1 Introduction

THe potential measured at a certain distance from an
electrophysiological source can be described by the electrical
volume conduction theory (LORENTE DE NoO, 1947; PLONSEY,
1969; RosENFALCK, 1969). The results of such a theoretical
description strongly depend on the spatial and temporal
properties of the source and on the electrical properties of the
surrounding medium. For this reason the theoretical de-
scription of signals such as the EMG, ECG and EEG is quite
different.

For the study of EMG several specific models are reported
in the literature (DimiTROV and DiMiTrOvA, 1974; GRIEP et al.,
1978; Boyp et al., 1978; WanI and Guua, 1980). The basic
concepts of electrical volume conduction theory have been
used in all these models. Furthermore, special attention has
been paid to the sensitivity of the models for specific
parameters such as

(@) parameters that describe source characteristics, e.g.
dipole or tripole sources (GRIEP et al., 1978; PLONSEY,
1977; ROSENFALCK, 1969)

(b) the electrical conductivity of skeletal muscle tissue, e.g.
the anisotropy (DimiTrov and DiMiTROVA, 1974)

(c) spatial parameters, e.g. the geometry of the endplate
region (GRIEP et al., 1978)

(d) temporal parameters, e.g. the time synchronisation
between single fibre action potentials (Boyp et al., 1978;
Want and GuHa, 1980)

(¢) properties of the measuring method, e.g. uni- or bipolar
registration (GRrIep et al., 1978).

In general, it is not yet possible to determine a reliable
quantitative relationship between the values of all the
relevant parameters, and so a quantitative comparison of
measured and computed EMG signals is troublesome. In a
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first approach to obtain a quantitative description of the
motor unit action potential (MUAP) (Griep et al., 1982) it
turned out that some parameter values show such a large
spread in the literature that no unique quantitative MUAPs
could be obtained. An example of such a parameter is the
electrical conductivity of skeletal muscle tissue. An overview
of literature values was reported by GEpbes and BakEer
(1967). Here we only summarise the values obtained with the
four-electrode method.

conductivity parallel to the muscle fibres (= o,):
033 < 6, < 0-80 (Qm)~!

conductivity transverse to the muscle fibres (= o).
004 < o, < 015 (Qm) !

. o
anisotropy | = — | per author:
Or

204 < 7L < 1533

Or

To obtain unique and more reliable values for the electrical
conductivities we decided to measure the conductivities of
the same muscle on which we also carried out our EMG
experiments (m. extensor digitorum longus and m. soleus in
the hind limb of the rat, in vivo). The experiments were
carried out with the four-electrode method.

We were interested in electrical conductivities in relation
to the interpretation of EMG signals. For this reason the
interesting frequency range is associated with the frequency
components of EMG signals. This range runs from 10 Hz to
about 20kHz (GaTH and STALBERG, 1975; ANDREASSEN and
ROSENFALCK, 1978; GRrIEP et al., 1982). Our experiments with
respect to the determination of electrical conductivities were
carried out in a frequency range between 10 Hz and 100 kHz.
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Our preliminary results from measurements on the EDL
showed unexpected results (see Section 4). To interpret these
results we developed a model (GieLen and CrutTs, 1982)
which predicted that the results of conductivity measure-
ments depend on the interelectrode distance (IED) in the
four-electrode technique. To check this prediction experi-
ments were also carried out on a larger muscle (m. erector
spinae in the back of the rabbit). This allowed measurements
with a relatively small IED as well as a relatively large IED.
This last IED corresponds to IEDs used in experiments
reported in the literature.

2 Theory of the measuring method

The usual method for the measurement of the electric
conductivity of biological tissues is the four-electrode tech-
nique, which eliminates the effects of electrode polarisation
(Scuwan, 1968). The basic principle is shown in Fig. 1.

tissue

+ Via)

" fibre direction

Fig. 1  Schematic representation of the four-electrode method

a = interelectrode distance (1ED)

Current is applied to electrode 1 with respect to electrode
4. The ensuing voltage distribution in the tissue is measured
by electrodes 2 and 3, which are connected to an amplifier
with a high input impedance. For an anisotropic tissue the
relationship between the measured voltage and applied
current is given by RusH (1962). It is supposed here that the
four electrodes are placed on the surface of the muscle,
parallel to the muscle fibres.

