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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.  MFCVs  in the region  of  20N45  mm  measured

from  end-plate  denoted constant  value  of  about4  mfs  in
2e%  MVC,  while  MFCVs  in the region  around  end-plate

and  tendons  showed  about  10 mfs  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  oi

MFCV  by  the  muscle  fiber ensemble  model  (MFE
model)  proposed  in the paper  showed  in good  agreement

with  the experirnental  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  irom motor  end-plate

zone  to both  tenclons, The  rnethods  of measuring  muscle

iiber 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 (Lindstr¢ m  et  al., 1970), b)
zero-crossing  technique (Lynn, 1979), c}  averaging  tech-
nique  (Nishizono et  al., 1979), and  d) cross-correiation

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  oi  MFCV  was  performecl 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 O.7N7 cm  apart  along  the di'rection muscle  fibers.
24 values  of MFCV  were  widely  spread  between 1.3 ml
s and  12.5 m/s  with  the mean  value  oi  4.95 mfs.  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.

bjceps 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± O.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 mfs  with  SD  value  of  1.3 mls.

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 rn.  biceps brachii
during voluntary  contraction.  The  value  of  MFCV  was

3,69± O.71 m!s.  Thus, MFCV  in m.  biceps brachii iound
    oby

 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  (Lindstr¢m  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 mfs  with  mean  and  stan-

dard  deviation of 4.34± O.61 m/s.  They  reported  that  the

relationship  between  MFCV  and  the contraction  force
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Table 1 Estimatien of  MFCV  in m.  biceps brachii by various  procedures

ConditionofMFCVMFCVElectrodeandProcedureAuthors
'

contractlonrangemean ±.SD
(mfs)(mfs)

Voluntaryl.3-12.r),-).o ± 2.8Twoneedles(armmuscle)DenslowanclHassett(1943}
'

contractlon3.7--5.94.7 ±.O.5Sixneodles,direct Buchthaletal.(1955b)

2.0-3.73.7,!f,O.7Oneneedle,multielectrodethStalberg(1966)

3.5･4,8 Surface,dipfrequency LindstrPmetal.(1970)
ana]ysis

32-5.34.3t･.e.6Surface,zero-crossings Lynn(1979)

4.2-5.54.6:O,5Surface,averagingand Nishizonoetal.(1979)
cross-correlation

Ll-6.73.8 Multielectrodeneedle, Yaaretal.{1980)

cross-correlation

4,2 Surface,zero-crossings Masudaetal,(1982)

4.4± O.4Surface,cross-correlationNaeijeandZorn(1983)

4.l-4,3 Surface,zero-crosslngs Sadoyamaetal.(1983)
2.0-714.1 ± l.OMultielectrodeneedle, Yaaretal.(1984)

cross-correlation

3.9-5.04.4 ± O,4Surface,cross-correlationHilfikerand)FTeyer(1984)

3.9--5.64.6 ± O.6Surface,cross-correlationEbersteinandBeattie(1985)

3.4-3S Surface,zero-crosslngs Masudaetal.(IY86)

5.0 Surface,phasedetectionHunterandKearney(1987)

3.8± O.4Surface,cross-correlationYamadaetal.(1987)
3.8-,r).44.6=1O.3Surface,cress-cerrelationZwartsetal,{1988)
2,8･-4.7 Surface,averaging Kossevetal.{1991)

3.5± O,5Surface,cross-correlationYamadaetaL(1991)

4.4±
･O.3Surface,cross-correlationMatunagaetal.(1993}

Electrical3.3-5.24,Or.O.53-t5needles,musclefiberBuchthaletal.{195'5a)

stimulationvariations .Multielectrodeneedle
oStalberg(1966)

3.0-6.04,2 ± O.6Needles,musclefiber Hopf(]973)

e.s± o.3Needles,musclefiber Tronietal.(1983)

1cyclefsec

2.8-s.Jr Needles,musclefiber Kereshietal,{19S3)

5,lt.U.8Needles,musclefiber Chineetal.(1984)
3.7=FO.3Surface,singlemotoraxonNishizonoetal.(1989.)

