SMV conduit; and a
volume conductance catheter (CD Leycom, The
Netherlands) was placed in the LV. CODAS
software (Dataq Instruments, Akron, OH) was used
to acquire and to store the data.

The left LDM was mobilised, leaving the
neurovascular bundle pedicle and attachment to the
humeral head intact. An SMV was constructed by
wrapping the LDM anti-clockwise around the
preformed homograft lining. A double layer of 2/0

202

polypropylene suture was used to close the LDM
around the lining. The third and fifth left ribs were
removed. The SMV was introduced into the thorax
through the upper rib space. The proximal
descending aorta was dissected and a vascular
clamp applied to occlude part of the cross-section
of the descending aorta. A longitudinal incision
was made in the side-clamped aorta and the SMV
conduit was anastomosed to it with a single layer
of running 5/0 polypropylene. The SMV was de-
aired and the vascular clamp released (Fig. 1). A
flow probe was placed around the base of the SMV
and pressure was recorded via a cannula within the
SMYV lumen (Gaeltec, Scotland).

Sensing
electrodes
=

Stirmulating
slectrodes

Cardio-
myostimulatoer

Fig. 1: Schematic diagram of SMV .

SMV stimulation was controlled by a bench-top
Pulse Generator (Model DS2A, Digitimer Ltd,
Hertfordshire, UK). Contraction was timed to
occur in every third cardiac cycle starting at the
end of systole (defined as the dicrotic notch on the
aortic pressure trace) and continuing for 80% of
diastole. The stimulating voltage was at three times
the threshold, and delivered with a frequency of 50
Hz and a pulse width of 0.2 msec. Haemodynamic
parameters were recorded during cardiac cycles in
which the SMV was active. The haemodynamic
parameters during the SMV-assisted beat (Assist)
were compared with those during the preceding
beat (Pre-assist).

Results

During LV ejection, the mean LV pressure was
70.4 £ 6.0 mm Hg and the mean aortic flow was
14.1 £ 0.9 Vmin.

During SMV ejection the mean SMV pressure was
65.5 £ 10.0 mm Hg and the mean SMV flow was
9.4 £ 1.4 I/min (Fig. 2 &Fig. 3).
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Fig. 2: Mean intraluminal pressure during ejection (LV
vs SMV).
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Fig. 3: Blood flow during ejection (Aorta vs SMV).

Mean power output of the SMV during ejection
(Fig. 4) was 1.68 (range 0.39 - 5.39) W. As the
mean power output of the LV during ejection was
2.59 (1.39 - 3.33) W, SMV ejection produced 63
(21 - 184) % of the power output of LV ejection in
the same pig. Mean stroke work of the SMV was
0.33 (0.07 - 1.08) J; that of the LV was 0.89 (0.42 -
1.35) .
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Fig. 4: Mean power output (LV vs SMV).

Maximum SMV power output was 3.6 (range 0.7 -
4.7) W compared to the maximum LV power
output of 5.4 (range 2.9 — 6.9) W.

The mean SMV stroke volume (Fig. 5) was 29.4
(10.1 — 58.3) ml and the mean LV stroke volume
was 80.6 ml (59.7 — 117.8) ml.
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Fig. 5: Volume ejected (LV vs SMV).

When compared to Pre-assist values, SMV assist
increased the mean aortic diastolic pressure from
46.8 £ 5.0 to 58.0 £ 6.5 mmHg (P = 0.0001) and
the endocardial viability ratio from 0.85 + 0.09 to
1.13£0.11 (P = 0.0004).

Discussion

Transformed skeletal muscle possesses the power
to provide cardiac assist [2]. However, in both
aortomyoplasty and cardiomyoplasty, the geometry
of the aorta and heart limited the efficient use of
the available power from the muscle wrap. Despite
the symptomatic benefits, clinical cardiomyoplasty
consistently failed to provide demonstrable
augmentation of cardiac contractile activity [3].
SMVs offer a more efficient configuration for
harnessing muscle power [4].

The power generated from different canine LDM
configurations was measured by Badhwar et al.
[5]. LDM configured as a circular SMV produced
approximately one-third of the peak power
produced by linear LDM contraction and
approximately twice as much peak power as when
the LDM contracted against a chamber placed
between itself and the chest wall.

Anderson et al. [6] used SMVs connected to a
mock circulation device in dogs and calculated the
power output from a chronically stimulated SMV
pump at 0.021 W. They estimated that this
represented 42% of the power output of the native
canine right ventricle.

Both experiments used unconditioned LDM and
testing against mock circulation devices. Mannion
et al. [7] used conditioned LDM to construct
SMVs in dogs and connected them to the
circulation. SMV stroke work output was
intermediate between that of the native right and
left ventricles and SMV power output
approximated that of the right ventricle.



Clinical protocols for cardiomyoplasty involved a
single operation and a two-week recovery period
before muscle conditioning was commenced.
Unfortunately, some dynamic cardiomyoplasty
patients died in the post-operative period before
the benefits of cardiomyoplasty could be enjoyed.
The use of the muscle-conditioning regime
described here would allow cardiac support to be
available immediately following SMV
construction.

Considerable inter-animal variation between the
SMVs was seen. One SMV (Number 3) produced
approximately twice the power of the native LV,
because of both the pressure it generated and the
flow it produced. In other animals the LDM may
have suffered some trauma during mobilisation.
Chronic experiments may demonstrate
improvement in SMV function as the animal and
the muscle recuperate.

The intra-aortic balloon pump (IABP) is the
clinical device most commonly used for the
treatment of cardiac dysfunction. It produces
cardiac assistance by increasing the diastolic blood
pressure and by reducing the work of the heart.
This effect is termed counterpulsation. The SMV
also produced significant counterpulsation as was
demonstrated by the increases in mean aortic
diastolic pressure and endocardial viability ratio
that resulted from SMV ejection. SMV volume
ejected (mean 29 ml) is comparable to IABP
volumes (34 and 40 ml) and the volumes ejected
by the native LV (mean 80.9 ml).

The SMV power and level of cardiac assist
provided in this acute operative setting
demonstrated an impressive potential for cardiac
assist.
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Abstract

People with tetraplegia have poor respiratory func-
tion leading to limited tidal volume (VT) and re-
duced cough peak flow (CPF). These problems may
cause respiratory failure during both the initial ad-
mission and subsequent intercurrent illness. Electri-
cal stimulation of abdominal muscles during expi-
ration can improve respiratory function by increas-
ing VT and CPF. We developed a feedback con-
trol system to automatically trigger muscle stimula-
tion, synchronised with the subject’s voluntary res-
piratory activity. The system was tested in a single-
subject proof-of-concept study. Significant increases
in VT and CPF were observed suggesting that the
technique may have potential use in both acute and
established tetraplegia to increase minute ventilation
and to improve cough clearance of secretions.

I ntroduction

People with tetraplegia have poor respiratory func-
tion due to: 1) intercostal paralysis causing reduced
tidal volume (VT) and 2) abdominal paralysis reduc-
ing cough peak flow (CPF) [1]. These problems may
cause respiratory failure during both the initial ad-
mission and subsequent intercurrent illness. It has
been shown that electrical stimulation of abdominal
muscles during expiration can improve respiratory
function by increasing VT and CPF [2, 3]. While
the increase in CPF is a direct result of the improved
respiratory pressure due to the additional input from
the abdominal muscles, the increase in VT can be
attributed to the reduction of lung volume below the
functional residual capacity and the subsequent pas-
sive recoil during inspiration.

Stimulation of the abdominal muscles is normally
used in tetraplegic individuals with spontaneous
breathing (although studies exist with individuals
who are unable to breath spontaneously [4]). Stim-
ulation therefore needs to be synchronised with
their voluntary breathing activity. In previous stud-
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ies manual intervention is typically needed to trig-
ger the stimulation. This can be done either by the
therapist [5] or by the individual, using for example
a chin-controlled joystick [6].

Stanic et.al [7, 8] used a system to trigger the stimu-
lation automatically depending on the individual’s
spontaneous breathing pattern. A measurement of
the airflow at the mouth was used to determine the
onset of expiration. The experiments reported are
limited to quiet breathing.

This study is aimed at developing a feedback control
system to automatically trigger muscle stimulation,
synchronised with the subject’s voluntary respira-
tory activity. The system works over a wide variety
of breathing patterns, and it does not interfere with
non-regular respiratory patterns (for example during
speaking). Itis designed to detect different situations
such as quiet breathing and coughing which require
adjustment of the stimulation pattern. While initially
the flow at the mouth was used directly to generate
the trigger signal, preliminary experiments suggest
the suitability of other sensors such as a plethysmo-
graphic belt which are not located at the mouth and
therefore do not interfere with other activities.

Methods

One subject (16-year-old, male, C4 complete, one
year post injury) participated in the study. He
breathes spontaneously but with reduced VT and
CPF. The subject is in the normal sitting position in
his wheelchair during the experiments.

We stimulated abdominal muscles bilaterally using
self-adhesive surface electrodes (PALS, Axelgaard,
33mmx53mm rectangular and 50mm round). Four
stimulation channels were used: two channels stim-
ulated the mm. rectus abdominis, while the other
two channels stimulated the lateral abdominal mus-
cle group (mm. transversi and mm. obliqui ext. et
int.) on both sides, cf. figure 1. The stimulation pa-
rameters were controlled from a laptop PC through
a RS232 interface. A stimulation frequency of 50Hz



was used. Monophasic charge-balanced stimulation
pulses were delivered with a constant current of
70mA and variable pulsewidths of 200-500us. The
pulsewidths were adjusted separetly for the mm.
rectus abdominis and the lateral abdominal muscle
group.

Figure 1: Placement of the electrodes.

A feedback control algorithm was used to automati-
cally generate a trigger signal for stimulation which
is synchronised with the voluntary respiratory ac-
tivity. The respiratory activity was determined by
direct measurement of air-flow at the mouth, us-
ing a spirometer (Microloop, Micromedical) with
an RS232 interface. A plethysmographic belt (Pro-
tech) which measures changes in abdominal girth
was used as an alternative way to observe the res-
piratory activity. It was connected to the PC using a
custom-built signal amplifier and a data-acquisition
card. Whereas measuring the air-flow directly at the
mouth requires the subject to wear a face mask, the
plethysmographic belt is simply worn around the ab-
domen.

Feedback control algorithms

The control algorithm uses a feedback signal of the
respiratory activity (air-flow or abdominal girth) to
generate a suitable stimulation signal which does not
interfere with the voluntary breathing. The main task
is to detect the end of inspiration or the beginning of
expiration, and to synchronise the artificial stimula-
tion signal accordingly.

Two approaches to generate the stimulation trigger
signal from the measured respiratory activity were
used: During quiet breathing, the onset of expira-
tion was determined by observing the derivative of
flow with respect to time. If this value exceeded a
pre-set threshold, a zero-flow crossing from inspi-
ration to expiration was detected. The stimulation
was triggered at a specified time (usually 0.2s) af-
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ter the onset of expiration. The maximal duration of
one stimulation burst was limited to 1.5s. The stim-
ulation burst would be terminated when inspiration
was detected.

A modified algorithm was used for coughing, where
stimulation was applied at the end of voluntary
inspiration which was detected by observing the
derivative of flow with respect to time, taking into
account that the maximal inspired flow must exceed
1.01/s to be classified as an attempt to cough. The
subject was instructed to hold his breath for a short
time after inspiration to allow the abdominal mus-
cles to contract and the pressure to build up before
beginning of expiration. The length of the stimula-
tion burst was set to 1.5s.