V(o) _ ! (D

1/2
2na 2 0T . 4
0,07 COS” o+—sIn” o
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o,; o7 = electrical conductivities parallel and transverse
to the muscle fibres, respectively
o = angle between the direction transverse to the
muscle fibres and the orientation of the four-
electrode array (Fig. 1)

‘where

I = alternating current injected into the tissue
V(x) = voltage caused by the current I in the tissue
a = inter electrode distance (Fig. 1).

Eqn. 1 shows that the angle « is an important parameter with
regard to the determination of ¢, and o;. BURGER and vaN
DoNGEN (1960), RusH et al. (1963) and GieLEN and Boon
(1980) pointed out that for a high anisotropy the results of
conductivity measurements are very sensitive to a small
misalignment around o = 90°.

In general the electrical conductivity in biological tissues
can be written as ¢ = 0,+jwe, where g, represents the
resistive (= real) and we the capacitive (= imaginary)
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component of the complex electrical conductivity (PLONSEY
and HEPPNER, 1967). Accordingly o, and ¢, can be written as:

6, = 0, +jwe, and op = 0,0+ jwer

Eqn. 1 still holds for complex electrical conductivities. In this
paper the real and imaginary parts of the conductivity will be
presented. In this context the following notation for V(o) and
I will be used:

Via) = Viw, a) = Vo(w, a) exp [ —j(ot + d(w, 2))] (2)

I

Iw) =Ij(w)yexp[—jot] . . . . . .(3)
where

Vo(w, a) = amplitude of V(w, a)
I,(w) = amplitude of I(w)

¢(w, o) = phase shift between V(w, «) and I(w)
o = angular frequency
t = time
j= (=1

A combination of eqns 1, 2 and 3 leads to

B Io(w) 1
oy = V(. 90) 2ra —exp [jo(w,90)] . . . . . (4
 Ip(@) ? Vp(,90) 1
T Vo.0)f Iglw) 2ra
xexp [j(2d(w, 0)—Pp(w,90)] . . . . . (5

Eqns. 4 and 5 were used to determine the real and imaginary
parts of 6 and ;.

In the literature it is suggested that the quantities we/o,r
and we, /o, are small compared with unity, which means
that the tissue is purely resistive. Our experimental results
show, however, that skeletal muscle tissue is not purely
resistive in the frequency range covered by EMG signals
(Section 4).

3 Methods and materials

3.1 Animal and muscle preparation

The experiments were carried out on the EDL and soleus
muscle in the right hind limb of the rat, and on the m. erector
spinae in the back of the rabbit.

The rats (Wistar; male; 0-3-0-4 kg; 3-8 months old) and the
rabbits (Chinchilla and New Zealand-White; 2-5-4 kg) were
anaesthetised intraperitoneally with Nembutal (sodium
pentobarbitone, Abbott). The first dose for the rabbit was
intravenous.

For the rats the muscle was prepared free, but the blood
supply was unimpaired. We used soleus and EDL muscle in
separate experiments with different rats. For the EDL
preparation the n. ischiadicus was cut approximately 3 cm
from the muscle. The n. peroneus communis innervating the
EDL was isolated from the rest of the n. ischiadicus. For the
soleus preparation the n. ischiadicus was also cut ap-
proximately 3 cm from the muscle. The n. tibialis innervating
the soleus was isolated from the rest of the n. ischiadicus.
Then the rat was placed on a heating module (37 +0-5°C) to
keep its temperature constant.

Either the EDL or the soleus muscle was attached with the
insertio tendon to an isometric force transducer (Harvard
Apparatus Inc., model 383). The origo tendon was fixed in a
clamp. All experiments were carried out at optimal twitch
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length. This ensured a reproducible muscle length for our
measurements { WALLINGA-DE JONGE et al., 1980). The twitch
was generated by means of a supramaximal stimulation of
the nerve to the muscle of interest.

For the rabbits only the surface of the muscle at the
periphery of the animal was prepared free. The structure of
the tendon and the fixation of the tendon is so complex that
we kept it unimpaired; consequently the conditioning of the
muscle length was rather inaccurate. This was done by
keeping the back of the animal in a straight position during
the experiments.