1cyclelsec

was  not  found during voluntary  isometric contraction,

and  that MFCV  decreased during sustained  contraction.

AIso, 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  prineiple  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  augrnentation  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 sarne  muscle.  For  example,  the first

study  of  MFCV  (Denslow and  I{assett, 1943) reported

that MFCV  ranged  widely  from 1.3 to 12.5 rn!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  rnonopolar

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 va]ue.  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  irom 1.09 to 6.7 mfs  (mean 3.8 ml
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 clin{cal  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 MFCV

ne

fig･

SPA

AD CPB

1 Experimental system.
AE: Array electrode,

AMP/  amplifier  (NEC San-ei, BIOELECTRIC  AMPL-4124).
DR/ data racorder  (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, HIOKt  3251).
Tens: sensor  of tension (Shinkoh, Type-U3Bl).
A/ averaging  techniquc.
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,  i.e., the
end-plate  has a  large cross  sectioll  of muscle  fibers and
the tendon  has a  small  cross  section.

Method

Sudects and  exPerimenlal  Procedztre

    Twelve  healthy male  volunteers,  ranging  from 22 to
33 years,  served  as subject･ s. 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  isornetric 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. AII experiments  were  performed under  room  tem-
perature  of  22-24 ℃ and  skin  temperature  of 30de33℃ .

EMG  recombng

    The surface  array  electrodes  used  in this study  were

composed  of  six  stainless  steel  wires,  with  a  diameter of
] mm  and  a  length of  10 mm.  These were  arranged  on  a

flexible gum  board (15× 40 mm)  and  were  used  as  longi-
tudinal  surface  array  electrode.  The stainless  stee] 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. 1'he 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 rtght  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 IIz to 1 KHz.  Before  the

experiment,  the skin  was  lightly abraded  with  sand
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d-plate

Fig. 2 Array electrodes  were  placed on  the  surface  of  Lhe skin  in

   one  location of  5 different locaLions on  m.  biceps brachii, and

   was  placed  perpendicu!ar  to the direction of  muscle  fiber.

   Location  O includes end-plate,  location l is the position

   between the end-plate  and  proximal  tendon  or  the position

   between the end-plate  and  distal tendon, Iocatien 2 means  the

   position near  proxirnal 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.

Dala  analysis

   After recording  the muscle  fiber action  potential,

MFCV  was  calculated  using  the  analytical  techniques oi

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

amplifier

   arTay

electrodes

Ng.

electric voltage

between neighbor
electrodes

1 2 3 4 5

1mm 5mm

 (De)

3 Schematic diagram ef 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 Ievel was  decided around
the rnaximum  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 oi 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

on]y  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  O.

O12 ms  sampling  from le24 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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(a)
AzQ>fiwoQ9oEpt

7ls,

t

l

t

::::;::,'7ls,

(b)AEIQ>Er9oEm

- N

:':::::::

Time  (2.00 ms/DIV)

::::.

difference for peaks  of action  potentials oi respective

channels  by averaging  technique as shown  in Fig. 4.
MFCV  could  be calculated  using  the  time  shift  (7)s) and

the distance (De) between electrodes,

  A4FCV--De/7ls (1)
where  De  was  taken  to be the distance between any  two
channels  taken. In the paper,  the value  of De between
the neighbouring  channels  was  5 mm,

    For the  evaluation  of  7ls, the cross-correlation  func-
tion for two  action  potentials  of  two  channe]s  was

employed  by  equation  (2).

  R.. (T) =(1!k  J'x(t+ T)y(t)  dt (2)

where  x(t)  was  the  EMG  signai  for one  channel,  J, (t)
was  one  for other  channel,  was  the time  shift between x
(t) and  y(t), and  k was  the normalizing  constant  to
place the correlogram  between -l  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..>O,8). The
peak  in the correlogram  displaced from  zero  time  is a
time lag 1ls reflecting  the conduction  tirne between the
two  channels.  Thus, there were  two  ways  to obtain  1ls,
but the values  obtained  were  similar,  so  that averaging
technique was  employed  in the paper.

