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Summary
Objectives.  —  The  aim  of  our  study  was  to  verify  the  effectiveness  of  single  fiber  potential  (SFP)
criteria in  cases  when  the  potential  recorded  using  single  fiber  electrode  (SFE)  or  concentric
needle electrode  (CNE)  is  contaminated  by  distant  fibers.
Methods.  —  Morphological  counterparts  of  SFP  were  studied  using  computer  simulations.  In  this
study, we  examined  triphasic  potentials  using  a  model  of  a  linear  source  of  SFP.  The  criteria
defining  SFP  in  the  case  of  SFP  contaminated  by  distant  fibers  were  analyzed,  and  the  effect  of
second fiber  contamination  on  jitter  and  fiber  diameter  determination  evaluated.
Results. —  We  found  that  SFP  criteria  prevent  detection  of  SFP  from  fibers  smaller  than  about
30 �m  in  diameter,  but  do  not  prevent  classification  of  a  potential  as  an  SFP  even  though  it  is
formed by  two  or  more  fibers.  This  suggests  that  the  presently  used  criteria  may  lead  to  incorrect
interpretation  of  SFP  potentials.  SFPs  contaminated  by  fibers  of  diameters  differing  by  a  few
percent fulfill  the  criteria  but  a  negative  peak  may  be  shifted  in  time  and  therefore  impact
jitter and  diameter  measurements.  This  contamination  generally  tends  to  decrease  both  the
jitter and  the  determined  diameter.  A  new  approach  to  the  identification  of  SFP  is  presented,
determining  fiber  diameter  and  distance  from  the  electrode  to  enable  maximum  sensitivity  to
 the  
potential contamination  by

Conclusion.  —  A  new  parameter  c
is used  in  the  method  by  which  
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effect  of  a  second  fiber.

haracterizing  SFP  shape  changes  is  introduced.  This  parameter

additional  fibers  affecting  the  SFP  may  be  detected.
rights  reserved.

https://doi.org/10.1016/j.neucli.2018.09.003
http://www.sciencedirect.com/science/journal/09877053
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neucli.2018.09.003&domain=pdf
mailto:mgawel@wum.edu.pl
https://doi.org/10.1016/j.neucli.2018.09.003


7

I

S
d
p
p
d
r
J

i
m
w
r
w
p
s
c
o
S
s
s
4

g
w
p
t
r
w
t
i
m
h
b
j
u
p
s
e
o
t
b
[

p
c
i

e
o
s
a
d
t
t
[
s
e
t

p
g

a
e
Z
i
fi
n

i
t
a
Z
r
r
m
s
a
d
m
p

m
i
a
t
S

f

s
i

(

(

t
c
f
m
m
c
a
fi

M

T
m
by  Nandedkar  and  Stålberg  [14], because  its  properties
are  well  understood  and  are  consistent  with  the  results  of
0  

ntroduction

ingle-fiber  EMG  (SFEMG)  is  of  proven  importance  in  the
iagnosis  of  neuromuscular  disorders,  and  is  a  valuable
rocedure  for  studying  physiological  and  morphological
arameters  of  the  motor  unit  [8].  The  most  important
iagnostic  usefulness  of  SFEMG  is  to  evaluate  jitter  and  neu-
omuscular  transmission  as  well  as  fiber  density  [7,13,28].
itter  is  the  main  subject  of  interest  of  the  present  study.

SFEMG  during  voluntary  contraction  is  especially  useful
n  myasthenia  gravis  in  detecting  abnormalities  in  neuro-
uscular  transmission.  In  generalized  myasthenia  gravis,
ith  weakness  of  all  muscles,  SFEMG  shows  impaired  neu-

omuscular  transmission  in  95—99%  of  patients  [2,10,24],
hile  repetitive  nerve  stimulation  (RNS)  is  abnormal  in  76%
atients  with  this  type  [15].  In  ocular  myasthenia  gravis  with
elective  muscle  weakness  involving  the  extraocular  mus-
les,  the  levator  palpebrae  superioris,  and  the  orbicularis
culi  with  symptoms  and  signs  of  diplopia  and/or  ptosis,
FEMG  in  the  study  by  Padua  et  al.  showed  the  highest  sen-
itivity  (100%)  [15],  while  the  sensitivity  of  repetitive  nerve
timulation  (RNS)  in  this  type  of  myasthenia  gravis  was  only
8%  [23].

