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Abstract. Surface electromyogram (EMG) was recorded
in m. biceps brachii during the contractions of 20, 40 and
60% of maximum voluntary isometric contraction
(MVC) in twelve healthy male subjects, using surface
array electrodes. The distribution of muscle fiber con-
duction velocity (MFCV) was found directly using the
averaging technique and the cross-correlation function
technique. MFCV's in the region of 20~45 mm measured
from end-plate denoted constant value of about 4 m/s in
20% MVC, while MFCVs in the region around end-plate
and tendons showed about 10 m/s in 20% MVC. The
values of MFCV depended on the contraction levels of
muscle. The model for the generation of MFCV which
considered the ensemble of muscle fibers with the shape
of a cone was proposed. The theoretical values of
MFCV by the muscle fiber ensemble model (MFE
model) proposed in the paper showed in good agreement
with the experimental results.
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Introduction

The muscle fiber conduction velocity (MFCV) is the
velocity of interference wave in the group of muscle
fiber action potentials propagated from motor end-plate
zone to both tendons. The methods of measuring muscle
fiber action potential are divided by (a) contraction type
of muscle (i.e., voluntary contraction or electric stimula-
tion), (b) electrode (surface electrode or needle elec-
trode). Several procedures for the evaluation of MFCV
have been performed by the following four techniques: a)
dip frequency technique (Lindstrgm et al., 1970), b)
zero-crossing technique (Lynn, 1979), c) averaging tech-
nique (Nishizono et al., 1979), and d) cross-correlation
function technique (Nishizono et al, 1979) were
proposed. A detailed explanation was reviewed by
Arendt-Nielsen and Zwarts (1989). The results of MFCV

of m. biceps brachii by various procedures are presented
in Table 1. Many studies of MFCV have been performed
especially for m. biceps brachii.

The first study of MFCV was performed by Dens-
low and Hassett (1943), who presented 24 measurements
from human arm muscle of normal subjects by volun-
tary contraction. MFCV was determined from recording
of motor unit (MU) potentials with two needle elec-
trodes 0.7~7 cm apart along the direction muscle fibers.
24 values of MFCV were widely spread between 1.3 m/
s and 125 m/s with the mean value of 4.95 m/s. No
consideration was taken regarding the site of the end-
plate in relation to recording electrodes. An attempt to
reinvestigate these results was investigated by Buchthal
et al. (1955a) who recorded the MU potentials of m.
biceps brachii with three needle electrodes in the loca-
tion except for the end-plate and tendon. MFCV varied
between 3.3 and 5.2 m/s, and the average velocity and
the standard deviation (SD) was 4.02+0.13 m/s. Buchth-
al et al. (1955b) also measured MFCV in the location of
motor end-plate zone in m. biceps brachii with six
concentric needle electrodes. They reported that the
conduction velocity of the action potential by voluntary
effort varied over a narrow range, and that the mean
value of MFCV was 4.7 m/s with SD value of 1.3 m/s.
The value of MFCV did not so much depend on the
location measured on muscle. Stalberg (1966) estimated
MFCV of 12 healthy male subjects in m. biceps brachii
during voluntary contraction. The value of MFCV was
3.691+0.71 m/s. Thus, MFCV in m. biceps brachii found
by Stalberg (1966) was 22% lower than that of the MU
spike potentials studied by Buchthal et al. (1955b).

The first report by noninvasive method in the esti-
mation of conduction velocity was based on a dip fre-
quency technique (Lindstrgm et al., 1970) with use of
surface electrode. Then, Lynn (1979) proposed a zero-
crossing technique accompanied by bandpass digital
filter preprocessing and determined MFCV of m. biceps
brachii with surface array electrodes. Resultant value of
MFCV ranged from 3.2 to 5.3 m/s with mean and stan-
dard deviation of 4.34%+0.61 m/s. They reported that the
relationship between MFCV and the contraction force
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Table 1 Estimation of MFCV in m. biceps brachii by various procedures

Condition of MFECV MFCV Electrode and Procedure Authors

contraction range mean+SD
(m/s) (m/s) ]
Voluntary 1.3—12.5 50+2.8 Two needles (arm muscle) Denslow and Hassett (1943)
contraction 3.7—59 4.7%£05 Six needles, direct Buchthal et al. (1955b)
2.0—3.7 3707 One needle, multielectrode Stalberg (1966)
35—48 Surface, dip frequency Lindstrgm et al. (1970)
analysis
3.2—5.3 43%0.6 Surface, zero-crossings Lynn (1979)
4.2—5.5 46=x05 Surface, averaging and Nishizono et al. (1979)
cross-correlation
1.1-6.7 3.8 Multielectrode needle, Yaar et al. (1980)
cross-correlation
4.2 Surface, zero-crossings Masuda et al. (1982)
44404 Surface, cross-correlation Naeije and Zorn (1983)
41—43 Surface, zero-crossings Sadoyama et al. (1983)
20—71 41=x1.0 Multielectrode needle, Yaar et al. (1984)

cross-correlation
3.9—5.0 4.4+04 Surface, cross-correlation Hilfiker and Meyer (1984)
39—56 46=+0.6 Surface, cross-correlation Eberstein and Beattie (1985)