(c)
ALEI!>Ept9owoEpt

Time  (2.00 mslDIV)

Iir. :':::

Sintdstical analysis

   The values  of MFCV  in different locations and

diiferent contraction  levels (i.e., 20, 40, 60%  MVC)  for
respective  subjects  were  compared  by  t test with  the
paired data.

Results

Fig.

Time  (2.00 ms/DIV)

 4 Examples of  averaging  musele  fiber aetion  potential,
Averaged  myoelectric  signals  at  3 diiferent locations in 20%
MVC]  (a) lecation of  end-plate,  fo) location 1 in distal side, (c)
locatien 2 in distal side.  The  c]ear  differences in the  time

delay  are  shown.  The end-plate  was  estimated  between the
position$ oi  action  potential peaks  with  the opposite  sign  to
each  other  in (a) by way  of  example.  The  perpendicular  dash
lille in each  figure means  trigger point for the top curve.

    The time shift  Ts  between action  potentials for two
channels  was  measured  by the averaging  technique,
MFCVs  were  estimated  from the diiference in arrival

time  ( 7ls) of  the motor  unit  potentials for electrocles  by
the distance separated  (De), using  equation  (1). Resul-
tant value  of  MFCV  was  not  constant  for the location
measured:  MFCV  was  iound to depend  on  the Iocation
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., jLelg5 mm  in Fig. 6) and
both tendon  zones  (i.e., ILelE{ 60 mrn  in Fig. 6) gave  large
values  of about  10 mls.  However, comparatively  smaller

and  steady  values  of  MFCV  were  obtained  in the  region

of  20-45  mm  measured  from  the  motor  end-plate  zone,

The  values  of  MFCV  seemed  to be  almost  constant  at

the region.  Minimum  values  were  obtained  in the  region:

The  means  and  SD  for MFCV  in the flat region  of 20
N45

 mm  in 20%  MVC  were  4.13± e.23 mls  for distal
side  region  and  4.03± O.23 rnfs  for proximal  side  region.

The  values  obtained  showed  similar  values  which  other
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(a)
x

>sto

(b)

Distributjon of Musc]e Fiber Cunduction Velocity of M, Biceps Brachii

 -->

R,'Yr

e

2 ms-

CH1

CH  2

     

Fig. 5 Examples of  surface-recorded  EMGs  {upper) from location

   1 in distal side  of  m.  biceps brachii during 20% MVC,  (a}
   action  petentials far two  channels,  (b) cross  correlution  of  two

   EMG  signals  show  a  peak  reflecting  the time  delay (Ts). R

   (xl,) is correlaLion  coefficient,

During Veluntary Isomctric Contractien with Use of Surface Array Electrodes

   near  to the value  12.5 mfs  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  mfs  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 rninimum  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 lcvels as  shown  in Fig. 7. The values  oi  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  20N45  mm  measured  from  end-plate,  and  the

   quantitative difference was  given as  the minimum

   MFCV  in Table  2.

       The relation  between MFCV  and  location (mm)

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  musculay  contraction  levels presented  to be simi-

lar values  as  shown  in Table 2, The fcature of  MFCV
obtained  is as  follows. The value  for both regions  in-

creased  as  the rnuscular  contraction  increased from 2e%

MVC  to 60% MVC,  but the increase rate  was  less than
10%.  The value  for dista] region  was  greater than  that

for proxirnal  region.  On the other  hand, the maximurn
yalue  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  values  of

MFCV  between  neighbouring  locations were  significant

by  different in the region  except  for the flat region  of  2e
N45

 mm  measured  from  the end-plate,  so  that  MFCV

was  not  constant  for all the locations measured  and

MFCV  indicated the  distribution as  shown  in Fig. 6.

   The  maximum  values  of  MFCV  (9-10 mls)  were

measured  from end-plate  was  obtained  by multiple

regression  analysis.  The  relation  could  be  evaluated

empirically  as  an  equation  of the fourth degree:
          4

  ll((FCV=2a,xi  (3)
         i=o

   The proportion of  the relations  was  obtained  to be

O.79-O.88 under  various  condjtions  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  (mls) was  calculated  with  the
location (mm) measured  from  the  end-plate.