SFEMG  measures  jitter  using  a  specially  constructed  sin-
le  fiber  electrode  (SFE)  containing  an  insulated  platinum
ire  (diameter  25  �m)  with  a  small  recording  surface  to
rovide  a  point-size  recording  area  that  enables  recording
he  activity  of  a  single  muscle  fiber  [14,23].  In  contrast  to
eusable  SFE,  disposable  concentric  needle  electrode  (CNE),
hich  is  presently  used  for  jitter  measurement,  mainly  due

o  its  low  cost,  has  a  much  larger  uptake  area  and  therefore
s  less  selective  [26].  The  problem  of  the  possible  conta-
ination  of  additional  fiber  potentials  when  using  CNE  and

ow  it  may  affect  the  result  of  the  jitter  was  considered
y  Stålberg  and  Sanders  [26].  The  authors  indicated  that
itter  values  measured  using  CNE  correlate  with  SFEMG  val-
es,  but  are  reduced  by  a  few  microseconds  [26,31].  This
henomenon  was  explained  using  computer  simulations  that
howed  that  in  the  case  of  several  potentials  arriving  at  the
lectrode  during  consecutive  discharges,  they  may  be  SFP
f  different  muscle  fibers  and  the  earliest  will  be  detected,
hus  decreasing  the  apparent  jitter  [26].  The  results  must
e  interpreted  with  caution,  particularly  in  borderline  cases
26].

Along  the  same  lines,  another  question  is  whether  the
otential  recorded  using  SFE  is  from  a  single  fiber  only  or  is
ontaminated  by  potentials  from  other  fibers,  as  this  may
nfluence  interpretation  of  the  results  [18,19,21,29,31,32].

Recognition  of  contaminated  potentials  recorded  using
ither  SFE  or  CNE  requires  morphological  analysis.  The  shape
f  the  recorded  signal  depends  on  the  geometrical  relation-
hip  between  the  fibers  and  the  temporal  dispersion  of  their
ction  potentials.  SFP  parameters  such  as  amplitude  and
uration  are  currently  not  widely  useful  clinically,  although
heir  changes  related  to  fiber  diameter  and  the  electrode
o  fiber  distance  have  been  established  in  simulation  studies
14,18,19,21].  The  rise-time  of  a  single  fiber  action  potential
hould  be  limited  to  a  predefined  range  to  assure  that  the

lectrode  is  placed  close  to  the  single  fiber.  When  the  rise
ime  of  the  potential  is  greater  than  the  range,  there  is  the

e
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ossibility  that  it  is  formed  by  summation  of  the  potentials
enerated  by  fibers  belonging  to  the  same  motor  unit  [8,28].

A  new  approach  for  practical  application  of  SPFs  shape
nalysis,  i.e.,  a  method  for  the  determination  of  fiber  prop-
rties  from  the  analysis  of  its  SFP,  has  been  proposed  by
alewska  et  al.  [32,33]  This  practical  and  easy  to  use  analyt-
cal  and  graphical  method  involves  determination  of  muscle
ber  diameter  as  a  quantity  related  to  the  duration  of  the
egative  SFP  peak.

Morphological  counterparts  of  SFP  parameters  were  stud-
ed  using  computer  simulations.  Rodriguez  et  al.,  analysed
he  shape  variability  caused  by  contribution  of  other  fibers
nd  the  possible  impact  on  the  jitter  measurement  [20].
alewska  and  Gawel  showed  that  contamination  of  the
ecorded  single  fiber  potential  with  distant  fiber  potentials
esults  in  reduction  of  the  measured  jitter  [31].  The  jitter
easured  from  summated  signals  may  be  less  than  that  mea-

ured  from  individual  action  potentials  (if  the  time  intervals
re  measured  to  the  earliest  part  of  the  signal,  which  is  pro-
uced  by  whichever  first  contributing  action  potential)  or  it
ay  be  greater  (if  the  disturbing  signal  affects  the  measuring
oint  of  the  signal  peak)  [22,29].

Simulation  analysis  of  SFP  indicated  another  issue  that
ay  be  important  in  the  practice  of  SFEMG  [32], namely

dentifying  contribution  of  other  fibers  to  the  recorded  SFP
nd  verifying  whether  the  contaminated  potentials  fulfill
he  criteria  defined  for  the  identification  of  SFP  defined  by
tålberg  and  used  in  the  practice  of  SFEMG  [30].

The  criteria  for  the  SFP  parameters  have  been  defined  as
ollows  [22].

The  recorded  potential  is  considered  as  resulting  from  a
ingle  fiber  (single  fiber  potential,  SFP)  by  using  the  follow-
ng  criteria:

(a) amplitude  range  200  �V—20  mV;
b)  rise  time  of  ≤  0.3  ms;

(c)  the  recorded  potential  is  also  filtered  using  a  band  pass
filter  which  typically  ranges  from  500  Hz  to  10  kHz.  The
filter  is  used  to  eliminate  the  effect  of  distant  fibers;

d)  a  rule  that  the  obtained  potential  must  resemble  a  single
fiber  potential  in  that  it  has  no  extra  phases  or  turns.