3.4—35 Surface, zero-crossings Masuda et al. (1986)
5.0 Surface, phase detection Hunter and Kearney (1987)
3.8+04 Surface, cross-correlation Yamada et al. (1987)
3.8—54 4.6+0.3 Surface, cross-correlation Zwarts et al. (1988)
2.8—4.7 Surface, averaging Kossev et al. (1991)
35+05 Surface, cross-correlation Yamada et al. (1991)
4.4+0.3 Surface, cross-correlation Matunaga et al. (1993)
Electrical 3352 4.0+05 3—5 needles, muscle fiber Buchthal et al. (1955a)
stimulation variations Multielectrode needle Stalberg (1966)
3.0—6.0 42406 Needles, muscle fiber Hopf (1973)
3.8+0.3 Needles, muscle fiber Troni et al. (1983)
1 cycle/sec
2.8—55 Needles, muscle fiber Kereshi et al. (1983)
51408 Needles, muscle fiber Chino et al. (1984)

1 cycle/sec

3.7£0.3 Surface, single motor axon | Nishizono et al. (1989)

was not found during voluntary isometric contraction,
and that MFCV decreased during sustained contraction.
Also, other authors reported that the average MFCV
declined during local muscle fatigue: m. biceps brachii
reported by Naeije and Zorn (1982; 1983) and Sadoyama
et al. (1983), and m. vastus lateralis by Arendt-Nielsen
and Mills (1988). At low contraction levels, MFCV was
found to increase during prolonged contraction (Arendt-
Nielsen and Mills, 1988), possibly due to the recruitment
of motor units with higher conduction velocities: that is,
the motor unit conduction velocity was confirmed to
denote a size principle parameter by Andreassen and
Arendt-Nielsen (1987), who reported that the larger
motor unit gives higher value of conduction velocity as
compared with the conduction velocity for smaller
motor unit. In all these studies, surface EMG methods
were used to obtain MFCV. An important aspect, dealt
with in some of the papers concerning muscle fatigue is
that the relationship between the shifts of MFCV and
the power spectrum was found (Naeije and Zorn, 1982;
Sadoyama et al., 1983; Eberstein and Beattie, 1985). It

was also found that MFCV increased when the force of
voluntary contraction increased (Naeije and Zorn, 1982;
Sadoyama et al., 1983; Arendt-Nielsen et al.,, 1984;
Sadoyama and Masuda, 1987; Zwarts et al., 1988). The
notion that the augmentation is due to the high conduc-
tion velocity of larger motor units recruited at high
contraction levels was supported by the study of An-
dreassen and Arendt-Nielsen (1987). MFCV has been
expected to be a new index to estimate the function of
human muscle.

On the other hand, the estimates of MFCV are very
unstable in the same muscle. For example, the first
study of MFCV (Denslow and Hassett, 1943) reported
that MFCV ranged widely from 1.3 to 12.5 m/s during
voluntary contraction in human arm muscle. Gydikov et
al. (1976) measured the conduction velocity of motor unit
action potential at different locations with monopolar
and bipolar surface electrodes in m. triceps surae, m.
gastrocnemius lateralis, and m. gastrocnemius medialis.
They reported that MFCVs near the end-plate and the
tendon of the muscle showed very a high value and that
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MFCV at a different location on the same muscle
showed a different value. Yaar et al. (1984) obtained
MFCV during maximum voluntary isometric contrac-
tion in m. biceps brachii, using one multielectrode needle
with neighbour recording separated by 1 cm. The value
of MFCV was estimated by cross-correlation technique
and it ranged widely from 1.09 to 6.7 m/s (mean 3.8 m/
s). Sollie et al. (1985) determined the conduction velocity
of m. biceps brachii with surface array monopolar elec-
trode. They explained that if the electrodes are placed
too close to the motor end-plate zone or the tendons,
high values of conduction velocity was unexpectedly
found during voluntary isometric contraction. Roy et al.
(1986) investigated the effect of surface electrode loca-
tion on the estimate of the conduction velocity in tibialis
anterior muscle. They reported that large values of
MFCV were found at the distal tendon in 8 out of 10
subjects. Also, they reported that MFCVs in different
locations of different electrode on the same muscle were
not constant. In the studies, MFCV shows large varia-
tions and this explains the reason that MFCV is not used
extensively in clinical practice. Many authors except for
Denslow and Hassett considered MFCV to be a constant
value at various locations on one muscle, and have not
reported clearly the relation between MFCV and the
location measured.