Since the electrical conductivity depends on temperature
the temperature of the muscle was controlled by a warm
airstream across the muscle. This airstream was at 374 1°C
and saturated with water vapour. The muscle temperature
was checked regularly with a small thermistor probe on the
surface of the muscle. The conditioning of the muscle surface
appeared to be important. Histochemical experiments on
slices of the muscles made after finishing the physiological
experiments showed a damaged outermost muscle fibre
layer. The cross-sections of the fibres were much larger and
rounder than normal. We related this effect to an increase of
o7 as observed in some of our experiments, especially at the
lower frequencies.

" Parallel to this increase the anisotropy decreased down to
approximately unity in exceptional cases. To avoid these
problems the experiments were carried out as quickly as
possible. Furthermore, the final layer of connective tissue
was removed just before the start of the measurements. In
this context a proper conditioning of the warm airstream is
important to avoid condensation of water on the muscle or
electrode as well as dehydrating of the muscle surface.
Osmotic processes caused by condensation could be the
reason for the swelling of the cells as observed in histo-
chemical pictures. These cells showed deviating histochemi-
cal characteristics compared with normal cells.

To keep the damage of the small muscles minimal the four-
electrode array was placed on the surface of the muscle; but
this resulted in a serious problem: a short circuiting of the
electrodes by electrolytes on the surface of the muscle.
Minimisation of this effect required good conditioning of the
muscle surface and its surroundings.

3.2 Experimental procedure

The first measurement was always carried out with the
four electrodes placed parallel to the muscle fibres. Using a
stereomicroscope it was possible to achieve an accurate
positioning. For the electrode with an IED of 0-5 mm it was
possible to obtain an orientation within less than 4° from a
parallel alignment relative to the fibres visible at the muscle
surface. This misalignment was within 2° for an electrode
with an IED of 3mm. A parallel measurement was directly
followed by a transverse measurement. A special element of
the micromanipulator used to place the four-electrode array
on the muscle surface permitted accurate rotation of the
electrode. The positions of the four-electrode array in
subsequent parallel and transverse measurements were such
that the pick-up area of the four-electrode array covered
about the same volume of the muscle tissue.

For every frequency, starting with 10 Hz and changed
stepwise to 100kHz, the current amplitude (Iy(w)), the
amplitude of the voltage (V,(w, )} and the phase shift
(¢(w, a)) were recorded. Usually this procedure was carried
out for at least ten parallel and ten transverse positions per
muscle and took between 1-5 and 2-5 h. After every pair of
parallel and transverse measurements the electrode array
was moved over a distance between one and two times the
IED along the belly axis of the muscle. In the muscles of
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interest this did not coincide with the fibre direction. The
position of the electrode array was such that the pick-up area
of the four-electrode configuration (RoBBiLARD and
PoussarT, 1979) was expected to lie completely within the
muscle body (Section 3.3.1).

3.3 Experimental setup
The experimental setup is shown in Fig. 2.

metal shieid connector ™
4 | ™~ ~
tunc- —*
batte- tion ~
ry |lgene- ‘

rator __20 cm

current

source tissue

signal

M~
signal earth | >~
LM310 T~
~ ~
1 - ~ - I
1k
(per ce | 50x P2
X + . -~ -
+V 0 -V A_L : -
/T
supply |- “fneasuring ampiitier

Fig. 2

Schematic representation of the experimental setup. Three
main -elements can be distinguished: the floating current
source, the tissue with the four electrodes and the measuring
amplifiers for current and voltage registration

3.3.1 The electrode. To minimise possible damage of the
muscle we used a surface electrode array. In view of the small
dimension of the EDL and the soleus muscle in the rat we
chose an IED of 0-5mm. Theoretically this value cor-
responds to a sufficiently small pick-up area (RoBBiLARD and
PoussarrT, 1979). We checked this pick-up area experiment-
ally by moving the four-electrode array to the bottom of a
relatively large glass vessel containing a saline solution with
the lowest conductivity expected in muscle tissue
(0-1{Qm)~1). It turned out that the measured voltage only
changed significantly within a distance of 1:3 mm between
vessel bottom and electrode array. This value is significantly
smaller than the diameter of rat EDL and soleus muscle
(approximately 3 mm).