The  aim  of  the  present  study  was  to  analyze  the  effec-
iveness  of  these  criteria  using  the  simulation  method  in
ases  when  a  recorded  SFP  is  contaminated  by  potentials
rom  other  fibers,  and  to  evaluate  the  effect  of  this  conta-
ination  on  the  jitter  measurement  and  determination  of
uscle  fiber  diameter.  The  aim  was  also  to  extend  the  SFP

riteria,  to  allow  verification  whether  the  recorded  SFP  is
 single  muscle  fiber  potential,  or  contaminated  by  another
ber  potential.

ethods

he  current  simulation  studies  were  performed  using  the
odel  of  a  linear  source  of  a  muscle  fiber  potential  proposed
xperimental  measurements  [5].  Nandedkar  and  Stålberg
14]  have  shown  a  high  agreement  between  parameters  of
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trode,  it  does  not  eliminate  cases  where  a  potential  from  a
fiber  close  to  the  electrode  is  contaminated  by  a  potential
from  a more  distant  fiber.

Figure  1  Dependence  of  the  amplitude  on  the  fiber  diame-
Effect  of  distant  fibers  on  SFEMG  

modeled  potentials  and  physiological  measurements  with
respect  to  the  linear  relationship  of  amplitude  versus  diam-
eter  and  amplitude  versus  propagation  velocity  [14].  The
reliability  of  the  linear  source  model  has  been  confirmed  in
several  studies  on  the  correlation  between  muscle  morphol-
ogy  and  function  and  is  consistent  with  the  knowledge  in  the
field  of  clinical  electromyography  [1,3].

In  this  study,  we  have  focused  on  three-phasic  poten-
tials  using  a  model  of  the  linear  source  of  SFP.  We  have  not
analysed  biphasic  potentials.  Biphasic  potentials  are  usually
recorded  when  the  needle  is  very  close  to  the  end-plate
and  their  shape  depends  very  sensitively  on  the  distance
and  filter  used.  Because  of  this,  biphasic  potentials  are  not
suitable  for  our  analysis  and  from  the  recorded  set  of  poten-
tials  we  selected  only  triphasic  ones  for  further  analysis.
Biphasic  potentials  were  described,  analysed  and  simulated
by  Rodriguez  et  al.  [17]  and  Dumitru  et  al.  [6]  (see  these
references  for  further  detail).

In  the  case  of  triphasic  potentials,  the  needle  is  at  a
sufficient  distance  from  the  end-plate  so  that  the  shape
of  the  potential  is  stable.  If  the  waveform  begins  some
distance  from  the  needle,  there  is  an  initial  deflection
as  it  moves  towards  the  needle,  followed  by  a  negative
phase  as  it  moves  beneath  the  needle,  and  then  a  final
positive  deflection  as  it  travels  away.  A  traveling  depolar-
izing  wave  will  create  a  biphasic  potential  if  the  waveform
begins  under  the  recording  needle  electrode  (initial  nega-
tive  peak)  and  then  moves  away  from  the  electrode  (positive
peak)  [16].  Triphasic  potentials  are  better  suited  to  fiber
diameter  determination,  which  was  our  main  aim  in  this
study.

SFP  model  and  parameters

Simulated  SFPs  have  been  calculated  using  the  formulation
given  by  Nandedkar  and  Stålberg,  assuming  the  same  val-
ues  of  tissue  conductance  and  current  propagation  velocity
[14].  In  the  models,  the  end-plate  zone  to  electrode  dis-
tance  was  assumed  to  be  25  mm.  The  sampling  frequency
was  set  at  48  kHz,  corresponding  to  that  used  in  the  EMG
equipment.  A  Butterworth  second  order  filter  with  cutoff
frequencies  500  Hz—10  kHz  (consistent  with  standard  set-
tings  in  the  apparatus)  was  used  to  filter  the  simulated
potentials.

A  series  of  SFPs  for  different  fiber  diameters  as  well  as
for  a  set  of  fiber  to  electrode  distances  was  calculated.  For
each  calculated  model  (SFP),  we  calculated  the  standard  set
of  parameters  viz.  amplitude,  area,  Size  Index  (SI),  Negative
Peak  Duration  (NPD),  rise  time,  and  the  number  of  phases
and  turns.

SFP  contamination  by  other  fibers

In  order  to  examine  whether  the  SFP  criteria  (a)  through
(d)  enable  to  select  a  potential  from  a  single  fiber,  we  cal-
culated  SFP  for  a  selected  fiber  diameter  and  then  added

an  additional  fiber  at  distances  ranging  from  1  mm  from
the  electrode  (distant  fiber)  to  the  distance  of  the  princi-
pal  fiber.  By  moving  the  second  fiber  from  a  large  distance
to  the  same  distance  from  the  electrode  as  the  princi-
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al  fiber,  we  were  able  to  examine  the  effect  of  the
ontamination.