MFCV=]5.2-L44x+e.0667x2

        
-o.oo132xs+o.ooooog6ox4

 a)

where  respective  regression  coefficients  were  presented
with  the use  of  two  significant  figures. The  proportion
for the regression  curve  (4) was  O.80, and  degree  of

freedom was  11I.

Discussion

Dtstribzation of muscle  fiber conduction  vegocity

   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  forrn of  action  potential  as  shown  in

Fig. 4(a). SNhen  the  sign  of  the  peaks  oi  action  potential

was  inverse and  the relation  7lsi z='  1'lsle 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)

 end-plate

(a) 2o%Mvc

MFCV(mls)

Le(mm)

 end-plate

(b) 40%MVC

MFCV(rnls)

Le(mm)

                   endri)late  Le(mrn)

                  (c) 60%MVC
Fig. 6 Distribution of  averaged  MFCV  during (a) 20%,  (b) 40%  and

   (c} 60%  MVC  for twelve  subjects/  1'he perpendicular  line at

   euch  MFCV  is SD.  The  significant  difference between  neigh-

   bouring  MFCVs  position was  recognized.  *  and  *  *  means

   statistical  significant  lei,el of  5%  and  1%,  respective]y.  Le

   denotes  the distance between  end-plate  and  midpoint  for
   bipolar electrodes.  The  measured  maan  length  between  prox-

   imal and  dista! $ide  tendons  for m.  biccps  brachii was  130,O

   mm,  so  the maan  length between the end-plate  and  tendon

   was  65,O 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  20tu45 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 tirne (Table 1). One of  the reasons  that MFCV  has
a constant  value  is due to the use  of  the electrode  with

a  Iong inter-electrode distance of more  than  10 mm.

Almost  all the authors  listed in Table 1 except  for
IIilfiker and  Meyer  (1984) and  Masuda  and  Sacloyama
(1986) employed  such  electrode.  The  authors  who  em-

ployed array  electrodes  with  short  inter-electrode dis-
tance also  considered  MFCV  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  o'f 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
obtajned  were  estimated  to be roughly  linear as  shown

in Fig. 8. 0n  the other  hand, in case  of using  array

electrodes  with  short  inter-electrode of De 5 rnm,  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 po{nt and  the region  around  the tendons  of  more

than 45 mm  gave  larger values  of  MFCV  (i.e,, curves  a,

c, a', c' 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 rnm  showed  constant  MFCV.
It was  recognized  that  the  too  narrow  inter-electrode

distance could  detect the influence of  interference of

aetion  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  rneasured.
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Table  2 Minimum  and  maximum  value  of  MFCV  in

     various  contraction  levels*

Muscularcontractio(t/.MVC)MinimumMFCV(rn!s)
distalregionpToximalregion
(mean±･SD)(mean± SD}

MaximumMFCV(m!s)
distalregionpreximalregion

(rnean±SD}(mean ±SD}

20% 4.13± O.234,03 ± O.239.83 ± O,869.06 ± L37

40% 4.42± O.334,12 ±O.2510.12S-L059.66 ± 1..a5

60t/. 4,58±O,274.18 ± O.29IO.23 ± 1.309.42 ± 1,68

'Minirnum  and  Maxirnum  values  of  MFCV  are  obtained  in the
region  of  20-45mrn  measured  from  end-plate  and  in the  region

areund  end-plate,  respectively.

MFCV(nds)

Modeg for genemtion  of muscle  fiber conduction  vegocily

   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  (Ri) (Table 3):

  Conduction Ilelocity for mascle  and  nerve  ocMf-R'  i(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 rn.

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,  Ustng  the cone

shape  of  muscle,  the model  to generate MFCV  was

considered  as  follows.
    On  the basis oi electromagnetisrn,  the current  in the
conductor  I(x) is the product of  current  density 1(x)
and  cross  section  at each  different position of  the con-

ductor S (x).