In the present study, our main purpose is to investi-
gate MFCV at different locations on m. biceps brachii
during voluntary isometric contraction with surface
array electrodes. Our aim is to make the distribution of
MFCV located on the muscular surface clearly, that is
to show that MFCV depend on the location measured.
The other aim is to obtain the relation between MECV

Fig. 1 Experimental system.
AE: Array electrode. .
AMP: amplifier (NEC San-ei, BIOELECTRIC AMPL.-4124).
DR: data recorder (SONY, PC-108M).
AD: DC amplifier (NEC, AD-641G).
CP: mini-computer (NEC, PC-9801DA).
SP: signal processor (NEC San-ei, 7T17).
OSC: oscillograph (Iwasaki, HIOKI 3251).
Tens: sensor of tension (Shinkoh, Type-U3B1).
A: averaging technique.
B: cross-correlation function technique.

and the degree of voluntary contraction. Moreover, the
mechanism of generation of MFCV in ensemble of
muscle fibers are proposed, in which the group of muscle
fibers is considered to be of the cone shape, ie. the
end-plate has a large cross section of muscle fibers and
the tendon has a small cross section.

Method

Subjects and expevimental procedure

Twelve healthy male volunteers, ranging from 22 to
33 years, served as subjects. All subjects were informed
prior to experiment. Subjects were seated on a chair.
The elbow joint was maintained at right angle as shown
in the experiment system of Fig. 1. All experiments were
performed under isometric contraction. The maximum
voluntary isometric contraction (MVC) was taken as the
largest value of 3 brief maximal contractions done at an
of interval more than 20 minutes.

MFCVs were evaluated from the motor unit poten-
tials detected by array electrodes at 5 different zones on
m. biceps brachii as shown in Fig. 2. The subjects were
asked to keep a target line displayed on the oscillograph
and maintain the torque for 30 seconds at a given
percentage of MVC. The location of myoneural junc-
tions (end-plate) was reasonably determined from the
shape of the propagating potentials wave before starting
the experiment (see the section of Data analysis). The
preliminary experiments were performed on a different
day. All experiments were performed under room tem-
perature of 22~24C and skin temperature of 30~33C.

EMG recording

The surface array electrodes used in this study were
composed of six stainless steel wires, with a diameter of
1 mm and a length of 10 mm. These were arranged on a
flexible gum board (15X 40 mm) and were used as longi-
tudinal surface array electrode. The stainless steel wires
were positioned parallel to each other with an inter-
electrode spacing of 5 mm as shown in Fig. 3. They were
assembled by referring to the design of Lynn (1979) and
Masuda et al. (1983). During data acquisition, the array
electrodes were placed perpendicularly to the direction
of underlying muscle fibers. The gum plate was molded
to fit the muscle shape and the electrode wires were then
attached directly to the skin surface with approximately
uniform pressure. The attachment of the array elec-
trodes was not pasted to the skin. In the present study,
the array electrodes were positioned on the surface of m.
biceps brachii (caput breve) in the right arm.
Myoelectric potential was derived by the use of differen-
tial amplifiers for each adjacent pair of electrodes as
shown in Fig. 3. The frequency range of each bioelectric
amplifier was set from 5.3 Hz to 1 KHz. Before the
experiment, the skin was lightly abraded with sand
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proximal

end-plate

distal

Fig. 2 Array electrodes were placed on the surface of the skin in
one location of 5 different locations on m. biceps brachii, and
was placed perpendicular to the direction of muscle fiber.
Location 0 includes end-plate, location 1 is the position
between the end-plate and proximal tendon or the position
between the end-plate and distal tendon, location 2 means the
position near proximal tendon or the position near distal
tendon.

paper and then cleaned with alcohol. The myoelectric
analog signals was stored into data recorder as shown in
Fig. 1.

Data analysis

After recording the muscle fiber action potential,
MFCYV was calculated using the analytical techniques of
both the averaging technique and the cross-correlation
function technique.

In the averaging technique, recorded EMG signals
were analyzed by signal processor (Fig. 1). Myoelectric
signals were presented by the use of a triggered averag-
ing program based on motor unit action potential as
shown in Fig. 4. The channel of amplifier for the deter-
mination of the trigger level was used to be the number
1 in Fig. 3. The position of channel 1 in array electrode
always pointed to the proximal side in the five locations

electric voltage
between neighbor
electrodes

1 2 3 45
[ ] W *

amplifiers
array )
electrodes é
S
i |
1 mm 5 mm
(De)

Fig. 3 Schematic diagram of array electrodes connected to the

amplifiers. The electric potential between adjacent electrodes
was amplified. The ground terminals for respective amplifiers
were connected commonly to the earth.

used as in Fig. 2. The trigger level was decided around
the maximum action potential in the force set by %
MVC for the array electrode put at the location of distal
side and around the minimum one at that of proximal
side. As for the array electrode on the end-plate, the
trigger level was taken as around the minimum. The
signal processor in the analysis detected the trigger level
only in the descending time series of the action poten-
tials as shown in Fig. 4.