The  second  fiber  diameter  was  chosen  in  such  a  way  that
he  resulting  potential  should  have  no  additional  phases  and
urns,  i.e.,  the  peaks  should  not  separate.  For  each  studied
ber  diameter,  we  determined  a  range  of  allowable  second
ber  diameters  such  that  the  resulting  potential  would  be
mooth  and  look  like  a  SFP.

esults

nalysis  of  the  criteria  defining  SFP:  the  amplitude
ange of  SFP

he  method  of  fiber  diameter  and  fiber  to  electrode  dis-
ance  derivation  from  SFP  amplitude  and  NPD  was  presented
y  Zalewska  et  al.  [32].  The  amplitudes  obtained  using  this
ethod  from  the  SFP  models  are  presented  in  Fig.  1  for

everal  fiber  diameters  and  fiber  to  electrode  distances.
Fig.  1  shows  that  with  the  assumed  amplitude  range

0.2  mV  to  2  mV)  [28]  defining  the  SFP,  potentials  from  fibers
hat  are  more  distant  from  the  electrode  than  about  350  �m
ould  be  rejected.  Therefore,  the  amplitude  criterion  elim-

nates  distant  fibers.
From  the  graph  it  can  be  seen  that  for  most  of  the

ange  of  the  considered  fiber  diameters  (15  �m—95  �m)  and
ber  to  electrode  distances  (1  �m—350  �m),  the  calculated
FP  amplitudes  are  consistent  with  the  range  indicated  in
he  criteria  [30].  However,  for  larger  fibers  (with  diame-
ers  ≥  60  �m)  which  happen  to  be  close  to  the  electrode,
he  amplitude  criterion  would  eliminate  them  (as  potentials
ith  amplitudes  that  are  too  large).  Also,  potentials  from
bers  smaller  than  60  �m  located  further  than  about  200  �m
way  from  the  electrode  would  be  eliminated.  Hence,  the
mplitude  criterion  would  tend  to  eliminate  potentials  from
mall  fibers  that  are  not  close  enough  to  the  electrode.

It  is  worth  noting  that,  while  the  amplitude  criterion
liminates  cases  when  a  single  fiber  is  far  from  the  elec-
er for  a  set  of  fixed  fiber  to  electrode  distances.  For  better
eadability,  the  range  of  amplitudes  is  shown  using  a  logarith-
ic scale.  The  dashed  lines  represent  the  range  of  amplitudes

ssumed  for  SFP.



72  E.  Zalewska,  M.  Gawel

Figure  2  The  limits  of  fiber  diameter  and  fiber  to  electrode  distance  obtained  by  using  the  criteria  for  amplitude  and  rise  time
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two  fibers  located  at  a  distance  of  50  �m  from  the  electrode
and  differing  by  1  �m  in  diameter  viz.  one  fiber  has  a  diam-
eter  of  55  �m  and  the  other  56  �m.  As  can  be  seen  from

Figure  3  A  potential  resulting  from  two  fibers  (with  diame-
f a  SFP.  The  gray  area  marks  the  range  of  parameters  where  th

nalysis  of  the  criteria  defining  SFP:  the  rise  time
f SFP

he  criterion  of  rise  time  limits  the  range  of  fiber  diameters
nd  fiber  to  electrode  distances  for  which  a  measured  poten-
ial  will  be  classified  as  SFP.  From  Fig.  1  it  can  be  seen  that
he  maximal  distance  for  a  given  fiber  diameter  is  defined
y  the  crossing  point  with  the  horizontal  line  for  the  ampli-
ude  =  0.2  mV.  The  resulting,  nearly  linear  dashed  curve  is
hown  in  Fig.  2.  Similarly,  a  curve  may  be  obtained  corre-
ponding  to  the  amplitude  equal  to  the  20  mV  limit  (dotted
urve).  In  the  same  way,  a  curve  representing  the  criterion  of
ise  time  ≤  0.3  ms  may  be  obtained.  These  curves  are  shown
n  Fig.  2.

The  range  of  fiber  diameters  and  fiber  to  electrode  dis-
ances  between  the  curves  corresponding  to  the  amplitude
imits  and  below  the  rise  time  limit  curve  determines  the
egion  on  the  graph  (shaded  area)  where  a  potential  would
e  classified  as  SFP.

As  may  be  seen  from  the  graph,  the  rise  time  criterion
liminates  fibers  smaller  than  about  35  �m.  A  fiber  with  a
iameter  of  35  �m  would  have  to  be  closer  to  the  elec-
rode  than  a  75  �m  one  while  a  fiber  with  a  diameter  of
0  �m  would  have  to  be  closer  than  a  25  �m  one.  Fibers
maller  than  about  30  �m  would  be  rejected  by  the  rise  time
riterion.  For  fibers  larger  than  about  50  �m,  the  criterion
f  amplitude  ≥  0.2  mV  is  more  stringent  than  the  rise  time
riterion.

From  the  data  it  follows  that  for  fibers  larger  than  about
0  �m,  they  can  be  located  at  some  distance  from  the  elec-
rode  —  from  about  120  �m  for  a  40  �m  fiber  to  more  than
00  �m  for  large  fibers  (diameter  of  90  �m)  and  they  will
till  be  classified  as  SFP.