Results

The subject tolerated several minutes of stimula-
tion without discomfort or other adverse effects. He
could speak normally without inappropriate trigger-
ing of the stimulation.

Typical experimental results for quiet breathing,
forced expiration and coughing are shown in fig-
ures 2-4, using the air-flow signal from the spirome-
ter to generate the stimulation trigger.

Note that positive flow corresponds to expiration
(volume increase), while a negative flow relates to
inspiration (volume decrease). The bold horizontal
lines indicate when stimulation was applied.
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Figure 2: Quiet breathing. The bold lines indicate
when stimulation is applied.

Figure 2 shows four quiet breaths, extracted from an
experiment of approximately 3min duration. Stimu-
lation is applied during the second and third breaths.
The flow diagram shows a large additional expira-



tory flow as a result of the stimulation of the abdom-
inal muscles. The tidal volume increases from ap-
proximately 0.3 1 without stimulation to over 0.551
with stimulation, cf. the bottom graph in figure 2.
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Figure 3: Forced expiration. The bold lines indicate
when stimulation is applied.

The results shown in figure 3 were obtain when the
subject was instructed to breath out forcefully. The
four breaths shown here are extracted from an exper-
iment of 3min duration. Stimulation is applied dur-
ing the second and third breath. A larger expiratory
flow can again be observed as a result of the stimula-
tion. The maximal tidal volume increases from 1.51
without stimulation to 1.851 when stimulation is ap-
plied.

flow [I/s]

‘
30 32 34 36 38 40 42
time [s]

Figure 4: Coughing. The bold lines indicate when
stimulation is applied.

A typical experimental result for coughing is shown
in figure 4. The aim for assisted cough is to max-
imise the flow to allow better clearing of the air-
ways. Tidal volume has therefore been omitted from
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the graph. Three coughs are shown: the first two
coughs are with assistance from abdominal stimu-
lation, while the final cough is unassisted. A clear
increase in CPF can be observed when stimula-
tion is applied. Note that the increase was consis-
tently observed, independently of whether assisted
cough preceded or followed unassisted coughs. We
recorded an increase of CPF from 2.61/s to 3.41/s.

Plethysmographic Belt

Results of initial experiments with a plethysmo-
graphic belt to measure breathing activity are shown
in figure 5. Stimulation is applied during the first two

flow [I/s]

0.5

Volume [I]

|
I
3

1l
232

I I I I I
238 240 242 244 246

time [s]

21",4 2:",6
Figure 5: Quiet breathing, with plethysmographic belt

measurements (dashed lines, no units). The bold
lines indicate when stimulation is applied.

breaths shown, while the last two breaths are unas-
sisted. In addition to the flow and volume traces, the
figure also shows the measurements obtained from
the belt. The dashed line in the bottom plot corre-
sponds to the raw belt signal which is proportional
to abdominal girth and therefore directly related to
tidal volume. The dashed line in the top plot shows
the differentiated belt signal which is a measure-
ment of the rate of change of the abdominal girth
and therefore related to the air-flow. In both plots it
can be observed that the relevant belt signal relates
well to the volume and flow signal. The feedback
signal from the belt was used here to generate the
stimulation signal.

Discussion

The results show that the closed loop system pre-
sented here can automatically ensure that abdominal



stimulation is synchronised with the subject’s own
respiratory activity. Control algorithms for quiet
breathing, forced expiration and for coughing have
been implemented and experimentally evaluated.
The results show a clear increase in VT (during quiet
breathing and forced expiration) and CPF (during
coughs). Direct observation of the air-flow at the
mouth provides an accurate measure for the breath-
ing activity and can be used as a feedback signal.
Any measurement at the mouth interferes, however,
with other activities and is therefore not suitable for
a system which is to be used in everyday situations.
We suggest that a plethysmographic belt which mea-
sures abdominal girth can be used to provide an ac-
curate measure of the respiratory activity and can be
used as a feedback signal to the stimulation control
algorithm. Our initial results show the suitability of
this approach.

This proof of concept technique may have po-
tential use in both acute and established tetraple-
gia to increase minute ventilation and to improve
cough clearance of secretions. Besides improving
minute ventilation, continuous stimulation during
quiet breathing can be used to strengthen the abdom-
inal muscle, which could lead to further improve-
ments in CPF.
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Abstract

The superficial region of the left vagus nerve of a
dog, innervating the stommach, was selectively
stimulated with implanted 39-electrode spiral cuff
to modulate the pH. The cuff, having thirteen
circumferential groups of three electrodes were
chronically implanted on the left vagus nerve at the
neck in two adult Beagle dogs. Corresponding
superficial region, being in contact with certain
group of three electrodes, was stimulated for 15
seconds with biphasic, rectangular and current
pulses (2mA, 200us, 20Hz). The results showed
that group of three electrodes No. 7 elicited the
most acidic gastric juce within the stommach.
Namely, it was shown that stimulation lasting 15
seconds lowered the pH from pH1.6 down to
pH1.34. Results of this study clearly demonstrate
that internal organs can be selectively stimulated
via the selective stimulation of innervating
superficial regions of the autonomic peripheral
nerve.

Introduction

In the field of research considering the possibilities
in the application of functional electrical
stimulation (FES) of the autonomic nervous
system, interest is relatively big. This is evident
from the few, actually very good publications in
literature [1, 3, 7]. The left vagus nerve is an
important route of information into the CNS. One
of its main functions is to monitor and control the
activity of the internal organs and glands such as a
heart, lung, stomach, bladder and pancreas.
Accordingly, there is a revival of interest in the
influence of the vagal nerve fibres on these organs

[2].

The digestive system is innervated with nerve
fibres of both the sympathetic and parasympathetic
divisions, although the parasympathetic control
dominates. The parasympathetic system increases
digestive activity (secretion and motility), and the
sympathetic system has a net inhibitory effect. The
importance of the brain in regulation of upper
gastrointestinal function is an exciting and growing
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field within neuroscience (4). The research uses
multiple and varied approaches providing a
powerful tool for unraveling the complexity of
brain-gut interactions. It was demonstrated that the
key changes in metabolism that contribute to some
eating disorders are largely controlled by the
component of the autonomic nervous system
carried by the vagus nerve to the digestive organs.
The term ‘Vagus Nerve Stimulation’” (VNS)
generally refers to several different techniques
used to stimulate the vagus nerve. For practically
all studies in humans, VNS refers to stimulation of
the left cervical vagus nerve using various
commercial devices. By using the method of
selective  stimulation of the corresponding
superficial regions of the left vagus nerve, we
could could externally control the gastrointestnal
function.

The present study addressed the hypothesis that a
certain superficial region of the peripheral
autonomic nerve is composed mainly of fibres
innervating a single internal organ or gland. Our
study was aimed at the demonstration that the
selective stimulation of the autonomic nerve with
multi-electrode spiral cuff can be potentially used
as a method for external modulation of function of
the internal organs and glands. The main purpose
of the study was therefore to investigate whether a
39-electrode spiral nerve cuff could be used to
selectively stimulate the stommach of a dog via
selective  stimulation of the corresponding
superficial regions of the left vagus nerve [6].

Material and Methods

A cuff was made by bonding two silicone sheets
together. One sheet, stretched and fixed in that
position, was covered by a layer of adhesive. A
second unstretched one was placed on the adhesive
and the composite was compressed. When
released, the composite curled into a spiral tube as
the stretched sheet contracted to its natural length.

Thirty-nine electrodes (0.6 X 1.5)mm were made
of a 50um thick platinum ribbon and connected to
lead wires that were mounted on a third silicone



sheet. They were arranged in three parallel groups
each containing 13 electrodes. Then, thirteen
groups of three electrodes (GTEs) in the same line
in a longitudinal direction were formed. All
electrodes of the central and two outer groups were
connected to the corresponding lead wires. The
silicone sheet with the arranged electrodes was
then bonded on the inner side of the opened cuff.
The cuff with the inner diameter of 2.5mm and the
length of 18mm is shown in Fig. 1(1).
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Fig. 1. The 33-electrode spiral cuff (1) with the
subcutaneous common connector (2) and the
switch module (3).

Lead wires were connected to a special connector
to be implanted within the lateral subcutaneous
tissue for the time between the experimental
sessions. This connector, shown in Fig. 1(2), was
designed to enable both mechanical and electrical
connections to the switch module and to be also
used during the stimulating sessions.

The experiment was performed on two Beagle
dogs. All procedures were approved by the ethics
committee at the Veterinary Administration of the
Republic of Slovenia, Ministry of Agriculture,
Forestry and Food.

The  animals were  premedicated  with
medetomidine 40ug/kg im. and methadone
0.2mg/kg s.c.. The induction was performed with
propofol 1.0 to 2.0mg/kg i.v.. General anaesthesia
was maintained with isoflurane 0.8 to 1.5 vol.% in
100% O,. When necessary, during surgery
analgesia was sustained with ketamine 0.5 to
2.0mg/kg i.v.. Antibiotics (cefazolin 20mg/kg i.v.)
were administered perioperatively. According to
our model the cuff was installed on the left vagus
nerve at the neck. The leads of the cuff were routed
and fixated to the connector under the skin.
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Finally, the incision was closed and the animal
awakened. Analgesia during the early recovery
period was provided with methadone 0.3 to
0.5mg/kg s.c. TID. Tramadol 8.0mg/kg s.c. TID
was administered for additional two days. To allow
the animal to fully recover from anaesthesia and
tissue healing, the first experiment was performed
30 days after the implantation.

After taking the implanted common connector out
of the body, it was thoroughly cleaned and dried.
The connector and the wound were then covered
with self-adhesive surgical foil during the entire
experiment. To connect the common connector to
the outputs of the stimulator a special cable shown
in Fig. 1(3), was developed. The connection itself
was made simply by perforating the self-adhesive
surgical foil with the pins of the switch module and
inserting them into the common connector. The
switches of the switching module were
alternatively turned on so as to connect the
electrodes in the certain GTE to the stimulator. The
two outer electrodes of a certain GTE were short-
circuited and connected through an explanted
connector and the switching module to one end of
a electrical stimulator, while the corresponding
central electrode was connected to the other end.

The relative position of GTE closest to the
superficial region of the nerve innervating the
stommach was determined experimentally by
delivering stimuli to all 13 GTEs. Accordingly, all
superficial regions, innervating different internal
organs and glands, were selectively stimulated for
15 seconds with square-wave, biphasic, charge
balanced, current pulses (100us, 1.3 to 2mA,
20Hz). Each stimulation session was proceeded by
a pause of 5 seconds during which the existing
GTE was disconnected from the stimulator and the
next one was connected. When the stimuli were
delivered to the GTE No. 7, which was in contact
with the superficial region of the left vagus nerve
innervating the stommch, the pH within the
stommach fell on the lowest value. This GTE was
then indicated as relevant for the selective
stimulation of the stommach.

To measure the changes of pH within the
stommach a special lon Selective Field Effect
Transistor (ISFET) solid state pH Sensor Probe
(IQ240, Scientific Instruments, Inc., San Diego,
CA, USA.), was used [5]. The signal from the pH
meter was then delivered to a DigiPack 1200
(Axon Instruments), high performance data

acquisition system connected to a personal
computer. At the conclusion of the Ilast
experimental  protocol, the animals were

euthanized using the veterinary drug T61 (Hoechst,
Frankfurt, Germany).