The existence of end-plate could be estimated from
the example shown in Fig. 4(a), in which the peaks of
action potentials around end-plate became inverse to
each other, because the action potential propagate to
both tendons-and the direction of propagation was
opposite. To detect the conduction delay between adja-
cent electrodes, we digitized the surface EMGs with 0.
012 ms sampling from 1024 data points. The surface
EMG signals were superimposed 200 times in order to
detect clearly the position peak action potential. The
total time required for the computer-assisted processing
was 2.5 sec. The time delay was evaluated by the time
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difference for peaks of action potentials of respective
channels by averaging technique as shown in F ig. 4.
MFCV could be calculated using the time shift (75) and
the distance (De) between electrodes.

MFECV =De/Ts @

Ts,
where De was taken to be the distance between any two
channels taken. In the paper, the value of De between

(a)

—i

e

]

eeshe

J

the neighbouring channels was 5 mm.
For the evaluation of T, the cross-correlation func-
tion for two action potentials of two channels was

employed by equation (2).
Ry () =Wk [x(t+2)y () dt @

EMG (0.05 mV/DIV)

|

Ts, where x(¢) was the EMG signal for one channel, y (¢)
v * * ’ *  was one for other channel, was the time shift between x
Time (2.00 ms/DIV) (#) and y(#), and %k was the normalizing constant to

place the correlogram between —1 and +1. Provided
the electrode was positioned correctly, a high correla-
tion between the two signals was obtained as shown in
Fig. 5 (e.g., cross-correlation coefficient, R,,>0.8). The
peak in the correlogram displaced from zero time is a
time lag 75 reflecting the conduction time between the
two channels. Thus, there were two ways to obtain Ts,
but the values obtained were similar, so that averaging
technique was employed in the paper.

(b)

EMG (0.1 mV/DIV)

Statistical analysis

The values of MFCV in different locations and
different contraction levels (i.e., 20, 40, 609% MVC) for
respective subjects were compared by t test with the
paired data.

Time (2.00 ms/DIV)

~~
O
N’

EMG (0.02 mV/DIV)

Results

The time shift T's between action potentials for two
channels was measured by the averaging technique.
MFCVs were estimated from the difference in arrival
time (7%) of the motor unit potentials for electrodes by
the distance separated (De), using equation (1). Resul-
tant value of MFCV was not constant for the location
measured: MFCV was found to depend on the location
measured as shown in Fig. 6. MFCV also depend on the
degree of the contractions as shown in Fig. 7. MFCVs
' ' ' + near to the end-plate zone (i.e., ILd<5 mm in Fig. 6) and

Time (2.00 ms/DIV) both tendon zones (i.e., [Ld<60 mm in Fig. §) gave large
values of about 10 m/s. However, comparatively smaller
and steady values of MFCV were obtained in the region

Fig. 4 Examples of averaging muscle fiber action potential. of 20~45 mm measured from the motor end-plate zone.

Averaged myoelectric signals at 3 different locations in 20% The values of MFCV seemed to be almost constant at

MVC: (a) location of end-plate, (b) location 1 in distal side, (c) the region. Minimum values were obtained in the region:

location 2 in distal side. The clear differences in the time The means and SD for MFCV in the flat region of 20

delay are shown. The end-plate was estimated between the i .
positions of action potential peaks with the opposite sign to ~45 mm in 209% MVC were 4.13+0.23 m/s for distal

each other in (a) by way of example. The perpendicular dash side region and 4.03£0.23 m/s for proximal side region.
line in each figure means trigger point for the top curve. The values obtained showed similar values which other
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(a) CH 1

CH2

2 ms
L1 Ts

0.2 mV
L |

+1r

Rxy

(b)

-1+

Fig. 5 Examples of surface-recorded EMGs (upper) from location
1 in distal side of m. biceps brachii during 209 MVC. (a)
action potentials for two channels, (b) cross correlation of two
EMG signals show a peak reflecting the time delay (Ts). R
(xv) is correlation coefficient.

authors gave as constant under various degrees of con-
traction as shown in Table 1. The distribution of MFCV
was almost similar for both proximal and distal regions,
but strictly it was not the same as shown in Fig. 6(a).
The minimum and the maximum values of MFCV for
other muscular contraction levels presented to be simi-
lar values as shown in Table 2. The feature of MFCV
obtained is as follows. The value for both regions in-
creased as the muscular contraction increased from 209
MVC to 609% MVC, but the increase rate was less than
109%. The value for distal region was greater than that
for proximal region. On the other hand, the maximum
value of MFCV was found around the end-plate as
shown in Fig. 6. The maximum value also increased with
the increase of muscular contraction. The maximum
value around the end-plate in distal region side was
larger than that in proximal region. The wvalues of
MFCV between neighbouring locations were significant
by different in the region except for the flat region of 20
~45 mm measured from the end-plate, so that MFCV
was not constant for all the locations measured and
MFCYV indicated the distribution as shown in Fig. 6.
The maximum values of MFCV (9~10 m/s) were

near to the value 12.5 m/s which Denslow and Hassett
(1943) obtained by the use of needle electrode. They,
however, did not make the location measured clear.
Many authors gave MFCV as constant value around 4
~5 m/s as shown in Table 1, where the constant values
did not depend on the condition of contraction, the kinds
of electrode, and the analyzing technique. These results
(Table 1) were close to the minimum MFCV for flat
region as shown in Table 2.