However,  the  criteria  do  not  allow  fibers  smaller  than
bout  35  �m  to  be  detected.
It  should  be  noted  that  the  results  presented  in
igs.  1  and  2  are  for  potentials  filtered  using  the  band  pass
lter.  The  area  of  detectability  of  the  SFP  would  be  different
hould  another  filter  be  used.

t
t
o
e

tential  will  be  classified  as  SFP.

ffect  of  contamination  by  a  second  fiber  on  the
etermination of  SFP  parameters

s  can  be  seen  from  Fig.  2,  a  fiber  giving  rise  to  a  SFP  may  be
uite  distant,  up  to  about  350  �m.  With  an  increase  in  the
ber  to  electrode  distance,  there  is  a  greater  probability  of
nding  another  fiber  which  may  contribute  to  the  recorded
otential,  thus  contaminating  it.  Usually,  during  the  exam-
nation  the  needle  is  rotated  or  moved  in  such  a  way  as
o  obtain  the  largest  signal  amplitude.  This  means  that  the
lectrode  is  closest  to  a  certain  fiber  in  the  motor  unit.  How-
ver,  another  fiber  in  the  motor  unit  may  be  within  the  scoop
ange  of  the  electrode  and  thus  have  a  contaminating  effect
n  the  recorded  potential.

An example  of  a  contaminated  SFP  is  shown  in  Fig.  3.
he  thick  solid  curve  represents  the  potential  obtained  from
ers 55  �m  and  56  �m)  located  at  the  distance  of  50  �m  from
he electrode  (thick  solid  curve)  compared  to  SFP  from  a  fiber
f diameter  55  �m  located  at  the  distance  of  50  �m  from  the
lectrode.  The  two  potentials  look  similar.
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Table  1  Range  of  second  fiber  diameter  such  that  the
resulting  potential  may  be  miss-classified  as  SFP.

First  fiber  diameter
(�m)

Second  fiber
diameter  (�m)

From  To

35  34.4  35.6
55 53.3  56.8
75 72.4  77.7
95 91.7  98.5

Figure  5  Potentials  from  pairs  of  fibers  shifted  in  time  and
scaled so  that  the  maxima  of  negative  peaks  coincide.  The
largest variability  in  scaled  potentials  occurs  at  the  first  min-
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Figure  4  Comparison  of  two-fiber  potentials  from  fibers  close
in diameter.  The  fibers  are  located  50  �m  from  the  electrode.

the  figure,  the  two-fiber  potential  closely  resembles  a sin-
gle  fiber  potential  (curve  marked  with  a  thin  line).  In  this
case,  the  amplitude  of  the  two-fiber  potential  is  larger  than
that  of  a  single  fiber  but  both  its  amplitude  and  rise  time  are
well  within  the  limits.  Since  the  two-fiber  potential  has  no
additional  turns  or  phases,  it  could  be  easily  mistaken  for  a
SFP.

For  a  given  fiber  diameter  of  the  single  fiber  potential,
there  is  a  certain  range  of  the  second  fiber  diameters  such
that  the  resulting  potential  appears  indistinguishable  from
a  SFP  based  on  its  amplitude  and  rise  time  as  well  as  the
number  of  phases  and  turns.

In  a  special  case  where  two  fibers  have  the  same  diam-
eter,  the  resulting  potential  will  fulfill  the  SFP  criteria  but
will  have  twice  the  amplitude.

For  two  fibers  differing  in  diameter,  the  resulting  poten-
tial  has  a  smaller  amplitude.  The  peaks  are  time  dispersed  as
illustrated  in  Fig.  4.  In  Fig.  4,  the  potential  from  two  fibers
with  diameters  of  55  �m  is  compared  to  the  potentials  from
a  fiber  of  55  �m  diameter  accompanied  by  a  second  fiber
with  a  diameter  such  that  the  resulting  potential  still  does
not  have  additional  turns.  For  55  �m  diameter,  the  second
fiber  diameter  must  be  within  the  range  of  53  �m  to  57  �m
for  the  potential  to  resemble  SFP.

As  can  be  seen  from  Fig.  4,  the  potential  from  a  fiber
that  is  larger  than  55  �m  has  its  extrema  shifted  to  an  ear-
lier  time  while  the  potential  resulting  from  a  fiber  smaller
than  the  main  one  is  shifted  towards  longer  times.  The
potentials  resulting  from  a  55  �m  fiber  with  the  second  fiber
in  between  the  limiting  diameters  lie  between  those  two
extreme  potentials  and  have  higher  amplitudes.

The  range  of  acceptable  second  fiber  diameters  for  a
few  values  of  the  first  fiber  diameter  is  given  in  Table  1.
The  range  of  second  fiber  diameters  is  in  some  cases  lim-
ited  by  the  requirement  that  no  additional  turns  appear  in
the  potential  or  by  the  rise  time  requirement.  The  latter  is
particularly  strong  for  a  small  main  fiber.  For  fibers  with  a
diameter  of  35  �m,  the  range  of  secondary  fiber  diameters
is  ±  0.6  �m,  while  for  large  fibers  this  range  is  substantially
larger.