  I(x) =1  (x) 'S (x) (6)

f (x) is expressed  by  number  of  electron  per  unit  volume

n.  (x), electron  charge  e, and  velocity  o,S electron  L(x):

  f(x) =-n.  (x) 'e' L(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  U(x) is also  in proportion  to

the electric  field E(x)  at  x  of  the conductor,

  L(x) =-st  (x) 'E  (x) (8)

where  #(hr) is mobility.

From  the  equations  {7) and  (8), current  density J(x) is

          y
  l4o%Mvc 

ial,

${--4X
i

i
2e%Mvcproximal

 
]

l1!lttf{ti}i.lsX.distal

.lq -6o4--  -r oxm  wo

    end"plate

MFCV(mls)

va so op re
Le(rnrn)

encl-plate

MFCV(m/s)

Le(mm)

encl-plateLe(rnrn)

Fig. 7 Difference of  MFCV  in different contractions:  The values

   of  MFCV  in ilat regions  20fu45 mm  irom end-plate  increased

   when  the contractien  forces increased {---, 2e%  MVC;  
---,

   40% 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-

   tredes.
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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'

   rnean  sirnilar  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)

   1(x)=n,(x)'e'y(x)'E(x)
       =cr  (x) 'E  (x) (9)

where  a(x)  is electric  conductivity:

  a(x)  =n.  (x) 'e'" (x) (10)

Using the equations  (8) and  (9),
    L  (x) =  

-#
 (x) 'E (x)

        --LCY(!L:lmLUX)f(X)
              a(x)

        --LLS(U:.L-!EL:t)S!!X)f(X)S(X)

              o(x)-S(x)

        --Lg(g!L:"ux)I(x)
        

-
 6(x)  -S(x) (11)

   The  equation  (1I) was  employed  as  a  model  to  study

the mechanism  of  conducti'on  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 denorninator in the
equation  (11), were  supposed  to be other  useful  func-
tions: the numerator  

-u
 (x) 'I (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 cr(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 6  (x)'S (x) denotes the degree  of

conductivity  of  electron  in cross  section  at  the position

Table  3 Conduction velocity  for nerve  and  muscle

Auther(year) Conductionvelocity(CV)
Katz{1948) cv={S'DL'2)f[(2R'rn)ira'(ln'(RDi'2]

s'safetyfactor
Ddiameter
R'mactivemembraneresistance

Cmmembranecapacity

R,internalresistance

Hodgkinand cv=(K.!(2R,Q))"z

IIuxley(1952}
Karadiusofaxiscylinder(=Df2)
.R,specificresistanceofaxoplasm
c..eapacityperareaofmembrane

'Hodgkmand

Nakajima(1972)cv1=2VRp.kDGi

c"internalconductivity(]fR2}

kparameterofmembraneproperties

(e.g.le..30× 10Sncm'!sec2)

The meaning  of  symbels  is common  to all  the equations  of  CV

listad. The form of  fiber was  considered  to be a cylindrical  model

for CVs stated  above.

x,  it is considered  that  cr(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  actjon  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 cr

(x) 'S(x) could  be presented  byf(x) with  the minimum
value  stated  above.

   Thus  MFCV  is expressed  by  the  equation  (12):
                  S(x)

   
MFCVi

 ll (x) 
=f(.)'

 (12)

It should  be noted  that  the quantity MFCV  meant  the
conduction  velocity  for en$emble  oi  rnuscle  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 30tu80ym. The

position of the junction of  motor  nerve  for these muscle
fibers are  different, so  that the action  potentials  in these

muscle  fibers have diiierent 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  oi  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  regarged  as  
"appearance

 value  of

MFCV".
    In the model,  all  the  physical quantities treated  here

except  for electron  charge  e 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 off(x)  present-
ed  as  the  electric  energy  is taken  mathematically  to be

zero  at both the end-plate  (x =-  O) and  the tendon  (x=h),
so  the  following function is employed.

   f(x)=k.{x(h-x)}M (13)

where  m  is order  of  x  and  (h-x). Provided  that k. is a

parameter  with  the  dimension  L-C2'M-i)`s, the dimension

of  f(x) becomes  L's, where  L and  s meun  the dimen-
sion  of  length and  time.