Results

The results of the three year study, during which 8
experiments were conducted on two Beagle dogs,
show almost the same degree of selectivity in
stimulations of the stommach via the left vagus
nerves. We present the results obtained in the last
of four experiments conducted on the second
implanted animal.

The five records of responses elicited in the heart,
the lung and the stommach by the stimuli delivered
for 15s on the GTE No. 7 which was closest to the
region a innervating the stommach are presented in
Fig. 2. The trace No. 1, represents the change in
the pH within the stommach. As can be seen the
decrease in pH starting from pHI1.6 at the
beginning of stimulation to pH1.34 at the end of
stimulation. The trace No. 2, representing the
breathing frequency does not show any disturbance
in breathing during the stimulating period. The
trace No. 3, representing ECG, does not show any
disturbance in ECG during the stimulating period,
and, therefore the heart rate remained unchanged.
Similarly, left vagus nerve stimulation did not
induce any disturbance in the arterial pressure as
shown in the traces number 4.
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Fig. 2. Fig. 2. Physiological responses of the heart
represented by the arterial blood pressure (trace
No. 4) and ECG (trace No. 3), of the lung
represented by the breathing frequency (trace No.
2), and of the stommach represented by the pH
excursion (trace No. 1).

In Fig. 3, the response of the stommach on the
consecutive selective stimulation of the superficial
regions of the left vagus nerve using all thirteen
GTEs is represented. The results of pH
measurements showed that only GTE No. 7, which
was close to the region innervating the stommach,
caused a considerable fall of pH within the
stommach.
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Fig. 3. Physiological response of the stommach
represented by the changes in the pH, elicited by
the stimulation with the GTE No. 7.

Discussion

Gastric secretory studies combined with selective
vagal stimulation may be useful in patients with
suspected gastric hypersecretion. Furthermore,
gastroparesis is a condition in which the stomach
does not empty at a normal rate. One among causes
of chronic gastroparesis are neurologic disorders
affecting the vagus nerve. Nevertheless, intact
vagus nerve is considered necessary for
appropriate  gastric  emptying. Instead of
medications widely used to treat the illness, VNS
coud be potentially used as alternative method.
Therefore, it could be expected that the future
research efforts will be oriented towards to
identification of neural mechanisms coordinating
motility and secretion. Very important challenge
will be also identification the brain regions
mediating peripheral autonomic responses to
visceral stimuli arising in the gastrointestinal tract.
The long-range goal of our research, however, will
be to understand how the various branches of the
utonomic nervous system regulate the function of
the gastrointestinal organs and glands.
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DIFFERENT PARAMETERS FOR CHRONIC PUDENDAL NERVE STIMULATION
WITH PUDENDAL PERCUTANEOUS IMPLANT (PPI) RELATED ON
NEUROGENIC SITUATION

M. Spinelli, S. Malaguti, M. Lazzeri, G. Giardiello, L. Zanollo,J. Tarantola

Ospedale Civile "G.Fornaroli", Magenta, Italy

There have been several attempts to stimulate the pudendal nerve in order to achieve a
beneficial effect on multiple impaired pelvic functions such as urinary and/or fecal
incontinence, retention or constipation. During the last few years, physicians have tried
applying sacral neuromodulation to neurogenic patients and this was reported to have
inconsistent degrees of success.

Our original method for chronic pudendal stimulation (PPI) uses the same system for
minimally invasive sacral nerve stimulation (staged implant with tined lead), with the
possibility to implant a lead, close to pudendal nerve, under neurophysiological guidance.

Methods

Fifteen neurogenic patients (8 male, 7 female — mean age 38, 21-66) complaining symptoms
of urge incontinence due to neurogenic overactive bladder, underwent PPI which is performed
using neurophysiological monitoring to implant a lead into the Alcock’s canal close to the
pudendal nerve.

All patients were neurogenic: 8 non traumatic (6 myelitis, 1 syringomelia, 1 cerebellum
neoplasia), 7 had trauma (incomplete lesion at the cervical level in 3, at level D12-L1 in 2,
complete dorsal lesion in 2).

All patients were submitted to complete neurophysiological and urodynamic evaluation at
baseline and follow-up and were asked to fill out a bowel and voiding diary for 7 days.

After implant all patients were submitted to a weekly evaluation to set best parameters of
stimulation.

Results

Eight patients became continent during the screening phase and 2 patients improved by more
88% (from 9 to 1 daily incontinence episodes), 2 patients reduce by 50% the number of
incontinence episodes and 3 patients had no improvement.

Four out of the 7 patients with constipation increased weekly evacuations from 2.5 to 7. One
patient with associated fecal incontinence became continent.

Urodynamic evaluation showed objective improvement in maximum cystometric capacity and
in maximum pressure. Twelve patients implanted with permanent stimulator achieved
continence at the last follow-up (average follow-up eight months) although one of these was
explanted one month after IPG implant because of erosion of the skin at the site of the
connection between lead and extension cable.

Actually seven patients with myelitis uses a stimulation on demand (5 Hz) at appearance of
urge obtaining continence and increasing of time to go to the toilet (mean 45 minutes).

Three patients with cervical trauma obtain results with IPG on (15 Hz.) during the day and off
during the night. They use nocturnal stimulation only to obtain bowel voiding.

Two patients, one siringomielia and one complete dorsal lesion uses a continuous stimulation
(5 Hz.).
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Comments

The method of pudendal percutaneous implant under neurophysiological guidance seems to
be a new way in treatment of neurogenic overactive bladder, better than sacral nerve
stimulation. The procedure is safe and reversible.From these preliminary data, a strategic
issue is to find best parameters of stimulation and time of application of the therapy.

A continuous monitoring of results related on parameters is the way to achieve further
informations. Parameters setting seems related on neurophysiological baseline situation. A
multicentric protocol is going to start to obtain a larger experience.
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SPASTIC BLADDER AND SPINAL CORD INJURY.
17 YEARS OF EXPERIENCE WITH SACRAL DEAFFERENTATION (SDAF) AND
IMPLANTATION OF AN ANTERIOR ROOT STIMULATOR (SARS).

J. Kutzenberger, B. Domurath, D. Sauerwein

Clinic for Neuro-Urology, Werner-Wicker-Hospital, Bad Wildungen, Germany

Abstract

Introduction: Spinal cord injured patients with a
suprasacral lesion usually develop a spastic
bladder. The hyperreflexia of the detrusor and the
external sphincter causes incontinence and
threatens those patients with recurrent urinary tract
infections (uti), renal fallure and autonomic
dysreflexia. All of these severe disturbances may
be well managed by sacra deafferentation (SDAF)
and implantation of an anterior root stimulator.
Material and Method: 464 paraplegic patients
(220 female, 244 male) received a SDAF-SARS
since Sept. 1986 to Dec. 2002. Almost exclusively
the SDAF was done intraduraly, which means
with one operation field there can be done two
steps (SDAF and SARS).

Results: 440 patients have a follow-up with 6.6
years (at least > 6 months-17 years). The complete
deafferentation was successful in 94.1%. 420
paraplegics may use the SARS for voiding,
(frequency 4.7 per day) and 401 use it for
defecation (frequency 4.9 per week). Continence
was achieved in 364 patients (83%). UTI declined
from 6.3 per year preoperatively to 1.2 per year
postoperatively. Kidney function presented stable.
Early complications were 6 CSF leaks, 5 implant
infections. Late complications with receiver or
cable failures made us do surgical repairs in 34
paraplegics. A step by step program for trouble-
shooting differentiates implant failure, myogenic
or neurogenic failure.

Conclusion: SDAF isableto restore the reservoir
function of urinary bladder and to achieve
continence. Autonomic dysreflexia disappeared in
most of the cases. By means of an accurate
adjustment of stimulation parametersit is possible
to accomplish low resistance micturition. The
microsurgical technigque requires an intensive
education. One hasto be able to manage late
implant complications.

I ntroduction

After gpinal cord injury with subsequently
complete suprasacral lesion there amost obligatory
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develops a hyperreflexia of the bladder and the
external sphincter (detrusor-sphincter-dyssynergia
DSD). The conal parasympathetic and
somatomotoric reflex-center has lost its controlling
function by the pontine micturition and storing
centers. The hyperreflexia impairs the reservoir
function of the urinary bladder. The DSD causes a
high resistance against micturition, which may
only take place with either increased pressure.
Those paraplegic patients suffer from reflex
incontinence, recurrent urinary tract infections
(UTI), autonomic dysreflexia and finaly they are
threatened by failure of kidney function.
Conservative treatment not infrequently fails; such
as the sphincterotomy, which is supposed to alow
areflex-voiding with low resistance, or such as the
anticholinergic therapy or the botulinum-toxine
injection into the detrusor-muscle and the
intermittend (self)-catheterism. There had to get
developed a long term therapy: the sacrd
deafferentation (SDAF) and the anterior root
stimulation (SARS). The idea for the sacra
deafferentation was the complete transsection
(Sauerwein) of those afferent dorsal roots S2 to S5
1,[2],[3]. Thus there was restored a normal
reservoir-function and urinary continence by
interrupting the relex activity. The second step
with the implantation of the anterior root
stimulator enables paraplegics to void voluntarily
by means of an external transmitter. G.S.Brindley
[4], [5] developed the implant and external device
(1969-1978) (Fig.1)

Fig. 1: Theintradura implant, the external
transmitter and the charging device



Material and M ethods

There was done the SDAF and the implantation of
the SARS in 464 paraplegic patients, 220 females
and 244 mades, since September 1986 and
December 2002. The procedure took place almost
exclusively intradurally. That way it was possible
to do both steps, the SDAF and the SARS as well
within one operation field.  The intradural
deafferentation requires microsurgical techniques.
An intraoperative urodynamic and arterial blood
pressure registration alows to distinguish the
dorsal and anterior roots by electro stimulation
with 10V and 30Hz (Fig. 2). Electro stimulation of
the anterior root provokes a detrusor contraction
and a accompanying somatomotoric reaction

(plantar flexion and contraction of the anal
sphincter ($4), S3; contraction of m. gluteus
medius), whereas the dorsal roots may only show
an increase of blood pressure.

\ A
AL "al
Fig. 2. Intraoperative electro stimulation

Within the first 7 day postoperatively there is done
an urodynamic examination, which reveals the
successful complete deafferentation and the
program of the externa transmitter can be set.
Patients can now start to void and defecate by
anterior root stimulation. The micturition by
SARS is a post-stimulus voiding. Because of the
quick relaxation of the striated muscles of the
pelvic floor at the end of the stimulus, voiding
takes place with low resistance (Fig. 3).
Stimulation of S2 may be used for the erection in
men and lubrification of the vaginain women.

Results

Clinical und urodynamic findings Sept. 1986 —
Sept. 2003
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440 patients are still in a continuous follow-up for
a mean time of 6.6 years (at least more than 6
months up to 17 years). SDAF was completely
successful in 419 patients (94.1%) with a stable
reservoir-function and a mean capacity of 470ml
(173ml preoperatively). In 8 patients there had to
be done a second deafferentation at the conus in
order to achieve a complete interruption of
hyperreflexia. Continence was achieved in 364
patients (83%), in 22 patients by means of the
additional implantation of an artificial sphincter.
420 paraplegics are able to void voluntarily by
SARS with a daily frequency of 4.7 and 401
paraplegics are able to use SARS for defecation
with a frequency of 4.9 per week. UTI diminished
from 6.3 per year preoperatively to 1.2 per year
postoperatively.  The kidney-function did not
change, in deed it did not deteriorate. The
autonomic dysreflexia disappeared in all 187 cases
but two.