From  the  data  in  Table  1,  the  range  (in  �m)  of  sec-

ondary  fiber  diameter  may  be  approximately  given  by  d  ±
0.047 (d  −  20) where  d  is  the  primary  fiber  diameter  (in
�m).  A  potential  resulting  from  such  two  fibers  looks  like  a
SFP.
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Due  to  the  rise  time  criterion  (see  Fig.  2),  the  effect  of  a
econdary  fiber  cannot  be  examined  for  fibers  smaller  than
bout  30  �m.

In order  to  examine  in  closer  detail  how  the  shape  of
he  two-fiber  potential  changes  depending  on  fiber  diame-
ers,  the  potentials  seen  in  Fig.  4  were  shifted  in  time  and
caled  so  that  their  negative  peaks  coincided.  The  results
re  presented  in  Fig.  5.

From  Fig.  5, it  may  be  seen  that  the  largest  variability
f  the  shape  of  the  potential  occurs  at  the  first  mini-
um.  Both  the  relative  amplitude  of  the  first  minimum

s  well  as  its  location  in  time  change.  In  case  of  the
econd  minimum,  there  is  also  some  variability  of  the  ampli-
ude  although  the  location  in  time  (i.e.  distance  in  time
rom  the  negative  peak)  is  more  or  less  constant.  Hence,
t  may  be  concluded  that  the  presence  of  a  second  fiber
ffects  mainly  (except  for  amplitude)  the  first  minimum  of
otential.

In  Fig.  5,  the  potentials  for  the  secondary  fiber  diameter
arger  than  55  �m  are  not  shown  as  they  overlap  with  those
hown,  i.e.  the  potential  for  55  �m  and  56  �m  coincides  with
hat  for  55  �m  and  54  �m  while  the  one  for  55  �m  and  57  �m
oincides  with  that  for  55  �m  and  53  �m.  Thus,  the  change
n  the  first  minimum  seems  to  be  symmetric  with  respect  to
he  difference  between  the  first  and  the  second  fiber  diam-
ter.  The  change  increases  with  an  increase  in  the  absolute

ifference  between  the  second  fiber  diameter  and  the  basic
ber  diameter.
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Figure  6  Difference  of  potentials  from  two  fibers  (55  �m  and
53 �m)  and  from  a  single  fiber  (55  �m)  for  a  range  of  sec-
ond fiber  to  electrode  distances  (r ):  �V  =  V(two  fibers)  −
V
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Figure  7  Determination  of  the  fiber  diameter  from  the  poten-
tial amplitude  and  negative  peak  duration.  The  SF  is  the  fiber
diameter  derived  from  a  single  fiber  potential  (55  �m  diame-
ter). The  crosses  are  labeled  with  the  distance  of  the  second
fiber from  the  electrode  (in  �m).  The  curves  correspond  to  loci
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(single fiber).  The  first  fiber  is  at  the  distance  of  0.05  mm  from
he electrode.

ange  of  contamination  radius

n  the  preceding  section,  the  second  fiber  was  assumed  to
e  at  the  same  distance  as  the  first  (dominant)  one.  It  may
e  expected  that  when  the  second  fiber  is  moved  away  from
he  needle,  then  its  effect  on  the  potential  will  decrease.

This  is  illustrated  in  Fig.  6  where  the  difference  of  poten-
ials  (potential  from  two  fibers  minus  potential  from  a  single
ber)  is  shown  for  a  range  of  second  fiber  distances  from  the
lectrode  ranging  from  50  �m  to  500  �m.

With  the  increase  in  the  distance  of  the  second  fiber  from
he  electrode,  its  effect  on  the  potential  decreases,  i.e.,  the
ifference  tends  to  zero.  For  a  second  fiber  distance  larger
han  about  750  �m,  the  difference  in  amplitudes  is  below
0  �V.  This  radius  may  be  called  the  contamination  radius.

Hence,  the  contaminating  effect  of  the  second  fiber  on
he  amplitude  persists  (for  fiber  diameter  55  �m)  up  to  a
istance  much  larger  than  the  maximum  distance  of  350  �m
llowed  for  a  single  fiber  by  the  amplitude  criterion  (see
ig.  2).  Thus,  the  scoop  range  for  contaminating  fibers  is  not
imited  by  the  criteria  (a)  through  (d),  and  is  much  larger.

With  such  a  large  range  of  fiber  to  electrode  distances  at
hich  it  is  possible  that  a  second  fiber  would  contaminate

he  SFP,  it  is  quite  probable  that  during  routine  examina-
ions,  situations  when  the  potential  is  due  to  two  or  more
bers  may  quite  commonly  arise.  For  the  average  fiber  den-
ity  of  ∼  5  fibers/mm2,  it  may  be  expected  that  there  will
e  ∼  4  fibers  within  a  radius  of  ∼  750  �m  from  the  elec-
rode.  Thus,  a  method  allowing  determination  whether  a
iven  recorded  potential  is  due  to  a  single  fiber  or  comes
rom  more  fibers  is  necessary.

nfluence  on  fiber  diameter  determination

n  our  paper  (Zalewska  et  al.  [32]),  we  have  shown  that  by
sing  amplitude  and  negative  peak  duration,  it  is  possible
o  determine  fiber  diameter  and  fiber  to  electrode  distance
rom  a  SFP.  As  has  been  shown  in  the  preceding  sections,

ontamination  by  a  second  fiber  affects  potential  shape  and
mplitude  and  thus  such  a  contamination  will  have  an  effect
n  the  determined  fiber  diameter  and  fiber  to  electrode
istance.
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f amplitude-NPD  dependence  for  fibers  with  diameters  of  35,
5 and  55  �m.