MFCVs for some contraction level at the same
location were compared with MFCV for other contrac-
tion levels as shown in Fig. 7. The values of MFCV
between different contraction levels in all the region of
proximal side gave similar values and were not signifi-
cantly different, while for the values in distal region the
significant difference was recognized around the flat
region 20~45 mm measured from end-plate, and the
quantitative difference was given as the minimum
MFCYV in Table 2.

The relation between MFCV and location (mm)
measured from end-plate was obtained by multiple
regression analysis. The relation could be evaluated
empirically as an equation of the fourth degree:

4
MFCVZZOaixi (3)

The proportion of the relations was obtained to be
0.79~0.88 under various conditions of measured sides
and muscular contraction levels. For example, for the
relation of distal side and 20% MVC [see right side
curve of Fig. 6(a)] MFCV (m/s) was calculated with the
location (mm) measured from the end-plate.

MFCV =15.2—1.44x+0.0667x>
—0.00132x%+0.00000960x* “)

where respective regression coefficients were presented
with the use of two significant figures. The proportion
for the regression curve (4) was 0.80, and degree of
freedom was 111.

Discussion

Distribution of muscle fiber conduction velocity

Muscle fiber action potential is generated at the
motor end-plate zone (innervation zone) and then propa-
gates to both tendons along the muscle fiber. Masuda et
al. (1983) investigated the location of end-plate zone of
m. biceps brachii during voluntary contraction by sur-
face array electrodes. They found the end-plate zone
was located on nearly the middle length of the muscle. In
our paper, the end-plate was searched by the use of
propagation wave form of action potential as shown in
Fig. 4(a). When the sign of the peaks of action potential
was inverse and the relation 75 =75, in Fig. 4(a) was
obtained by moving the array electrodes along muscle
fibers, it was estimated that the location of the end-plate
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MFCV(m/s)
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proximal T distal
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~10 -60 -50 ~40 -30 -20 -10 10 20 30 40 0 &0 70

end-plate Le(mm)

(a) 20%MVC
MFCV(m/s)
or *¥k
9
74
. 6 ey
*oke ** sk * kk
proximal ’F distal
S w0 T 10 30 % W % @
end-plate Le(mm)
(b) 40%MVC
MFCV (m/s)
1+
o *k
9b.
ok 8f e e
* L
Fok st L *
sk * Tu-
proximal I+ distal
T R )

end—plate Le(mm)

(c) 60%MVC

Fig. 6 Distribution of averaged MFCV during (a) 20%, (b) 409 and
(c) 609% MVC for twelve subjects: The perpendicular line at
each MFCV is SD. The significant difference between neigh-
bouring MFCVs position was recognized. * and * % means
statistical significant level of 5% and 194, respectively. Le
denotes the distance between end-plate and midpoint for
bipolar electrodes. The measured mean length between prox-
imal and distal side tendons for m. biceps brachii was 130.0
mm, so the mean length between the end-plate and tendon
was 65.0 mm.

exactly existed between two electrode pairs (i.e., 5 mm).
The location of end-plate was actually obtained around
the middle point of the muscle.