Fig. 3: Mictiogram: Low resistance micturition
with additional artificial sphincter

Complications
Early

Six cerebrospinal fluid leakages required a surgical
revison with no further complication. Five
infections on the implant (1%) made us to do an
explantation. In 3 cases it was possible to restore
the function by reimplantation of an extradural
device 6 months later. Two wound dehiscences



required a surgical revision and two haemorrhages
did not need any further consequences.

Late

More often there happen late complications related
to the implant. Failures of SARS may be caused
by a defect of the external transmitter, a defect of
the implant or by neurogenic or myogenic
deterioration. Defects of the transmitter can be
found by checking the function with a “flasher”.
All the other failures require an exact exploration
of micturition history and a video-urodynamic, but
in order to diagnose a neurogenic or myogenic
damage a transrectal €electro stimulation with
simultaneous cystometry is necessary additionally.
70 defects of the implant (16%) were detected,
although not al of them resulted in a loss of
function. But in 34 cases implant repair surgery
was necessary (exchange of the receiver 16,
exchange of the receiver and cable-repair 5, cable
repair 4, extradural implant 9). Myogenic damage
because of over distension requires CIC for weeks
or months, neurogenic failures do happen very
seldom and require CIC for ever.

Conclusion

SDAF interrupts the spastic activity of the urinary
bladder in paraplegics. By means of this surgical
method a normal reservoir-function is restored.
The organ is preserved. These paraplegic patients
regain safe urinary continence in most of the cases.
Micturition is voluntary by an implant and an
external transmitter. High morbidity because of
recurrent UTI, failure of kidney-function and
autonomic dysreflexia disappears. An accurate
adjustment of stimulation parameters alows a
post-stimulus voiding with low resistance.

The microsurgical technique requires an intensive
education. The intradura way offers a second
Chance for the deafferentation in case of an
incomplete deafferentation with re-entry of a
hyperreflexia and there is a second chance for a
new extradural implant in case of necessary repair.
In order to take care of late implant complications
a highly efficient trouble-shooting is mandatory.
Implant failures can be repaired.

Implants with cable-plugs could make repair
procedures  easier. Development of
microelectronic devices without cables could help
to avoid implant complications.

Nevertheless the satisfaction of our paraplegic
patients with the outcome after SDAF and SARS is
very high and they improve in independence and in
quality of life.
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ELECTRICAL STIMULATION TO INDUCE PROPULSIVE CONTRACTIONSIN THE
DESCENDING COLON OF THE PIG

C. Sevcencu***, N. J. M. Rijkhoff*, H. Gregersen***, T. Sinkjaa*

* Center for Sensory-Motor Interaction, Aalborg University, Denmark
** Center for Visceral Biomechanics and Pain, Aalborg Hospital

Abstract

Electrical stimulation of the colon can improve
transit in slow transit constipation, or enable
controlled emptying in colostomy patients.
Preliminary studies showed that sequential
stimulation of consecutive colon segments induced
serial contractions resulting in colonic propulsion.
This study was performed to optimize the
stimulation parameters. The active sites of the
electrodes were inserted under the serosa of the
descending colon of pigs. Charge balanced
rectangular pulses at 10 Hz were delivered in
consecutive  sessions.  Electrically  evoked
contractions (ECs) were monitored using
impedance planimetry and manometry. The
luminal pressure and cross-sectional area (CSA),
the latency and velocity of CSA decrease, and the
wall tension were compared for ECs induced using
3 mspulsesof 9, 12, 15 and 30 mA. When using 15
mA, ECsinduced by 0.03, 0.3 and 3 ms long pulses
were compared. A current increase from 9 to 30
mA induced a significant increase of the pressure
generated by contraction. The increase of pulse
duration from 0.03 to 3 ms resulted in shorter
latency, faster contraction, higher pressure and
higher wall tension. It is concluded that, at a
frequency of 10 Hz the best combination of
current and pulse duration to elicit propulsive
contractions in the descending colon of pigs is 15
mA and 3 ms.

I ntroduction

After resection of the distal part of the colon due to
various colonic diseases, a colostomy is common
practice. Patients with a colostomy have no control
over the evacuation of the colon content.
Currently, they have to wear a colostomy bag, or to
perform irrigation procedures in order to empty the
colon. An aternative for emptying the colon could
be the use of electricaly induced colon
contractions. In addition, electrical stimulation of
the colon could accelerate transit in slow transit
constipation (STC).

Several authors reported successful results with
electrical stimulation of the gastrointestina tract to
improve gastric emptying [1] and to induce
propulsive contractions in the small intestine [2].
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Colon transit could aso be improved in spinalized
cats by stimulation of the colon wall [3], and semi-
fluid content was propelled by sequential
stimulation of the descending colon in dogs [4].
Our experiments in rats showed that sequential
stimulation of consecutive colon segments induced
displacement of a solid bolus over the length of the
stimulated region [5], and preliminary studies
indicated this was also possible in pigs [6]. Several
authors have shown that electrical stimulation of
the intestinal wall using amplitudes of 20 to 50 mA
and pulse duration of 10 to 50 ms may result in
thermal or electrolytic injuries of the tissue
surrounding the electrodes [2]. In addition, high
stimulation amplitudes and long pulse durations
are power consuming, which may be a drawback if
a fully implantable stimulation system is used.
Therefore, the aim of the present work was to find
the lowest values for the stimulation amplitude and
pulse duration to induce propulsive contractions in
the descending colon of the pig.

Material and M ethods

Surgical procedures. Five female pigs, 40 — 50 kg
weight, were used in accordance with an
experimental protocol approved by the Danish
Anima Welfare Committee. After anesthesia was
induced, the colon was exposed and emptied by
irrigation with warm saline.

Electrodes positioning and stimulation pattern.
The electrodes were made of Teflon insulated
multistranded stainless steel wires (0.4 mm
diameter, AS634 Cooner Wire Inc. Chatsworth,
CA). The deinsulated sites of 9 electrodes (e1-€9 in
Fig. 1) were inserted under the serosa of the
descending colon. The most distal electrode (€9)
was located about 6 cm oraly to the rectum, and
the distance between 2 neighboring electrodes was
of 2 cm. After a 30 min resting period, the colon
was stimulated sequentially with charge balanced
rectangular pulses generated by a NoxiTest
stimulator (NoxiTest Biomedical A/S, Aalborg,
Denmark). Several stimulation series were applied
on each colon. A complete stimulation series
consisted of 8 consecutive sessions (S1-S8 in Fig.
1). Thefirst stimulation session S1 used electrodes
el and €2, and elicited contraction in the colon
segment delimited by the electrodes. After the
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Data analysis. To characterize the colon
contractions, the following parameters
were measured or calculated:

- the latency of contraction, defined as

Br the time interval between stimulation
o\ essure offset and the start of the contraction;
transducer - the CSA decrease;

the mean velocity of CSA decrease;
the luminal pressure change, as percent

change relative to the baseline value

(the pre-contraction pressure).
- the active tension (T, of the colon

contractile response, stimulation session S2
followed, and contraction in the second stimulated
segment was evoked. Based on visua control,
stimulation continued in this way until al of the 8
segments had been stimulated. Each stimulation
session lasted for about 10 s. To investigate the
effects of current amplitude on the contraction
characteristics, contractions induced using 9, 12,
15 and 30 mA, 3 ms, 10 Hz pulses were compared.
In order to investigate the effects of pulse duration,
contractions induced using 15 mA, 0.03, 0.3 and 3
ms, 10 Hz pulses were compared as well.

Data acquisition. The contractions evoked in the
proximal part of the stimulated colon were
monitored using impedance planimetry and
pressure recording (Fig. 1). Through a small
incision in the colon wall, a polyurethane balloon
(7 cm long, 3 cm in diameter) was placed inside
the colon lumen. The balloon was mounted on a
probe with 2 excitation electrodes (E) and 2 pairs
of detection electrodes (D). A volume of 30 ml
sdine was injected in the balloon through an
infusion channel. The excitation electrodes were
supplied with an AC current of 0.1 mA at 10 kHz.
Cross-sectional areas CSA1 and CSA2 at the
detection sites were estimated based on Ohms law.
The detection sites were 2 cm apart, each at a
distance of 2 cm from the neighboring excitation
electrode. The probe was positioned so that the
first detection site was located between el and €2,
and the second detection site between e2 and e3
(see Fig. 1). The pressure (P) inside the balloon
was aso measured. Data acquisition and
processing was performed using the software
package Openlab (GMC, Horndet, Denmark).

wall. The wall tension was calculated

Saline according to the law of Laplace for
Current cylindrical structures as: T = Pr, where
source T is the wall tension, r is the balloon

?1
Switchboard

Fig. 1. Experimental setup (see text for explanations).

radius, and P is the pressure. The total
tension (T,), was calculated considering
the post-contraction radius and
pressure. The passive tension (T,), was
caculated considering the pre
contraction radius and pressure. The T,
which expresses the contribution of the
smooth muscle contraction, was calculated as: T,
= Tt - Tp.
The values are expressed as means + SEM. They
were statistically compared using 1 Way ANOVA.

Results

1. Electrically induced colon contractions
Electrical stimulation by 9 to 30 mA, 0.03 to 3 ms,
10 Hz pulses induced local contractions that started
aiter the dimulation offset (“off” type
contractions). Contractions developed between the
electrodes, and were similar in all of the stimulated
segments. Irrespective to the current amplitude or
pulse duration, the CSA decreased by similar
magnitude during the evoked contractions. When
stimulation was applied in consecutive sessions
S1-S8, serial contractions were induced and
coordinated along the 16 cm long stimulated colon
segment.

2. Effects of current amplitude

Latency (Fig. 2A): Contraction started 1.8t0 2.5 s
after the stimulation offset. The latencies were
similar for contractions induced by different
current amplitudes.

Velocity of CSA decrease (Fig. 2A): The velocity
of CSA decrease was 20.8 to 24.9 mm?s. No

significant difference was present between
contractions induced by different current
amplitudes.

Pressure increase (Fig. 2B): As compared to the
pre-contraction value of 164 + 1.2 cm H,0,
pressure increased by 15+ 2 %, 27+ 5%, 40 + 8
% and 39 + 12 % in contractions induced by 9, 12,
15 and 30 mA pulses, respectively. Significant

219



A) Latency and velocity of CSA
decrease — effects of current amplitude

Pl

e

—+— Latency g Velocity

10 15 20 5 30

(&)]
|

>
BB OB 8

Latency [g]
N w
5
Velocity of CSA decrease
[mm2/s]

=
t
[é)]

o
o

o
!