Eqn. 1 has been derived for point-shaped electrodes and is
therefore only valid if the IED (a = 0-5mm) is large
compared with the clectrode diameter (D = 0-1 mm). For
our electrode array (D/a = 0-2), eqn. 1 deviated only 24 per
cent (for an anisotropy ¢,/ = 10) from the exact calcu-
lated value for electrodes with a finite area (Rush, 1962). This
deviation was easily corrected for by means of a calibration
experiment (Section 3.5).

For electrodes with a small IED (0-5 mm) the electrode
material was specially treated iridium (GIieLEN and
BERGVELD, 1982). For electrodes with a large IED (3 mm;
these electrodes were used in rabbit experiments) it was
stainless steel. The electrodes were embedded in an epoxy
resin except for the tips. They were arranged in such a way
that the capacitance between the electrode wires was mini-
mised. The actual capacitance between the electrode wires
(this could not be compensated for electronically by boot-
strapping techniques) was between 0-06 and 0-6 pF. The DC
resistance between the electrodes was larger than 6 GQ.

To minimise short circuiting by electrolytes at the muscle
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surface the ends of the electrode wires (length 1 mm) were not
embedded in eposy resin but only isolated with a thin layer of
Isonel (Isonel 31M; AK249). Repeated dipping in liquid
Isonel yielded small Isonel bulbs at the electrode tips (bulb
diameter approximately 0-3mm) which were hardened by
heating in an-oven. After removing the Isonel from the very
tips of the electrode wires, which in addition had been point
shaped by electrolytic etching, the exposed electrode dia-
meter was near 0-07mm.

The current electrodes were connected to the current
source with single-core wires of 0-25 m length. The voltage-
sensing electrodes were connected to the measuring amplifier
with bootstrapped shielded cables of 0-:2m length.

3.3.2 The current source. The output of the current source
was a sinusoidal current. The frequency was adjustable
stepwise between 3 Hz and 100kHz. This frequency range
covered the range of frequency components in EMG signals.
The maximum current density at the injecting electrodes
caused no direct stimulation of muscle fibres. It is obvious
that eqn. 1 only holds if the current I enters and leaves the
tissue through electrodes 1 and 4 (Fig. 1). This implies that
the current has to be provided by a floating source with no
significant leakage (capacitive leakage included) to earth. By
means of bootstrapping techniques it was achieved that the
battery-powered current source had no significant capacitive
and resistive leakage to earth (see Fig. 2 for the schematic
setup). The main specifications of the source were:

output impedance: 100 MQ/15 pF
output current: 0-1 pA < I (w) < 10 A
frequency range: 3Hz < f < 100kHz
harmonic distortion: < 1 per cent.

3.3.3  Measuring amplifier. The measuring amplifier was
a special-purpose design, suitable for our experiments. Care
was taken to minimise the input capacitance (GIELEN and
BerGVELD, 1982). A low input capacitance was achieved
using bootstrapping techniques.

The specifications of the amplifier were:

input impedance (including 02m
200 MQ/0-3 pF

bandwidth: DC-130kHz (—3dB)
common mode rejection ratio: > 60dB (DC-30kHz).

input cable):

3.4 Registration procedure

The applied current was also passed through a resistor
(Fig. 2). The voltage over this resistor (V,(w)) was detected by
a measuring amplifier as described in Section 3.3.3.

The voltages V(w, «) and Vj(w) were displayed on an
oscilloscope (HP 1201A) using its monitor function as a
Lissajous figure. The RMS values were measured with digital
voltmeters (Flucke, 8000 A).

To reduce biological noise and to ensure accurate phase
detection V{(w,a) was passed through a bandpass filter
(Krohn-Hite 6400) tuned to the signal frequency. Then the
phase shift between V(w, o) and V;(w) was measured by
means of a phase meter (Krohn-Hite, 3400). It was es-
tablished that no significant additional phase shift was
caused by this procedure.