The main purpose of our paper is to study MFCV at
various location on the muscle. MFCVs in the paper
were found to have the distribution from end-plate to
both tendons as shown in Fig. 6, where the values of
MFCV in the region 20~45 mm measured from end-
plate denoted constant values and they were in good
agreement with the past results of Lynn (1979), Naeije
and Zorn (1983), Nishizono et al. (1989) and Yamada et
al. (1991) (Table 1). In the past many investigators did
not explain the experimental results for distribution of
conduction velocity (Fig. 6). They treated MFCV as a
constant value for all the location on the muscle for a
long time (Table 1). One of the reasons that MFCV has
a constant value is due to the use of the electrode with
a long inter-electrode distance of more than 10 mm.
Almost all the authors listed in Table 1 except for
Hilfiker and Meyer (1984) and Masuda and Sadoyama
(1986) employed such electrode. The authors who em-
ployed array electrodes with short inter-electrode dis-
tance also considered MFCYV to be a constant value over
muscle measured: Hilfiker and Meyer (1984) did not
refer to MFCV to have the distribution of conduction
velocity. Masuda and Sadoyama (1986) did not pay
attention to the distribution of MFCV, because their aim
was to look for the location of the end-plate. Examples
of results of MFCV around the end-plate are shown in
Fig. 8, in which Nishizono et al. (1979) used inter-
electrode distance De of 20 mm which was larger than
the value of 5 mm for array electrodes used here. There
were small number of locations measured for De of 20
mm, so the relation between the location and time delay
obtained were estimated to be roughly linear as shown
in Fig. 8. On the other hand, in case of using array
electrodes with short inter-electrode of De 5 mm, many
points of Ts on muscle were measured, so that various
values of MFCV were obtained. MFCV depended much
on the location measured as shown in the present study
of Fig. 8. The present study denoted that both the region
around less than about 20 mm measured from the end-
plate point and the region around the tendons of more
than 45 mm gave larger values of MFCV (i.e., curves a,
¢, @), ¢’ in Fig. 8) as compared with the values of MFCV
in the region from 20 mm to 45 mm (i.e., lines b and b’).
The region around 20 to 45 mm showed constant MFCV.
It was recognized that the too narrow inter-electrode
distance could detect the influence of interference of
action potential waves.

Sollie et al. (1985) and Gydikov et al. (1976) reported
large values of MFCV around end-plate and tendon.
However, these reports did not insist the distribution of
conduction velocity on the muscle measured.
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Table 2 Minimum and maximum value of MFCV in
various contraction levels*

Muscular | Minimum MFCV (m/s) |Maximum MFCV (m/s)
contraction| distal region  proximal region | distal region  proximal region
(%MVC) |(mean+SD) (mean+SD)|(mean+SD) (mean+SD)

20% 413+0.23 4.03+0.23 | 9.83+£0.86 9.06+1.37
40% 4424033 4.12+0.25 | 10.12£1.05 9.66%+1.35
60% 4584027 4.18+0.29 | 10.23+1.30 9.4241.68

*Minimum and Maximum values of MFCV are obtained in the
region of 20~45mm measured from end-plate and in the region
around end-plate, respectively.

Model for gemeration of muscle fiber conduction velocity

In the past studies of model of the conduction
velocity for muscle and nerve, the diameter D and
internal resistance were treated as important factor
(Katz, 1948; Hodgkin and Nakajima, 1972): The theoreti-
cal conduction velocity was proportional to square root
of the diameter of muscle or nerve (D) per internal
resistance (R;) (Table 3):

Conduction Velocity for muscle and nevve </ D/R; (5)

In these derivations of conduction velocity, muscle
fiber or nerve or these groups were treated as forming
cylindrical shape. They did not considered collective
effect for muscle fibers or nerves.

The cylinder does not display the actual shape of m.
biceps brachii consisting of a gathering of muscle fibers,
since the cross section around the end-plate for the
actual muscle has the maximum area, while that around
tendons has the minimum area. In the paper, the shape
of muscle was treated as a cone (Fig. 9) in order to
express actual shape of the muscle. All the physical
quantities except for electron charge is treated as the
function depended on the position x. Using the cone
shape of muscle, the model to generate MFCV was
considered as follows.

On the basis of electromagnetism, the current in the
conductor I (x) is the product of current density J (x)
and cross section at each different position of the con-
ductor S(x).

I(x)=J(x)-Sx) 6)

J (x) is expressed by number of electron per unit volume
n,(x), electron charge e, and velocity of electron V,(x):

Jx) =—n.(x) e V.(x) (7)

The minus sign means that the direction of velocity of
electron is opposite to the direction of current density.
The velocity of electron V,(x) is also in proportion to
the electric field E (x) at x of the conductor,

Ve(x)=—pu(x)-E (x) ®)

where u (x) is mobility.
From the equations (7) and (8), current density J (x) is
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Fig. 7 Difference of MFCV in different contractions: The values
of MFCV in flat regions 20~45 mm from end-plate increased
when the contraction forces increased (---, 20% MVC; -,
409% MVC; —, 60% MVC). * and * * means statistical
significant level of 5% and 1%, respectively. Le denotes the
distance between end-plate and midpoint for bipolar elec-
trodes.
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Table 3 Conduction velocity for nerve and muscle

Conduction velocity (CV)
CV =(SDV?) /[ 2R’%) "2 Cy- (R) V]

Author (year)
Katz (1948)

S’ safety factor

D diameter

R’, active membrane resistance
C, membrane capacity

R; internal resistance

CV = (K./(2R,G))

Hodgkin and
Huxley (1952)
K, radius of axis cylinder(=D/2)

R, specific resistance of axoplasm
Cy capacity per area of membrane

cv= %\/RszGI

G, internal conductivity (1/R,)
k  parameter of membrane properties
(e.g. £=30>x10%Qcm?/sec?)