Current [mA]

B) Pressure and tension devel opment
— effects of current amplitude

8 B 8 & 8

from baseline vdue

—4— Rressure —g— Tersion

S B B8 & 8 8

Pressure - %increase

o

2

6]
B 4
&

Qurrent [mA]

- %increase from

Tension[Nml

Pressure

C) Latency and velocity of CSA
decrease — effects of pulse duration

6 +30
5 | +25
4 Lo 8
o of
£, O 7
33 +158x
c €
%2 wBE
547 e
o
1 , 15 2
—¢— Latency g Velocity S
0 : : o2
0.01 01 1 10
Pulse duration [ms]
D) Pressure and tension development
5. — effects of pulse duration - ®
0] 150
140
g 30 =
3 1302
22, 5
'_
= 104 _ L 10
¢ Pressure g Tension
0 ; ; 0

0.01 01 1 10

Pulse duration [ms]

Fig. 2. Effects of current amplitude (A and B) and pulse duration (C and D) on the parameters of the
electrically induced colon contractions.

differences were present between contraction
induced by 9 mA pulses, and those induced by 15
and 30 mA pulses, respectively (p < 0.05 for both
of the differences).

Active tension (Fig. 2B): The wall tension was
between 22 to 43 N/m. No significant difference
was present between contractions induced by
different current amplitudes.

3. Effects of pulse duration

Latency (Fig. 2C): The latency of contraction
induced by 0.03 ms long pulses was 3.7 £ 1.1 s.
Shorter latencies preceded contractions induced by
0.3 (with 1.3 s, p < 0.05) and 3 ms long pulses
(with1.6 s, p <0.05).

Velocity of CSA decrease (Fig. 2C): The velocity
of CSA decrease in contractions induced by 0.03
ms long pulses was 2 and more than 3 times
smaller as compared to that in contractions induced
by 0.3 and 3 ms long pulses, respectively (p <
0.01). In contraction induced by 3 ms long pulses,
the velocity of CSA decrease was by 9.7 mm?/s (p
< 0.05) larger than that during contraction induced
by 0.3 mslong pulses.

Pressure increase (Fig. 2D): The pressure increase
in contraction induced by 0.03 ms long pulses was
less than half of that generated by contraction
induced by 0.3 ms long pulses (p < 0.05) and 4
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times smaller than that generated by contraction
induced using 3 ms long pulses (p < 0.001). The
pressure increase in contraction induced by 3 ms
long pulses was by 68 % larger than that in
contraction induced by 0.3 ms long pulses (p <
0.05).

Active tension (Fig. 2D): Contractions induced by
0.3 and 3 ms long pulses generated 5 (p > 0.05)
and 10 (p < 0.05) times larger wall tension than
that generated by contraction induced by 0.03 ms
long pulses.

Discussion

This study shows that electrical stimulation of the
descending colon in pigs by 9 to 30 mA, 0.03to 3
ms, 10 Hz charge balanced rectangular pulses
evokes “off” type local contractions. By sequential
stimulation of consecutive colon segments, the
serialy induced contractions could be coordinated
to result in a peristaltic-like activity along the
stimulated colon. Consistent with our results, “off”
contractions of intestinal muscles were induced by
others, either when electrical stimulation was
applied on muscle strips [7], or when stimulation
of the intestine wall was performed in vivo [2].

With respect to the monitored local contractions, a
current increase from 9 to 15 mA resulted in 3-fold



increase of the generated luminal pressure. Since a
30 mA current did not further increase pressure, 15
mA is probably the optimum amplitude to generate
maximum segmental pressure in the colon of pigs.
When using 15 mA pulses, an increase of pulse
duration from 0.03 to 3 ms reduced latency, and
increased the velocity of CSA decrease, the
luminal pressure and the wall tension generated by
contraction. Most likely, the increase of current
and pulse duration results in the activation of a
larger number of circular muscle cells, possible
due to recruitment of a larger number of enteric
excitatory fibers innervating the muscles. This
expands the contracting colon region, which results
in larger pressure generated by contraction. As a
result, wall tension increases as well. At the same
time, the longer the pulse duration, the more cells
are activated simultaneously, and this accelerates
contraction. While larger luminal pressure and
wall tension results in larger propulsive force,
shorter latency and faster contraction results in
faster propulsion.

In conclusion, for a frequency of 10 Hz and a
stimulation duration of 10 s, the best combination
of pulse amplitude and duration to induce fast
contractions in the descending colon of pigs is 15
mA and 3 ms. By comparison, Bruninga et al. [3]
improved colon transit in cats by stimulation the
colon wall for 60 s with 25-35 mA, 40 Hz, 1 ms
long pulses, and Hughes et a. [8] dlicited emptying
contractions in dogs by stimulation of the colon for
120 swith 30-35 mA, 10 Hz, 0.5 ms pulses. Lower
values for the stimulation parameters were used in
this study, and this is an advantage with respect to
the power supply if a fully implantable system
could be used for colon stimulation.
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SIMULATION OF THE STS TRANSFER USING A MLP WITHOUT EMBEDDED INTERNAL
FEEDBACK

Mehran Emadi, Fariba Bahrami, M. J. Yazdanpanah

Control and Intelligent Processing Center of Excellence (CIPCE), University of Tehran

Abstract

In FES-controllers developed based on a tracking
approach, the desired movement in a specified
space (e.g., trajectories of the joint angles) is used
as the input of the controller. In answer to the
guestion how the desired movement for each
particular subject should be defined, a new method
has been developed to generate the subject-
dependent trajectories of the joint angles during
the sit-to-stand (STS) movement.

Introduction

Many researchers have been worked on the
prediction of the STS (e.g., [1]-[3]). In most of
these works, the movement is predicted by
applying different optimization algorithms with
different object functions. Moreover, body-skeletal
dynamics is described by applying movement
equation for different links (depending on the
degree of freedom used in the model). One of the
important questions in these methods is to find a
suitable trade-off between the exactness of the
mathematical model and the complexity of the
calculations. The un-modeled dynamics is another
question to be answered in the model-based
methods. Considering all of these questions, in this
work an algorithm is proposed that is based on the
nonlinear characteristics of the artificial neural
networks (ANN). A Multi Layer Perceptron (MLP)
with one hidden layer including 42 neurons was
implemented. Using this method, reconstructed
joint angle trajectories had errors of less than 4%.
Moreover, in comparison with a model-based
algorithm which uses a mathematical description
of the body-skeletal dynamics, this method
predicts the flexion of the upper body before
leaving the seat more accurately.

Material and Methods
Model

To define the movement pattern, the body skeletal
system was simplified to a rigid three-link model
in the sagittal plane. The links represent the
shanks, thighs and upper body. Thereby, ankle,
knee and hip joint angles plus the length of each
link describe uniquely the body-state at each
moment in the sagittal plane.
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The Neural Network

An MLP with one hidden layer including 42
neurons was implemented. Activation function of
the hidden layer was sigmoid and activation
function of output layer was linear. The input data
for the MLP network are the limb lengths and the
body height and weight, and given initial and final
body states (initial sitting position and the final
standing posture). These values are derived from
recorded STS tasks performed by 6 subjects.

Outputs of the implemented MLP are the
coefficients of the Fourier Half Amplitude Cosine
Expansions (FHACE) of the joint angles.
Trajectories of the joint angles are reconstructed
with the help of these coefficients (see Fig. 1).
During the learning process, the calculated error
between the desired joint angles (obtained from
recorded movements) and the reconstructed ones
are fed back to the MLP (global feedback). In
usual approaches, an internal feedback in the body
of the MLP implements the dynamics of the
modeled systems. Since the coefficients of the
FHACE describe the inherent dynamics of the
body-skeletal system, we could avoid the feedback
in the body of the MLP. Back propagation (BP)
method was used to get the optimized weights for

the MLP.
>
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Fig. 1: Implemented MLP system with the global

feedback used in the process of learning. Where, ¢, (t)
is the kth joint angle at time t and ¢, (t) is the estimated

kth joint angle; and k=1 for the ankle joint, k=2 for the
knee, and k=3 for the hip; a is the ith coefficient of
FHACE of the measured kth joint angle and &, is the ith

estimated coefficients.



Learning Data

The STS movement of six healthy subjects has
been recorded. Each subject repeated the task 20
times. 16 out of 20 movements of each subject
have been used for the learning process of the
MLP. Input data was normalized between 0 and 1.

Results

After completing the learning process, the recorded
movements, which have not been used during
learning procedure, were applied as recall ones.
Using this method, maximum error of the
reconstructed trajectories was less than 4% (Table

1.

The implemented system has been used to predict
the movement of a subject whose data were not
used in the process of the learning. The resulted
movement had a satisfactory similarity to the
measured one. The maximum errors are depicted in
Table 2.

Table 1: Percentage of the maximum error of the
predicted trajectories. The values of the maximum
errors are averaged over six subjects.

Training Recall
Maximum - -
Error Ankle | Knee | Hip Ankle | Knee | Hip
4.0 3.7 1.8 3.9 3.6 2

Table 2: Percentage of the maximum error of the
predicted joint angle trajectories for a new subject.

New Subject
Maximum Error -
Ankle Knee Hip
5.6 10.2 5.1

Our results indicate that the prediction of the ankle
and knee joint angles was accomplished with a
higher rate of the error relative to the hip joint
angle.

Stability of the predicted movement after leaving
the seat (i.e., the position of the center of pressure,
COP, under the two feet) was investigated. For all
of the predicted movements COP was under the
feet.
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Discussion

One of the important features of this method is the
application of the FHAC expansion. This helps us
to be able to implement a global feedback during
the learning process, which reduces the complexity
of the system. It should be recalled that the internal
feedback increases the dimension of weight matrix
in a MLP network, which in turn means more
complexity.

In comparison with a model-based algorithm,
which used an explicit mathematical description of
the body-skeletal dynamics (e.g., [1], [2], [5], and
with a maximum error of the predicted hip angle of
10.5%), this method predicted the flexion of the
upper body before leaving the seat more
accurately.
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PRESENT STATUS OF HEARING ELECTRICAL ACTIVATION.

Chouard C

Paris VI University ENT, France

Since Graham Bell, deafness improvement depends on electrical activation, which
successively provided external ear, then inner ear, and recently ossicular chain in the middle
ear with sound frequency information, as a function of progress in electrical management and
transducers miniaturization.

Presently 3 types of auditory prosthesis are available:

1- external (or conventional) hearing aids, which selectively amplify the sound different
frequency bands of the auditory canal air column;

2-cochlear implants, which supply the different frequency parts of the cochlear keyboard with
specific electrical stimulation, depending of each frequency bands of the sound;

3- middle ear implants, which directly mobilize the ossicular chain using an implanted
miniaturized vibrator.

To-day the respective indications of these 3 prostheses clearly depend on the deafness
parameters. The next future device will probably be the marriage of middle ear and cochlear
implants.

This poster reflects the thirty years author's experience in surgical and electronic deafness
management.
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MUSCLE FUEL SELECTION IN GOVERNING PREFERRED RATES OF
MOVEMENT: A MOTOR CONTROL ISSUE

Herman R %, Willis W 2.

Banner Good Samaritan Medical Center, Phoenix, AZ, USA (1)
Department of Kinesiology, Arizona State University, Tempe, USA (2)

The time-honored concept regarding the coincidence between minimization of energy cost
(e.g., O2 cost of transport) and preferred rates of walking is not generalizable to all forms of
locomotion. The difference between the minimum aerobic demand at the preferred rates of
movement and the aerobic demand at higher/lower rates may be as low as 10%. Can such a
limited decrease in aerobic demand describe such a global influence on motor control? Is O2
enough to describe energy consumption, given that both O2 AND fuel consumption pathways
are necessary components for aerobic metabolism?

In able-bodied humans, we observed O2 cost of transport and fuel consumption during
treadmill and overground walking at various rates and walking conditions.