3.5 Calibration experiments

The measuring equipment was calibrated by conductivity
measurements of saline solutions with exactly known elec-
trical conductivities in the same range as expected in skeletal
muscle tissue.

The conductivity of a saline solution was measured
simultaneously in the same relatively large glass vessel with
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our system and with a special-purpose conductivity meter
(Radiometer-Copenhagen; type CMM-2f; Celltype CDC
104). It is known that a saline solution is purely resistive in
the frequency range involved.

Calibration experiments should therefore be frequency
independent and no phase shift should be detected. It turned
out that our total system deviated less than 5 per cent from
theoretical values in the total frequency range involved and
about 1 per cent in the frequency range from 30 Hz to 30 kHz.
The phase shift was less than 5° between 10 Hz and 30 kHz.
These deviations were constant for a particular conductivity,
and changed only slightly as a function of the conductivity of
the saline solution. Therefore the calibration experiments
resulted in a slightly frequency-dependent calibration factor
by means of which the small imperfections in the measuring
setup were eliminated. The calibration experiments showed
that no electrode polarisation effects occurred. Furthermore,
it appeared that the distortion of the current field by the
voltage-sensing electrodes caused no serious deviation from
the theoretically expected conductivity values (see also
Section 3.3.1). Every parallel or transverse measurement
was calibrated using calibration factors obtained for a saline
conductivity equal to the mean (in the frequency range
between 30 Hz and 30kHz) of the uncalibrated measured
conductivities.

The accuracy of the complete experimental system was
determined from repeated calibration experiments in a saline
solution. It turned out that the complete system permitted
the determination of conductivities to within 0-005 (Qm) !
and of phase differences to within 0-5° for frequencies higher
than 30 Hz. For 10 Hz this was 0:01 (Qm)~! and 1° respec-
tively. The actual experimental results from measurements
on muscle tissue showed a much larger variation (Section 4,
Figs. 3-10.

4 Results

The results reported in this paper were obtained from a
series of experiments (eight m. EDL rat, seven m. soleus rat,
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Fig. 3 Mean conductivity values of all measurements of one
characteristic experiment
m. EDL rat, IED = 0-5mm, N = 10
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five m. erector spinae rabbit). In every experiment at least ten
parallel and ten transverse sets of measurements were
performed at 10, 30, 100, 300, 1000, 3000, 10 000, 30 000 and
100 000 Hz. From calibrated results several quantities could
be deduced using eqns. 4 and 5.

The quantities of interest were

a+(f) electrical conductivity obtained with the four-
electrode array parallel to the muscle fibres

(a.0.)%(f) electrical conductivity obtained with the four-

electrode array transverse to the muscle fibres

[cem)-T]
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Fig. 4 Mean conductivity values of all measurements of eight
experiments
m. EDL rat, IED =.0:5mm, N = 82
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Fig. 5 Mean conductivity values of all measurements of one
characteristic experiment.
m. soleus rat, IED = 0-5mm, N = 10
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a,(f) electrical conductivity parallel to the muscle
fibres computed from o,(f) and (6,0,)%(f)
o,/0:(f) anisotropy in the electrical conductivities
wer/o,+(f) quotient of the imaginary and real parts of
ar(f)
we, /o, (f) quotient of the imaginary and real parts of

6.(f)

All these quantities depend on the frequency, and were
analysed (with IED as a parameter)
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Fig. 6 Mean conductivity values of all measurements of seven
experiments
m. soleus rat, IED = 0-5mm, N = 80
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Fig. 7 Mean conductivity values of all measurements of one

characteristic experiment
m. erector spinae rabbit, IED = 0-5mm, N = 11
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(a) per measurement

(b) as a mean per experiment, indicating the variability in
one muscle

(c) asa mean for all experiments per muscle, indicating the
variability in muscles of one type (m. EDL, m. soleus, m.
erector spinae).

Because of the lack of objective criteria for omitting extreme
data from measurements or experiments, mean values were
computed using all measurements or experiments.
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Fig. 8 Mean conductivity values of all measurements of five

experiments
m. erector spinae rabbit, IED = 0-Smm, N = 44
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Mainly based on the course of an experiment and on the
relatively small standard deviations belonging to it, we
selected examples that we think are ‘characteristic results’ for
the different muscles and IEDs (see Figs. 3, 5, 7, 9a and 95).