Hodgkin and
Nakajima (1972)

1 | N T I TN TR T N T N
1 23456 7 8 91011121314151617 18

Time Delay Ts (ms)

Fig. 8 Time delay of EMG measured around the end-plate in m.
biceps brachii. De and W denote distance between neighbor-
ing electrodes and diameter of one electrode. a~c and a’~c¢’
mean similar slopes (i.e. MFCV) for the inter-electrodes
distance per time delay for the inter-electrodes distance; a
sharp slope means a larger value of MFCV. As for Le, see Fig.
6.

obtained in equation (9)

J @) =n.(x) e u(x) E (x)
=¢(x)-E(x) €)

where o (x) is electric conductivity:
c(x)=n.(x) e pu(x) (10)

Using the equations (8) and (9),
Velx) =—pu(x) - E (x)
W
o (x)
__px)-J(x)-Sx)
o(x)-S(x)
_ p@)-Ix) 11
alx)-Sx)

The equation (11) was employed as a model to study
the mechanism of conduction velocity of muscle, that is,
muscle is treated here to be a conductor. V,(x) is
considered as MFCV. Moreover, the following two
quantities, the numerator and the denominator in the
equation (11), were supposed to be other useful func-
tions: the numerator —u (x) -1 (x) was in proportion to
the cross section of muscle S(x), x being the distance
measured from the end-plate (Fig. 9), and the denomina-
tor o(x)-S(x) was in proportion to electric energy
which is presented by the function of position x, i.e., f
(x). Since the quantity ¢ (x) - S(x) denotes the degree of
conductivity of electron in cross section at the position

The meaning of symbols is common to all the equations of CV
listed. The form of fiber was considered to be a cylindrical model
for CVs stated above.

x, it is considered that ¢ (x)+S(x) means the quantity
like electric potential.

Around the end-plate, median power frequency is
higher than that at the location 20 to 45 mm measured
from the end-plate (Roy et al., 1986). The higher fre-
quency was due to the interference of ensemble of the
action potentials with time delay to generated from the
end-plate region. The action potentials around the end-
plate were also at a lower level as compared with the
region of constant MFCV of about 4 m/s, because of the
interference of the action potentials. The result was
reported by Masuda and Sadoyama (1986) and Mor-
imoto (1986). It should be noted that Masuda and
Sadoyama (1986) presented the lower action potential
around the end-plate for the case of the array electrodes
stepping over the end-plate, while Morimoto (1986)
showed the similar lower action potential for the case of
the bipolar electrodes putting on the position between
the end-plate and tendon without stepping over the
end-plate. The action potentials around the tendons
were also lower than that at the location with the
constant MFCV, since the conductivity of tendon was
lower as compared with the conductivity of the muscle
fiber. The result was reported by Gydikov et al. (1976).
The action potentials had the minimum values around
both end-plate and tendon. Therefore, the quantity o
(x) -S(x) could be presented by f (x) with the minimum
value stated above.

Thus MFCV is expressed by the equation (12):

MFCV =V,(x) = f ((j;)) 12)
It should be noted that the quantity MFCV meant the
conduction velocity for ensemble of muscle fibers with
the shape of a cone. The present procedure for m. biceps
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brachii is called here as muscle fiber ensemble model
(MFE model) with cone shape. In the model, it is sup-
posed that the physical quantities in the cone indicate
heterogeneous character, that is, they depend on the
location x. In the muscle, there are various kinds of
diameters of the section of muscle fiber, that is, the
diameters distributed in the range of 30~80um. The
position of the junction of motor nerve for these muscle
fibers are different, so that the action potentials in these
muscle fibers have different phases from each other.
Although MFCV for each muscle fiber depends on the
diameter and has the constant value, the action potential
observed consisted of the group of action potentials for
respective muscle fibers. The resultant action potential
was measured from the surface of skin on the muscle,
and it was affected by the interference of respective
action potentials and the volume conductance between
the skin and respective muscle fibers. Therefore, the
resultant MFCV was regarded as “appearance value of
MFCV”.

In the model, all the physical quantities treated here
except for electron charge ¢ were considered to be a
function of x. The electrons which were generated by
many generated muscle fibers at end-plate zone propa-
gate to the direction towards tendons. The propagation
of electrons around end-plate has different phase, so that
the electric potential around the end-plate is considered
to be low due to the interference. The electric potential
in the tendon is low since the tendon has a scanty part
of contraction component. The function of f (x) present-
ed as the electric energy is taken mathematically to be
zero at both the end-plate (x=0) and the tendon (x = %),
so the following function is employed.

F ) =kplx(h—x)}™ (13)

where m is order of x and (2—x). Provided that %, is a
parameter with the dimension L=?7-V-g the dimension
of £{x) becomes L-s, where L and s mean the dimen-
sion of length and time.