Under normal locomotion conditions, while O2 cost at 2 (53.6 m/min) and 4 (107.3 m/min)
mph was always < 10 % higher than the nadir of O2 cost of transport at the preferred speed at
3 mph (80.5 m/min), the carbohydrate (CBO) oxidation rates were > 10 fold over this range of
speeds. Minimizing effort correlated with minimizing CBO oxidation (i.e., to the level of
gluconeogenesis) under all conditions. The inflection point of the exponential curve between
CBO oxidation and speed was always at the level of preferred speed.

At higher rates of walking (>3 mph), when increasing sense of effort correlated robustly with
increasing CBO oxidation and poorly with fat oxidation, CBO-induced fall in cellular energy
in skeletal muscle may provide important inputs into the CNS during walking.

These signals ensure that the CNS selects a walking speed with minimal CBO demand, thus
maximizing metabolic range of motor activity and sparing CBO fuel for emergency burst
activity. Thus humans self-select (“prefer”) a walking speed that can supported almost
exclusively by fat combustion. Apparently, the motor control system attempts to control CBO
oxidation to gain economical advantage.

Author’s Address

Richard M Herman, Research Director
Banner Good Samaritan Medical Center
1111 E. McDowell Rd

85006 Phoenix Arizona US

e-mail: richard.herman@bannerhealth.com

227



ANALYSISOF CALCULATED ELECTRICAL ACTIVATION OF
DENERVATED MUSCLE FIBRESIN THE HUMAN THIGH

J. Martinek*, M. Reichel*, F. Rattay**, W. Mayr*

* Department of Biomedical Engineering and Physics, Medical University of Vienna, Austria

** TU-Biomed, Vienna University of Technology, Austria

Abstract

Finite difference models of the human thigh are
used to analyse the excitation process in the fibres
of denervated skeletal muscles in conjunction with
Functional Electrical Simulation (FES via
surface  electrodes. The Matlab  Tool
“FES-Analyze® was developed to simulate and
analyse the super-threshold regions in a human
thigh. Action potential is simulated with a muscle
fibre model of the Hodgkin Huxley type and with a
generalised form of the activating function.

I ntroduction

To achieve excitation of denervated muscles with
Functional Electrical Stimulation (FES) it is
necessary to use rectangular biphasic stimulation-
impulses with, compared to nerve stimulation,
longer pulse duration and higher amplitude.
Numeric simulation could be one possibility to
find the best stimulation parameters (pulse
amplitude, pulse duration, shape and position of
the electrode,...) for the treatment of paraplegics.

Material and M ethods

Starting from a 3D model of the human thigh [2], it
is possible to calculate the distribution of the
electrical field during FES with the method of
finite differences, which is based on computer
tomography data [3]. To examine and optimise the
influences of the electrode positions and the
simulation parameters, the calculated electric field
is andysed by means of the tool “FES-
ANALYZE” [4], which was developed with
MATLAB GUIDE (Fig.1).

The analysis is based on a model of a denervated
muscle fibre, which is applied to every point of the
musculature in the electrical field [5]. The effect of
the distribution of the electrical potential is
determined with two forms of the activating
function [4,6,7]. On the one hand the end of the
muscle fibre is considered, using the first order
gradient for the evauation of the potentia
distribution (“first order activating function” —
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AF1). On the other hand the central part of the
muscle fibre is considered, using the second order
gradient and the gradients of its neighbours in the
muscle fibre to calculate the activation (“second
order activating function” — AF2).
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Fig.1: graphic user interfface of FES ANALYZE;

representation of the first order activating function in
the length section;

With “FES-ANALYZE” it is possible to compare
the stimulation at the end of the muscle fibre with
the stimulation at the central part of the muscle
fibre, both in cross and longitudinal section, as
well as the observation of the effect of different
impulse’'s intensities and lengths during FES. The
results are displayed qualitatively in the cross and
longitudinal sections, as well as quantitatively in
the percentage of the muscle’ s total volume.

Results
Electrical Field

As an example, the electrical field during
FES (Fig. 2) with a pulse duration of 20 ms and an
amplitude of 80 V and both activating functions in
a human thigh were calculated (Fig.3). The
rectangular (8x10 cm) electrodes were fixed in the
centre of the human thigh. The edge to edge
distance of the electrodes is 8 cm. The electrical
field was produced with FES and is displayed by
equipotentia lines (distance 8V). In this simplified
example the direction of the straight muscle fibres
is assumed to be parallel to the length axis of the
thigh.



Fig. 2: Calculated electrical Field produced by FES in
length section (left) and cross section (right); distance
between equipotential lines approx. 8V;

For further visualisation of the results a central
length section is used. The activated parts of the
muscle are shown in the pictures as coloured area.
Muscle fibres are assumed to be stimulated if they
have at least one of their endings in the coloured
regions. The percentage of the activated area is
calculated for each muscle separately (e.g. 5 % of
guadriceps means, that 5 % of the quadriceps are
activated) (Fig. 3-7)

Activating Functions AF1 and AF2

Fig. 3: Visudisation of the activated sections in the
thigh using “ Standard Values® of pulse duration (20 ms)
and amplitude (80 V); AF1 — stimulation at the end of
the muscle fibre; AF2 — stimulation at the central part of
the muscle fibre;

Simulating with “standard values’ of the pulse
duration (20 ms) and the amplitude (80 V), one
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discovers that the main part of the activation takes
place at the end of the muscle fibre (AF1) (Fig. 3).

Fig. 4: Visualisation of the activated sections looking at
the AF2 (central part of the muscle fibre) using a very
long pulse duration (100 ms) and a very high amplitude
(200 V);

To obtain activation at the central part of the
muscle fibre higher amplitudes and longer pulse
durations of the stimulation pulses are needed

(Fig. 4).
AF1 - Varying pulse duration and amplitude

Because the main part of the activation takes place
at the end of the muscle fibre, the influences of
shorter / longer pulse duration or higher / lower
amplitude will only be shown for the AF1.

100 ms/ 80V

80ms/ 80 V

Fig. 5: AF 1; Visualisation of the activated sections in
the thigh while varying the duration of the stimulation
pulse;
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Fig. 6: Percentage of activated muscles in the thigh,
quadriceps and hamstrings while varying the duration of
the stimulation pulse;

Examining the activation at the end of the muscle
fibre (AF1), one discovers that mainly the area
between the electrodes is activated. With longer
duration (Fig. 5 and Fig. 6) or higher amplitude
(Fig. 7 and Fig. 8), the area below the electrodesis
activated as well and the activated area reaches
deeper into the thigh.

One of the aims of FES is to achieve an extension
of the knee. Thereforeit is necessary to activate the
quadriceps, which leads to an activation of the
muscle and to an extension of the knee. Activating
the hamstrings - the antagonists of the quadriceps -
would be contra-productive and therefore it is
necessary to avoid activation of large amounts of
the hamstrings.
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Fig. 7: Percentage of activated muscles in the thigh,
guadriceps and hamstrings while varying the amplitude
of the stimulation pulse;
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20ms/ 40 V

20ms/1V

20ms/ 80 V 20ms/ 120 V

20 ms/ 200 V

20 ms/ 160 V

Fig. 8: AF 1; Visualisation of the activated sections in
the thigh while varying the amplitude of the stimulation
pulse;

AF1 - Varying the position of the electrodes

lcm

4cm

Fig. 9: AF 1; Visualisation of the activated sections in
the thigh while varying the distance of the electrodes
(20ms/ 80 mV);

The electrodes are rectangular (8x10 cm) and were
fixed in the centre of the human thigh. The distal
electrode is fixed near the knee and the proximal
one in varying distances to the dista electrode
(Fig. 9 and Fig. 10).
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Fig. 10: Percentage of activated muscles in the thigh,
quadriceps and hamstrings while varying the distance of
the electrodes;

Discussion

The application FES ANALYZE was developed
for an evaluation of the electrical field at FES in
the human thigh of paraplegics. Based on the
distribution of the electric potential in a muscle
fibre it is possible to calculate the AF1 and the
AF2. AF1 describes the conditions only in the first
and the last segment of a muscle fibre and AF2 the
conditions in the central part of the muscle fibre.

It is demonstrated that the main part of the
activation isinitiated at the end of the muscle fibre
(AF1). For activation at the central part of the
muscle fibre (AF2) much higher voltages and
longer durations of the stimulation impulse are
needed.

With the “standard values’ of pulse duration (20
ms) and amplitude (80 V) the hamstrings are only
activated in a small part. Therefore nearly no co-
contractions are expected and the stimulation
causes a contraction of the quadriceps and thus an
extension of the leg.

Increasing the distance between the electrodes
leads to a larger amount of activated musclesin the
thigh, because mainly the muscles between the
electrodes were activated.
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Abstract

The current density through layers with different
electrical features in the head of a pig during electric
stunning was calculated and visualised with an FEM
computer program. The anatomic model of the pig’s
head was transferred to the computer programme
Ansys. Ansys offers the possibility of calculating the
current density between electrodes in any position
using the mathematical ’Finite Element Method™
(FEM) model. After calculation the current density
distribution can be visualised in planes in any
direction through the pig’s head. The simulation
confirmed the common practice of positioning the
electrodes for electric stunning.

Introduction

German animal protection legislation demands that
animals must be stunned before slaughtering.
Electric stunning is the method most commonly
used for slaughter pigs in Germany. During this
procedure the animal is stunned by an sufficiently
high current through the animal’s brain which
induces an epileptic attack causing uncon-
sciousness. This is achieved by placing the
electrodes in the eye to eye or eye to ear area. In
everyday use displacement of the electrodes occurs
[1]. As a consequence the animal is not stunned

[2].
Material and Methods

At different placements of the electrodes at pigs head

the current density distribution in the brain should be

measured. Bones and the three dimensionality of the

head inhibit a direct measurement of the current.

Therefore the three dimensional current density

distribution was calculated by the Finite Element

Method [3].

The calculation is made by the following steps:

- Division of the complete structure into a finite
number of elements (discretisation)

- Calculation of the attributes for each element

- Re-combination to form the complete structure

- Calculation of the attributes of the complete
structure from the results of the elements.

The model of the pig’s head was constructed by

deep-freezing a pig’s head and then cutting 4cm
slices perpendicular to the longitudinal axis of the
carcass. From these slices, the outlines of brain,
bones, muscle and fat were transferred into a co-
ordinate system from which measurement points
were defined and their co-ordinates translated into
Ansys terms.

layer 1

addition of
layer 1 and 2

layer 2

Fig. 1: Composition of the model from slices

Figure 1 demonstrates the composition of the head
from single slices by the computer. The different
anatomic structures are conserved. After meshing 20
slices the program can calculate the finite elements.
This model can be viewed from any perspective,
tissues can be extracted and displayed individually.
Figure 2 shows brain and blood vessels.

Fig. 2: ZNS and blood vessels



Fig. 3 shows a longitudinal section of the model
across the median plane of the head.

brain and spinal cord
skull and vertebral colurmn

adipase tissue

muscla

adipose lssue

Fig. 3: Longitudinal section through pigs head

Fig. 4: Pigs head with positions of electrodes

In figure 4 the calculated grid at the surface of pigs
head and the positions of electrodes are shown. These
positions are symmetrically at both sides of the head.
After input of the specific resistance [4] of each tissue
the program calculates the current density distribution
in the head in any plane and section you want and
print out the results.