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

ldEEE-- h i

Fig. 9 Cona inodel  for the  generation  of  MFCV.a  and  h are  the

   radius  of  cross  section  at  end-plate  (max. circla) and  the

   distance between end-plate  and  tendon.  x  is the  distance

   rneasured  from  end-plate.  S(x)  is the area  at  x, and  y is the

   radius  of  cross  section  at  x.

    S(x)="(alh)2'(h-x)2  (14)

Therefore, MFCV  is expressed  by  the  above  two  equa-

tlons.

    vaFcv--k/a-zt{P.) (2A :ih.-/ e2 as)

The  dimension of S(x) is L2, so that the dimension  oi

MFCV  in equations  (12) and  (15) is presented to be L/s

with  the unit  meter/second.  Namely,  the  dimension  of

MFCV  becomes to that of  velocity.  Expressing  equation

(15) by  the ratio  xfh,  it is transformed  to equation  (16).

            n  {alh) 
2'

 (h) 2-2M･  (1--Xi 
-)
 
2

    MncV=  (16)

               k.･{X+ (i-X) }-
In order  to fit the equation  {16) to the experimental

result,  MFCV  is taken  to be  4 mls  at  x=' h12 (i.e.,
constant  region  of  MFCV)  for the model  calculation.  In

the case  of  m='=l  and  2, MFCV  denotes monotone

decreasing function as  shown  in Fig, 1O. These cases  did
not  explain  the  experimental  results  oi  Fig, 6. IIowever,

for the case  of  m  
==

 3, when  the value  of  x  comes  near  to

O (end-plate) or  h (tendon), the values  of  MFCV  come

near  to infinite. The  theoretical result  reflects  the exper-

imental result.  These results  for m=-r- 1N4  are  plotted  in
Fig. 10. As the value  of  parameter  m  increases, the

shape  of  the theoretica] function (16) approaches  to the

experimental  result.  For the case  of  m=4,

               4(;)6
    MncV=  (17)

            (X)4･(i-X)2

50

40

..  30qg>

 20U10

oo

02

Fig.10 ThEoretica]

   functionf(x}

O.4 O,6 O,8xth1

 curve  of MI;CV. m  denotos  order  of  x  in

[eq.(13) or  (16)].
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       .(f)2.(h}  
S

    k, ='  
fi

           1 (18)
         

4(2)6

The  parameter  la in the  equation  (18) is determined
when  MFCV  at  the  region  with  the relation  xfh=112  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

m2  for x  and  (h"x) instead of  m  in the equation  (l6).
    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  Ri, and  they  treated  the feature o'f

many  muscle  fibers as  that of  single  muscle  fiber in the
model  while  our  model  shows  to  be in inverse proportion
to cr (x)'S(x) which  is treated  as  the quantity to be in
proportion to electric  potential. Since there is the rela-

tion  which  a(x)  is in reverse  proportion to Ri(x), it is
estimated  apparently  that  MFCV  of the equation  (15)
gives the oppositc  tendency  to equation  <5) as  cr(x)

i,ncreases, IIowever, the denominator  of equation  (15)
presents 6(x)'S(x)  instead of  g(x)  and  the quantity is
the  function of  x  and  denote the quantity like electric

potential. The  exper{mental  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  srr]oothly  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 rnodels  taken  and  depends  on  the
character  of physical homogeneity for equation  (5) or

heterogeneity for equation  (15) in ensemble  of muscle

fibers.

Relation between mblscte  .tiber  conaintction  velocity and

dagree of contmction

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  rnuscle

fibers by increase of  contraction:  The  rnuscle  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 cr(x)'S(x)  due to the recruitment.  The
degree  of increase of  action  potential is consjdered  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

MFCV  the  location of end-plate  zone  should  be monitor-

ed  by the action  potential wave  and  the  Iocation mea-
sured  from the end-plate  should  be pointed out  clearly.
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