S(x) is obtained exactly from the cone model in
Fig. 9:

Fig. 9 Cone model for the generation of MFCV. ¢ and % are the
radius of cross section at end-plate (max. circle) and the
distance between end-plate and tendon. x is the distance
measured from end-plate. S(x) is the area at x, and y is the
radius of cross section at x.

S(x)=n(a/B)?* (h—x)* (14)

Therefore, MFCV is expressed by the above two equa-
tions.

z(a/n)? (h—x)?

MECY = %) }"

(15)

The dimension of S(x) is L?, so that the dimension of
MFCV in equations (12) and (15) is presented to be L/s
with the unit meter/second. Namely, the dimension of
MFCYV becomes to that of velocity. Expressing equation
(15) by the ratio x/%, it is transformed to equation (16).

wla/ ) (e (1=5):
MFCV = (16)

x X\ m

In order to fit the equation (16) to the experimental
result, MFCV is taken to be 4 m/s at x=h/2 (e,
constant region of MFCV) for the model calculation. In
the case of m=1 and 2, MFCV denotes monotone
decreasing function as shown in Fig. 10. These cases did
not explain the experimental results of Fig. 6. However,
for the case of m =3, when the value of x comes near to
0 (end-plate) or % (tendon), the values of MFCV come
near to infinite. The theoretical result reflects the exper-
imental result. These results for m=1~4 are plotted in
Fig. 10. As the value of parameter m increases, the
shape of the theoretical function (16) approaches to the
experimental result. For the case of m =4,

MFCV:”;“—x a7
A=y

50 y y Y .
40 [ 1 4 m = 4
m=3
@ 30t m=3 1
E
> 20%t m=2
@]
10p m=2 m=1
m= 1/
0 i
0 0.2 0.4 0.6 0.8 1

x/h

Fig.10 Theoretical curve of MFCV. m denotes order of x in
function £ (x) [eq.(13) or (16)].
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() ()

k= (18)

The parameter %, in the equation (18) is determined
when MFCV at the region with the relation x/2=1/2 is
taken to be 4 m/s. The theoretical curve for m =4 in
Fig. 10 denotes the feature of experimental curve in Fig.
6. The complete fitting of model equation to experimen-
tal result is considered by taking different orders m; and
m, for x and (k—x) instead of m in the equation (16).

The conduction velocity for the cylindrical model
which Katz (1948) and Hodgkin and Nakajima (1972)
proposed was in inverse proportion to the square root of
internal resistance R;, and they treated the feature of
many muscle fibers as that of single muscle fiber in the
model while our model shows to be in inverse proportion
to o (x)-S(x) which is treated as the quantity to be in
proportion to electric potential. Since there is the rela-
tion which ¢ (x) is in reverse proportion to R;(x), it is
estimated apparently that MFCV of the equation (15)
gives the opposite tendency to equation (5) as ¢ (x)
increases. However, the denominator of equation (15)
presents ¢ (x) S (x) instead of ¢ (x) and the quantity is
the function of x and denote the quantity like electric
potential. The experimental facts which the electric
potential decreases at end-plate and tendon denotes the
decrease of the denominator, so that the large value of
MFCV at end-plate and tendon was obtained. In the
muscle fiber region between the end-plate and tendon, it
is considered that electric potential after interfering in
end-plate propagates smoothly towards the tendon. The
action potential in the region is assumed to be high as
compared with the end-plate and tendon, so that MFCV
denotes constant minimum value. The cone model could
explain well to the experimental result of MFCV over
the muscle. The difference of two equations (5) and (15)
originates in the models taken and depends on the
character of physical homogeneity for equation (5) or
heterogeneity for equation (15) in ensemble of muscle
fibers.

Relation between muscle fiber conduction velocity and
degree of contraction

In the present study, the value of MFCV increased when
the degree of the contraction of muscle increased, and
the resultant values were in good agreement with the
results of the previous studies (Naeije and Zorn, 1982;
Sadoyama et al., 1983; Sadoyama and Masuda, 1987;
Arendt-Nielsen et al., 1984; Zwarts et al., 1988). The
increase of MFCV is due to the recruitment of muscle
fibers by increase of contraction: The muscle fibers
having higher level of contraction generate a larger
conduction velocity. This function was supported by
Andreassen and Arendt-Nielsen (1987).

The augmentation of MFCV in higher degree of
contraction could also be explained in the proposed
model: The increase of contraction results in the
increase of both S(x) and the action potential corre-
sponding to o(x)+*S(x) due to the recruitment. The
degree of increase of action potential is considered to be
not so much duets the interference of action potentials.
Since the charge of S(x) is physical, the degree of
increase is considered to be larger than the change of
action potential. Therefore, it is considered that the
value of MFCV in the equation (12) increases at a higher
level of contraction.

It is found here that the value of MFCV depends on
the location measured, so that in the measurement of
MFCYV the location of end-plate zone should be monitor-
ed by the action potential wave and the location mea-
sured from the end-plate should be pointed out clearly.
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