Results

In an preliminary experiment the potential
distribution of a dipol in an electrolytic basin was
measured and calculated. As expected a very good
congruence could be seen.

Figure 5 shows the calculated result for a vertical
cross section through the head. The electrode position
is left and right.
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Fig. 5: Current density distribution in a vertical cross
section (In the original the values are coloured)

Figure 6 shows the calculated current density at
different points in the brain dependent from the
electrode positions marked in figure 4.
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Fig. 6: Current density in the brain at different electrode
positions

The analysis describes the optimal position in the
area eye to eye. In this position the current density is
maximal in the brain at every point of calculation.

Discussion

This FEM model of a pig’s head made it possible
to calculate and illustrate the current density
distribution in a pig’s head during electric stunning
for the first time.

The current densities clearly follow the anatomic
structures (see Fig. 5). Bone has a low
conductibility and shows a lower current density
than brain. Except at the point of contact between
the electrode and the head, the highest densities
occur in the nervus opticus and in the blood vessel.
This shows that a large part of the current reaches
the brain through these tissues (with high current
density) because the resistance of these tissues is
lower than that of bone.

It was shown, that even complex anatomic
structures can be handled by a program for
calculation with the FEM.



Our calculation was done for DC or low frequency
AC. But if the values of conductibility are known,
even higher frequency current density distribution
may be calculated.
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STEPPING RESTORATION IN CHRONICALLY SPINALIZED RATS BY
TREADMILL TRAINING

T. Moshonkina, G. Novikov, E. Gilerovich, E. Fedorova,
Y. Gerasimenko (St.Petersburg, Russia)

The investigation is devoted to the ways of the locomotor rehabilitation after spinal cord
trauma. Stepping restoration by treadmill training was investigated in spinalized rats by
behavioral and histological methods.

Adult female Sprague-Dawley rats were treated with the complete spinal cord lesion at the Th
9-10 level. The rats were trained to realize stepping movement on the treadmill starting next
day after the injury during 8 weeks. Control animals were not. Motor activity, restoration of
the hindlimbs movements and weight bearing were tested weekly. Eight weeks after the injury
the rats were euthanatized, spinal cord was fixed and prepared for the light microscopy
investigation.

It was revealed that treadmill training increased the motor activity of the rats after the
complete spinal cord lesion, induced the locomotor movements of the hindlimbs and
preserved the available motoneurons in the distal part of the spinal cord. Weight bearing by
the hindlimbs was occurred on the running treadmill ribbon after training to realize stepping
cycle.

Its supposed that the ability of the distal isolated part of the spinal cord to realize locomotor
movements was carried out by the central pattern generator (CPG) localized in the lumbar
thickening of the spinal cord. Treadmill training can start the CPG through the afferent
system.

Supported by RFBI 03-04-48307a.

Author’s Address

Tatiana Moshonkina, Dr
Pavlov Institute of Phisiology
nab.Makarova, 6

199034 St.Petersburg, , Russia

e-mail: tm@pavlov.infran.ru

235



IMMEDIATE EFFECT OF MANUALLY ASSISTED TREADMILL STEPPING ON THE MOTOR
UNITSACTIVITY OF LEG MUSCLESIN COMPLETE SPINAL CORD INJURED PATIENTS
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Abstract

The aim of this paper was to study the direct effect
of patterned sensory input to the lower spinal cord
induced during the first steps of assisted stepping
using body weight support on a treadmill (BWST)
in complete spinal cord injured (SCI) patients. In
particular, we sought to find out whether stepping-
like EMG patterns can be generated by lumbar
neuronal circuits under such conditions. Motor
units activities of the ankle dorsiflexor (tibialis
anterior, TA) and plantar flexor (soleus, SOL)
muscles of four non-disabled and of eleven
clinically complete SCI patients were recorded
during manually assisted, load-bearing stepping
stepping using BWST. Results can be divided into
two groups of patients with characteristic EMG
output patterns. Group 1 (n=6) demonstrated no
motor output, while patients of Group 2 were
showing low amplitude motor output and could be
categorized into three subgroups. Group 2A (n=2)
showed coactivity of TA and SOL, Group 2B (n=2)
demonstrated activity of SOL and no activity in TA
and Group 2C (n=1) showed no SOL, but slight TA
output. These results demonstrate that the same
externally controlled maneuver of passive load-
bearing stepping can induce different motor output
patterns in SCI individuals of similar clinically
complete SCI classification. We hypothesize that
different central states of excitability of the lumbar
spinal processing network caused these different
motor unit activity responses to the stereotyped
afferent input produced by the manually assisted
stepping movements. None of the leg muscle EMG
patter ns generated during passive stepping showed
alteration between agonists and antagonists
characterizing functional stepping-like movement.
We conclude that afferent input associated with
initial manually assisted stepping using BWST did
not provide enough stimuli to fully establish a
pattern generating set-up of lumbar neuronal
networks in the absence of a significant amount of
central state of excitability.
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I ntroduction

It has been previously demonstrated that sustained,
non-patterned (tonic) epidural stimulation of
lumbar posterior roots at frequencies of 25-50 Hz
can induce patterned, stepping-like EMG activity
in the lower limb muscles in supine, motor
complete SCI patients [1,2]. The stimulus-evoked
EMG activity was characterized by alternating
phases of burst-style activity in the recruited lower
limb muscles, demonstrating reciprocal amplitude
variations in antagonists. The pattern and strength
of the induced muscle activity was appropriate to
induce dternating flexion and extension
movements. This effect could be achieved
immediately when epidural stimulation with the
appropriate stimulus parameters was delivered.

In the present paper we studied the capability of
untrained lumbar neurona circuits to process
rhythmic sensory input induced by manually
assisted stepping using BWST to generate
rhythmic motor output. In particular, we were
interested in the direct effect of patterned, sensory
input to the lower spinal cord on the activation of
the ankle plantar (soleus) and dorsiflexor (tibialis
anterior) muscles. Furthermore, we sought to
assess whether patients with clinically complete
spinal cord injury can generate stepping-like EMG
patterns of the leg muscles. We define “ stepping-
like” leg muscle activity as the timing and
coordination of the motor output with activation of
the soleus muscle during the stance phase and the
tibialis anterior during the swing phase, as occurs
during stepping in able-bodied individuals. Note,
that al included patients had a motor complete,
accidental SCI and never participated in a
locomotor training program prior to the study.

Locomotor training with partial body weight
support on a treadmill has emerged as a promising
therapy for improving walking capabilites in
indiviuals with incomplete spinal cord injury [3,4].
This technique is dependent upon the repetitive



presentation of appropriate afferent input to the
lower spinal cord through persistant step training.
The mechanisms of this approach have been
attributed to (i) activation of spinal neurona
circuits with the capacity to generate complex
locomotor patterns and (ii) plastic changes in these
spinal cord circuitries within the period of training
(“learning”).

The immediate effect of passive stepping using
BWST on the activation of leg muscles in
complete spinal cord injured individuals was not
systematically described, yet. Dobkin et a. [5]
demonstrated that bursts of rythmica EMG
activity emerged from most of the sampled leg
muscles of complete spina cord injured patients
during passive stepping on a moving treadmill belt.
The EMG burst oscillations were consistantly
timed to the gait cycle. Dobkin and collegues have
further shown that muscles with the most
prominent bursting patterns varied between
patients and from one leg to another. Furthermore,
the ankle dorsiflexor muscles tended to cocontract
with the ankle plantar flexors during the stance
phase [5]. Dietz and collegues presented data
showing that low-amplitude, tonic gastrocnemius
EMG activity and inappropiate tibialis anterior
activation during stance phase was induced in
complete SCI subjects during treadmill stepping
[3]. In the present study we shall demonstrate that
the same externally controlled maneuver of
manually assisted stepping using BWST generates
immediatly a variety of leg muscle activation
patterns within a patient population of similar
spinal cord injury profile (clinically complete).

Material and M ethods
Patient population

Four able-bodied and eleven chronic SCI patients
have been included in this study. Apart from their
neurological deficit the SCI patients have been
healthy with a closed, post-traumatic SCI and free
of any medication for spasticity; In the SCI
patients, complete absence of volitional or other
suprasegmental activation of movements and
sensory perception below the spinal cord lesion
was demonstrated. According to the American
Spina Injury Association (ASIA) impairment scale
[6] al were classified as ASIA A. Theinjury levels
were between C2 to T9 and all patients were in a
chronic condition (mean 5.6 years since injury).

Experimental procedure

Patients wore a harness connected to an overhead
support that provided partial body weight support
(Fig. 1). Trainers manually facilitated the patients
lower limbs through the step cycle. Each spinal
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cord injured patient stepped with manual assistance
at a constant treadmill speed (range 1.0-3.5 m/s,
mean 2.3 m/s). Body weight support (BWS) of SCI
patients was at alevel at which knee flexion during
stance could be avoided using moderate assistance
by the trainers (range 48-64% BWS, mean 56%
BWS). SOL and TA EMG activity induced by the
step-associated sensory input to the lower spind
cord was recorded. Furthermore, hip, knee and
ankle angles were measured to ensure consistency
of kinematics between al patients. We collected
data bilaterally from eight consecutive steps.

Assisted treadmill stepping

Counterweight

Soleus Tibialis anterior
(SOL
|

) A
sEM(‘Z S ":D'S(EM)G
! @ﬁ)

Fig. 1 Schematic drawing of a patient walking
passively with the help of trainers on a treadmill
wearing a harness to get partialy body weight
support. Motor units activity of soleus and tibialis
anterior are recorded.

Treadmi

Data Acquisition

EMG was collected along with joint angle,
footswitch and body weight support data at 1 kHz
using a 24-channel hard-wired analog to digital
board. EMG data were sampled and AC coupled
into a differential  amplifier (Konigsberg
Instruments, Pasedena, CA). Joint angles were
measured using  electrogoniometers  placed
bilaterally at the ankle, knee, and hip. Body weight
support was recorded using a loadcell in series
with the cable attached to the harness.

Data analysis

To find out if the induced EMG activities were
temporally synchronized with the stepping cadence
and to illustrate the amount of muscle activity in
relation to the phases of the step cycle, the averaged
EMG activity versus normalized time was
calculated for each patient. Only the left leg was
considered in the present study. The original raw
EMG data was rectified. From these data 180 data
points were calculated for each stance phase and
120 data points for each swing phase (ratio 60:40).
This was done regardless of the duration of
individual stance or swing phases. After this time
normalization, the EMG activity of each stance
phase and each swing phase consisted of the same



number of data points and alowed averaging the
EMG activity of consecutive stance phases or swing
phases. The EMG activity of 8 stance phases and 8
swing phases was averaged separately. For
illustration, a ratio of 60:40 between stance and
swing phase was chosen. Furthermore, the total
amount of EMG activity (TotAct) was calculated for
10 intervals during each gait cycle (6 intervals per
stance and 4 per swing phase). Corresponding
values (mean EMG activity within atime interva of
gait) were averaged for eight consecutive steps and
were illustrated using bar diagrams. This allowed
the comparison of the EMG patterns between
different patients.