In Figs. 4, 6, 8 and 10 a mean of all measurements per
muscle per IED is shown.

In all these Figures the horizontal axis in the upper as well
as the lower part applies to the frequency in Hz. The vertical
axis in the upper part indicates the absolute value of the
complex conductivity in (Qm)~ 1. The vertical axis in the

10 102 10° 104 108
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Fig. 10 Mean conductivity values of all measurements of five
experiments
m. erector spinae rabbit, IED = 3mm, N = 27
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Fig. 9 Mean conductivity values of all measurements of one experiment, m. erector spinae rabbit:

(a) IED = 05mm, N = 11,
(by IED =3mm, N =5
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lower part indicates the argument of the complex conduc-
tivity (in degrees) (eqns. 4 and 5). In these Figures three sets
of curves are given, designated by ¢, or ¢, and (o,6,)"? or
¢ ., respectively, for values obtained with the electrode
array parallel and transverse to the muscle fibres. The curves
indicated with o, or ¢, were computed from the former two
sets. Every set of curves displays the mean value and the
mean value plus or minus the standard deviation. The
shaded area represents the standard error of the mean. The
number N in the legends of the Figures represents the
number of measurements per electrode orientation.

5 Discussion
At first the experimental results will be briefly summarised.

(a) Conductivities calculated using eqns. 4 and 5 and
obtained with an IED of O0-5mm appeared to be
frequency dependent, whereas those obtained with an
IED of 3mm were independent of frequency in the
frequency range involved.

{b) The anisotropy in conductivity (¢,/6) and permittivity
(g,/e7) also appeared to be frequency dependent. The
value of ¢,/0, was somewhat smaller than suggested in
the literature.

(¢) The values of we, /o, obtained with an IED of 0-5mm
were not small compared with unity in the frequency
range of interest.

5.1 Reliability of the results

As usual for these kinds of measurements our experi-
mental setup was based on the four-electrode technique. Van
OosterOM et al. (1979) showed that the electrical conduc-
tivity of heart muscle changed in ischaemic parts of the heart.
Therefore we decided to measure the electrical conductivities
in vivo.

M. EDL and m. soleus in the hind limb of the rat (in vivo)
were the subject of investigation in this paper. We also
measured the electrical conductivity of the m. erector spinac
in the rabbit, which allowed the use of relatively small as well
as large IEDs at the same muscle (see also Section 1). The
measurements of electrical conductivity in small muscles
such as m. EDL and m. soleus caused several specific
problems. The pickup area of the four-electrode array
{RosiLarD and Poussart, 1979) should be, for instance,
completely within the muscle belly. Therefore the four-
electrode array had a relatively small TED (= 0-5mm),
which caused problems because of stray capacitances in the
measuring system (GIeLEN and BErRGVELD, 1982). Also, the
. conditioning of the muscle surface was an important factor
concerning the reliability and accuracy of the results (Section
3.1). Especially if small IEDs (small pickup area) had to be
used, special care was taken to minimise this problem
(Section 3.3.1). Histochemical pictures showed that the
fibres at the muscle surface were slightly damaged, which we
attributed to imperfect conditioning of the muscle surface.
This may have caused the change of the values of the
measured conductivities in the course of the experiments
(Section 3.1): Experiments carried out within 2 h were barely
affected (Figs. 4, 6 and 8). The above could have resulted in a
small underestimation of the mean anisotropy values (¢,/c ;)
as shown in Figs. 5, 7 and 9.

5.2 Comparison of our results with literature results
Experimental results obtained with such small IEDs as
ours (0-5 mm) have never been reported in the literature for
skeletal muscle tissue.
Literature results concerning skeletal muscle tissue as
reported in a review by GeppES and Baxer (1967) and
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recently by EpsTEIN and FosTer (1983); also those for heart
muscle tissue (WEIDMANN, 1970; CLerc, 1976; VaN
OosTEROM et al., 1979) are independent of frequency between
10 Hz and 5 kHz. However, our results obtained with an IED
of O-5mm depend on frequency not only in that frequency
range but also between 5kHz and 100kHz, whereas those
obtained with an IED of 3mm are frequency independent
between 10 Hz and 10 kHz but frequency dependent between
10kHz and 100kHz (see Section 4). The phase differences
correspond to values of we,/o,rand we /6, which are not
small compared with unity, as would be the case in a purely
resistive tissue. Therefore the assumptions made by PLONSEY
and HeppPNER (1967), who assumed the tissue to be purely
resistive, are invalid for skeletal muscle tissue.