In  Zalewska  et  al.  [32], it  was  shown  that  for  the  deriva-
ion  of  fiber  diameter  from  SFP,  a  graph  like  Fig.  7 is  useful.
his  graph  enables  to  determine  the  fiber  diameter  from  the
easured  amplitude  and  negative  peak  duration.  The  loca-

ion  of  the  point  corresponding  to  a  single  fiber  of  55  �m
iameter  is  marked  as  diamond  (and  labeled  SF).  When

 second  fiber  is  introduced,  the  amplitude  and  negative
eak  duration  of  the  potential  change,  and  the  size  of  this
ffect  depends  on  the  distance  of  the  second  fiber  from
he  electrode.  On  the  graph,  crosses  show  how  the  second
ber  affects  diameter  determination.  The  labels  above  the
rosses  denote  the  second  fiber  to  electrode  distance  (in
m).  The  second  fiber  diameter  was  53  �m  in  the  case  shown

n  Fig.  7.
Note  that  the  behavior  of  the  points  on  the  graph  depends

n  the  fiber  diameters  used.  For  other  fiber  diameter  com-
inations,  location  of  the  points  may  be  quite  different.

As  may  be  seen,  if  the  potential  were  due  to  two  fibers
ith  the  diameters  of  55  �m  and  53  �m  located  at  a  dis-

ance  of  50  �m  from  the  electrode  and  it  was  assumed  that
t  is  a SFP,  then  the  determined  fiber  diameter  would  be
5  �m,  significantly,  below  the  actual  single  fiber  diameter
f  55  �m.  Hence,  contamination  of  the  potential  by  a  second
ber  would  change  the  determined  diameter  by  20  �m.

With  the  increase  of  the  second  fiber  to  electrode
istance,  its  effect  on  the  determined  fiber  diameter  dimin-
shes.  For  second  fiber  distances  larger  than  about  450  �m,
he  error  in  the  determination  of  the  fiber  diameter  falls
elow  5  �m  which  may  be  considered  a  reasonable  level  of
ccuracy.

This  means  that  in  order  to  have  a  significant  effect
n  diameter  determination,  the  contaminating  second  fiber
hould  be  closer  to  the  electrode  than  about  450  �m.  This
ay  be  called  the  practical  contamination  radius.
With  normal  fiber  density,  two  fibers  should  be  found
ithin  distance  of  500  �m  from  the  electrode.  Since  the
ractical  contamination  radius  is  smaller  than  that,  the
robability  of  finding  a  second  fiber  contaminating  the  SFP
s  smaller  than  one.  From  our  calculations  it  follows  that
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Figure  8  We  have  measured  the  jitter  as  the  fluctuation  of  th

A and  B,  we  have  calculated  the  average  inter-potential  interva

for  typical  fiber  density  there  is  a  60%  chance  of  finding  two
fibers  within  450  �m  distance  from  the  electrode.  However,
since  when  looking  for  SFP  the  electrode  is  manipulated  in
such  a  way  that  the  signal  is  strongest,  then  it  is  probable
that  one  fiber  will  be  close  to  the  electrode.  Hence,  the
method  of  SFP  selection  is  not  random  and  in  such  a  case,
the  probability  that  a  second  fiber  is  within  450  �m  from  the
electrode,  provided  that  the  first  one  is  closer  than  about
450  �m,  is  88%.  Therefore,  it  is  quite  probable  in  SFP  mea-
surements  that  a  second  fiber  will  be  close  enough  to  affect
the  recording  and  potential  parameters.

Hence,  an  independent  method  for  determination  of  the
fiber  diameter  is  required  to  allow  confirmation  based  on
the  amplitude  and  negative  peak  duration.

Influence  on  jitter  measurement

In  order  to  estimate  the  effect  of  contamination  of  a  single
fiber  potential  by  a  second  fiber  on  the  measurements  of
jitter,  we  have  performed  the  following  modeling.

We  have  assumed  that  the  main  (triggering)  potential  is  a
real  single  fiber  potential,  i.e.  it  is  due  to  a  single  fiber.  For
the  secondary  potential  we  have  assumed  two  cases:  case
A  —  the  secondary  potential  is  due  to  a  single  fiber  with  a
diameter  of  40  �m,  and  case  B  —  the  secondary  potential  is
due  to  two  fibers  with  similar  diameters.  In  case  B,  the  first
of  the  two  fibers  had  a  diameter  of  40  �m,  and  the  second
one  a  diameter  in  the  range  from  40  �m  to  46  �m.