Results

Figure 2A shows the rectified EMG patterns of
tibialis anterior (TA) and soleus (SOL) with
respect to time normalized stance and swing
phases during active stepping on a treadmill from
able-bodied individuals (full weight bearing). Data
was derived from four able-bodied patients and
was averaged within this group. The main features
of the EMG patterns were reciprocity of the leg
muscle activities. SOL was active during the stance
phase with its maximum at 45 % of the gait cycle.
TA was active during swing phase, showing the
main activity at the transition from swing to stance
phase. These aternating SOL and TA bursting
patterns will be referred to as stepping-like.
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Fig. 2 EMG activity of tibialias anterior (upper trace)
and soleus (lower trace) with respect to normalized gait
cycle. A, averaged activity of four able bodied
(reference), mean time of stance to swing is 0.70:0.42 s,
B representative case of Group 2A (time of stance to
swing is 0.96:0.81 s) and C single case representing

Group 2B EMG pattern (0.75:0.73 s) of SCI patients. 238

The data analysis of SCI patients demonstrated a
variety of EMG patterns induced by the same
externally controlled maneuver of assisted stepping
on a treadmill using BWST. Figure 2B shows an
example of motor units output derived from a
complete SCI patient. EMG bursts temporally
synchronized to the gait cycle were induced in TA
and SOL by the cyclic mechanical stimulation
during passive stepping. Both muscles were active
during the stance phase. Thus, the ankle plantar
(SOL) and ankle dorsiflexor (TA) muscles
demonstrated coactivation during stance. Also the
case displayed in Fig. 2C shows an activation
pattern, which is different from the stepping-like
pattern observed in the able-bodied. In this patient
the stepping movements imposed by the trainers
induced no activity in the TA and low-amplitude
activity in the SOL during stance phase.

The variety of the motor output patterns in the
complete SCI patients induced by the same
externally controlled maneuver of passive
treadmill stepping imposed by trainers could be
categorized in four characteristic groups according
to the output of TA and SOL. Figure 3A illustrates
Group 1 (n=6) characterized by no motor output
(TotAct less than 10% of able bodied). Group 2
was showing low amplitude motor output (TotAct
about 25 % of able bodied) and could be divided
into three further subgroups: Figure 3B exemplifies
Group 2A (n=2), where coactivation of TA and
SOL during stance phase is demonstrated. Group
2B (n=2) showed activity in SOL during stance,
whereas TA did not show consistent rhythmicity of
EMG activity synchronized to any specific phase
of the step cycle (Fig. 3C). Figure 3D depicts
Group 2C (n=1), where SOL was inactive, and TA
displayed low output. Figure 3E shows the results
of the same analysis used for the SCI patients
carried out for able-bodied (n=4). This stepping
pattern including both, the TA as well as the SOL
output, was compared with the above described
patterns of SCI patients. None of the different
groups of SCI patients demonstrated the timing
and coordination in the TA and SOL muscles that
corresponded to a stepping-like EMG pattern.

Discussion

In previous studies it has been demonstrated that
sensory input associated with assisted, load-
bearing stepping using BWST deivered
repetitively to the lumbar cord over an extended
period of time can activate spinal neuronal circuits
with the capacity to generate complex locomotor
patterns [3,4]. Is it possible to activate such a
spinal pattern generating network in complete SCI
patients by sensory feedback input induced during
the first manually assisted steps on a moving



treadmill belt? Particularly in patients, who never
underwent a regular locomotor training before?
However, results in this study demonstrated that
the same externally controlled maneuver of passive
load-bearing stepping can induce different patterns
of motor output in spinal cord injured individuals
of similar ASIA A classification. Our hypothesisis
that these differences in the expression of this
activity may be due to differing degrees of
preservation of suprasegmental brain influence on
lumbar network activity below the lesion. Such
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Fig. 3 Bar diagrams showing the total amount of EMG
activity (TotAct) of tibialis anterior and soleus. Each
diagram shows 10 % of the stance (10-60 %) and 10 %
of the swing phase (70-100 %). Averaged values within
8 gait cycles of (A) 6 patientsincluded in Group 1, (B) 2
patients included in Group 2A, (C) 2 patients included in
Group 2B, (D) one patient characterized as Group 2C
and (E) 4 able bodied patients areillustrated.
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residua facilitatory brain influence on segmental
structures has been previously demonstrated in
patients with clinically complete SCI [7]. It should
be noted that bran “influence” does not
necessarily imply volitional brain  “control”.
Furthermore it has to be considered that the BWS
and treadmill speed used during stepping trials
may also be factors that contribute to the differing
neuromuscular patterns.

The main finding reported herein demonstrates that
the patterned, sensory input to the lower spinal
cord was not sufficient to generate stepping-like
EMG patterns of the leg muscles in patients with
clinicaly complete spinal cord injury during their
initial stepping trial. However, the peripheral
feedback helped to express some features of
lumbar spinal networks involved in locomotor
control, even when a pattern generating set-up was
not fully established.
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DIAPHRAGM PACING SYSTEMS
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Diaphragm Pacing Stimulation (DPS) for ventilator-dependent patients provides several
advantages over conventional techniques such as phrenic nerve pacing or mechanical
ventilator support. It avoids potential phrenic nerve injury as well as high cost hospitalization.
Synapse Biomedical (Cleveland, OH) is commercializing a device with intramuscular
electrodes that are implanted laparoscopically into the diaphragm near the phrenic nerve
motor points.

Currently, five patients have been implanted with this leaded system attached externally to a
Pulse Generator (PG). Two patients maintain their full-time respiratory requirements with
DPS only. Two patients are in the process of weaning from ventilator support and use the
DPS System for several hours per day. One patient was unable to receive ventilatory support
from the DPS System due to severe denervation atrophy of the diaphragm. However, for a
widespread use of this technique it would be more appropriate to use a totally implantable
version of this system, without the wires exiting the skin. We present here the results of a
preliminary feasibility study of two different pulse generators that could be used for an
implantable DPS. One radio frequency powered PG, one battery powered PG, and the current
external PG was tested. Each was attached to the externalized part of the wires to the
diaphragm and Tidal Volume (TV) was measured in one ventilator-dependent patient who has
been using the perctuaneous device for 3 years. No significant differences were observed
between the three PG systems when stimulating the electrodes as used in the patient's own
chronically attached PG system. We found that TV increased with increases in charge and
frequency as expected when stimulating the patient's electrodes individually and in
combination with each PG system. These results are a significant step forward to developing a
totally implantable DPS for the ventilator-dependant patients. Further clinical tests to
demonstrate the safety and efficacy of a fully implanted DPS are warranted.
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Abstract

Spiral CT is used to gather three-dimensional data
of upper leg tissue. Data representing muscle
tissue type is isolated for measurement purposes.
This is done in order to monitor muscle growth
induced by electrical stimulation treatment. This
treatment of paraplegic patients with denervated
degenerated muscles is done in the framework of
the EU funded project RISE. Computer models
and models made with rapid prototyping methods
are made to display and demonstrate the muscle
growth.  Results show that time and spatial
dependencies of muscles growth can be monitored
and studied quantitatively and qualitatively with
the aid of three-dimensional data set displayed on
the computer screen or in form of plastic models.

Introduction

In the frame of the RISE project [1], [2] three
paraplegic patients with fully denervated and to a
great extent degenerated muscles in the lower
extremities are treated with electrical stimulation.
These long-term flaccid paraplegic patients have
no hope of gaining their muscle function with
traditional treatment. On the contrary they suffer
from side effects of their lesion. This includes
decubitus ulcer, reduced bone density and thus
higher risk of breaking the bones, lower
metabolism exc. The goal of the electrical
stimulation is to restore muscle fibres, mass and
function in order to make the patients able to stand
up and maintain a standing posture with the aid of
electrical stimulation. Body balance is maintained
with the aid of bars or other external aids. The
muscles force should be enable the legs to bear the
patients weight. Building up mass, force and
function of a denervated and degenerated muscle
has been shown to be possible [1] with long-term
electrical stimulation treatment. The muscles are
stimulated one or two times a day, six days a week
for two years. During that time the muscle is
expected to gain considerable in mass and size and
thus its ability to perform work. Throughout the
treatment the patient’s progress is monitored by
several means. The monitoring methods are
aiming at histology and cell biology, the muscles
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function and at its mass and shape. For the shape,
CT scans are taken, in the case of the m.
quadriceps, with a regular 10 cm interval
beginning at the trochanter and going down to the
knee [1]. In total five scans are taken. A
comparison of two scans taken on two different
times on the same height shows well the muscle
growth in that specific place in the given time.
Comparing five scans, taken with 10 cm interval,
gives an estimation of the total muscle growth in
the same time. However it does not show the
growth of the whole muscle. Also the data from
only 10 scans is not sufficient data to use as for
three-dimensional ~ calculations  of  current
distribution in the leg. They are done to estimate
the necessary current intensity to depolarise the
muscle cell above threshold and hence produce
muscle contraction.

In this work we use a different approach witch will
be discussed in the following.

Material and Methods
Spiral CT

With four months interval a spiral CT is taken of
each of the three RISE patients in treatment in our
institution. This has been done since beginning of
treatment and will be done for the two years time
of the RISE project. Giving in total a six scans of
each patient. The scans are taken beginning at the
trochanter and going down below the knee, with a
pitch of 0,8 mm giving in total around 750 CT
slices depending on patient’s size. Each slice has
512 x 512 pixels. Each pixel has a grey value in
the Houndsfield scale of 4096 grey scale values
meaning that it is represented with a 12-bit value.
A total dataset from a single scan is therefore 512 x
512 x 750 x 12 = 2,2 GBit or 300 MB. This
dataset gives a complete three-dimensional
description of the tissue and hence the muscles in
both upper legs.

Tissue differentiating

The dataset is loaded into a computer program
used to extract the tissue of interest. This can



easily be done to separate bone from muscles or fat
from muscles. It is partly done automatically with
filters built in the programme and/or partly in an
interactive way by the user. The user defines the
grey scale values he wants to display, area of
interest and some other properties the object has to
fulfil that he wants to display. By these means we
have however not been able to separate the
different muscles or different muscles parts from
each other, meaning that we can only show the
muscles as one object.

Display

The tissue of interest can then be displayed as a
three dimensional object on a computer screen.
Thereby different tissue type can be put together
on the same image. Figure 1 shows an example of
this.

Fig. 1:
accident patient.
muscles on the right leg are partly shown. Note that the
pelvis has suffered from the accident.

The two femur bones and the pelvis of a car
The enervated and degenerated

Measurements

To monitor the treatment measurements are made
with the help of the data representing the isolated
muscle tissue and its portion of total tissue in a
single slice. Slice area, muscle volume, muscle
mass, density are examples on parameters that can
be measured or estimated. This will be done in
due time to access muscle growth.

Stereolithographie models

Solid models of various materials are done of the
muscles of the upper leg with the associated femur
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bone. These models are done in colour so that
bone tissue is clearly distinguished from muscle
tissue. These models will be done for every
measurement instance. The result is a row of
models from every patient showing the patient’s
progress throughout the treatment. This will be
used for demonstration purposes.

Results

Three dimensional computer models of denervated
degenerated upper leg muscles of paraplegic
patients have been made. These models are the
first in a row to monitor the outcome of an
electrical stimulation treatment. In due time they
will show the muscle growth throughout the
treatment period. Since the models are made with
data taken periodically every four months they will
show the muscle growth rate in every period. They
will also show the spatial distribution of the muscle
growth, which is believed to be unequal along the
length of the muscle.

Discussion

In further work other data sampling modalities
than CT will be used. MRI and ultrasound are
among the candidates. This gives hope of solving
the problem of isolating muscles from one another
or separating muscle parts.
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