Except for the dependence on frequencies, our conduc-
tivity values are comparable with previously reported values
concerning skeletal muscle tissue. Especially, the resem-
blance between our data obtained with an IED of 3 mm and
those recently reported by EpsteiNn and Foster (1983)
(IED > 10 mm) is fairly good, despite the fact that they did
not measure in vivo. According to the data of van OosTEROM
et al. (1979) this results in an underestimation of the values of
the conductivities. Although Epstein and FosTer (1983) used
an effectively one-dimensional configuration, whereas we
used a three-dimensional one, the electrical conductivities
obtained with both methods are the same. This is because the
pickup areas of both configurations are large compared with
inhomogeneities caused by anatomical structure at a cellular
level. Their anisotropy values (o, /0;) as well as ours are
smaller than those reported by BURGER and van DONGEN
(1960) and RusH et al. (1963), but their values of the dielectric
permittivity, both &, and ¢,, show a good agreement with
ours.

With respect to the somewhat smaller anisotropy values it
1s interesting to notice that, despite the apparently reliable
and relatively high values of ¢, /0, reported by BurGer and
vaN DonGEN (1960) and Rush et al. (1963}, in EMG models
relatively small anisotropy values (~ 5) have always been
used.

5.3 Interpretation of the results

Our results were obtained using eqns. 4 and 5, which were
based on eqn. 1, deduced by RusH (1962) for a homogeneous,
anisotropic, infinite extended tissue. With regard to the
homogeneity of the tissue it is doubtful whether an IED of
0-5mm is large enough, compared with characteristic dis-
tances in skeletal muscle, to satisfy the assumption of
homogeneity.

Recently Pronsey and Barr (1982) proposed a revised
theory with respect to the interpretation of results obtained
with the four-electrode technique. They showed that for
small as well as large IEDs it is correct to use eqn. 1
(cylindrical symmetric conductivities in skeletal muscle
tissue), but the conductivities ; and ¢ have to be considered
as space-averaged electrical conductivities. This interpre-
tation suggests that results will depend on the IED used. The
relationship between IED and results obtained with the four-
electrode technique has also been discussed in a model
proposed by GIELEN (1983).

These models are both based on a redistribution of
injected current from initially only extracellular positions to,
depending on IED and characteristic electrical distances in
the tissue (space constants), extra- as well as intracellular
positions. Cell membrane properties appear to be important
in this redistribution process.

To study the main effects of this redistribution PLONSEY
and Barr (1982) used purely resistive membrane properties.
If, however, more realistic membrane properties are used
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(FaLk and FaTt, 1964; WEIDMANN, 1970; MosLEY and EiprT,
1982) the space constants appear to be frequency dependent
(GIELEN, 1983) as contrasted with those given by PLoNsEY
and Barr (1982). This offers the possibility of measuring the
quantities as given by PLonsey and BArr (1982, eqns. 41 and
46, which are in fact special cases of eqn. 1) using only one
IED and changing the frequency of the injected current. This
is possible due to the frequency-dependent space constant of
the tissue. The space constant decreases with increasing
-frequencies. This is demonstrated theoretically by GIELEN
(1983) and experimentally in this paper.
For a tissue with a cylindrical symmetric anisotropy such
as skeletal muscle the quantities g;,, g;,» giz» Jox» Jop a0d g,
defined by PLonsey and Barr (1982) can be written as

Gix = diL
Gox = YoL
9iy = Giz = Gir
9oy = Yoz = Gor

Here the subscripts L and T denote parallel and transverse,
respectively, to the muscle fibres. Actually, we did not
measure the value of I,/2nSV, corresponding to a large IED
(PLoNsEY and BARg, 1982, eqn. 46) due to the fact that this
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