In  both  cases,  a  sequence  of  secondary  potentials  was
generated  with  an  assumed  jitter.  In  case  A,  for  each  poten-
tial  in  the  sequence  a  value  of  jitter  was  chosen  randomly
from  the  assumed  jitter  range.  In  case  B,  the  values  of  jit-
ter  for  both  fibers  were  independently  selected  from  the
assumed  jitter  range.  In  case  B,  only  those  resulting  poten-
tials  that  looked  like  SFP  were  included  in  the  sequence.
The  resulting  potentials  in  cases  A  and  B  are  shown  in  Fig.  8.

We  have  performed  simulations  by  assuming  a  level  of

jitter  and  performing  calculations  for  case  A  and  case  B.
In  case  B,  a  given  value  for  the  second  fiber  diameter  was
assumed  and  the  calculated  MCDA and  MCDB was  compared.
In  order  to  compare  the  effect  of  the  second  fiber  in  case  B,
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ition  of  the  potential  maximum  (negative  peak).  For  sequences

CD)  as  follows:  MCD  = |IPI2 −  IPI1|+  ···  +|IPIn −  IPIn−1|
n

.

he  ratio  of  MCDB to  MCDA was  calculated.  The  calculations
ere  then  repeated  for  a  different  second  fiber  diameter.

Fig.  9  summarizes  the  determined  relation  of  MCDB and
CDA.  In  this  figure,  the  ratio  of  MCD  calculated  for  case  A
nd  case  B  is  shown.  As  it  may  be  seen,  the  ratio MCBB⁄MCDA

hanges  depending  on  the  diameter  of  the  contaminating
ber  and  the  assumed  level  of  jitter.

If  the  contaminating  fiber  did  not  have  any  effect  on  the
easurement  of  jitter  in  Case  B,  then  MCDB would  be  similar

o  MCDA and  the  ratio  would  be  close  to  unity.
However,  as  can  be  seen  from  the  figure,  the  ratio

epends  sensitively  on  the  diameter  of  the  contaminating
ber.

Even  when  the  two  fibers  in  case  B  have  the  same  diam-
ter  (of  40  �m),  the  MCD  for  case  B  is  lowered  by  about  30%
elative  to  the  single  fiber  case  A.  As  can  also  be  seen,  this
ccurs  for  both  small  jitter  (MCDA =  27  �s)  and  for  a  larger
ne  (MCDA =  67  �s).  When  the  second  fiber  diameter  (in  case
)  is  around  43  �m,  the  ratio  approaches  unity,  but  for  small
itter  level  it  exceeds  unity  by  about  20%  and  for  larger  jit-
er  level  it  is  about  10%  smaller  than  for  the  single  fiber  case
.  For  larger  secondary  fiber  diameters,  the  MCD  in  case  B
ecreases  relative  to  case  A  and  deviates  significantly  from
nity  (by  up  to  80%).

From  the  presented  modeling  example,  it  may  be  seen
hat  the  contamination  of  the  secondary  peak  by  an  influ-
nce  of  a second  fiber  with  a  similar  diameter  has  a
ignificant  effect  on  the  measured  jitter.  The  contamina-
ion  generally  tends  to  decrease  the  jitter  by  30%  to  80%  in
he  case  presented.  In  some  cases,  the  jitter  measured  for  a
FP,  which  is  contaminated  by  a  second  fiber  may  be  larger
han  that  which  would  occur  in  a  true  single  fiber  potential.

ew  parameters  to  characterize  SFP

he  potential  is  characterized  by  a  set  of  standard  parame-
ers  like  amplitude,  area,  size  index,  etc.  For  the  purpose  of

he  present  study,  we  have  introduced  two  new  parameters:
/N  and  R/L.  These  parameters  are  defined  as  follows:  L/N  is
qual  to  the  ratio  of  the  first  minimum  to  the  maximum  (the
egative  peak)  and  R/L  as  the  ratio  of  the  right  minimum
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Figure  9  Ratio  of  inter-potential  intervals  for  Case  B  and  Case  A  for  simulated  potential  sequences  with  jitter  as  a  function  of
the second  fiber  diameter  (d2,  the  contaminating  fiber  in  Case  B).  Curves  are  labeled  by  the  MCD  calculated  for  the  single  fiber
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otential in  Case  A.

o  the  left  minimum.  As  has  been  shown,  the  amplitude  of
he  first  minimum  depends  on  the  difference  between  fiber
iameters,  hence  it  is  expected  that  it  may  prove  useful  for
he  present  purpose.

 new  method  of  fiber  diameter  determination

t  has  been  shown  by  Zalewska  et  al.  [32]  that  for  SFP,  it
s  possible  to  determine  fiber  diameter  using  the  ampli-
ude  and  negative  peak  duration.  The  area  and  NPD  have
een  found  to  be  the  most  suitable  and  sensitive  parame-
ers  which  may  be  used  for  this  purpose.  However,  a  graph
imilar  to  Fig.  7  can  be  constructed  for  other  parameter
airs.

We  were  looking  for  a  second  pair  of  parameters  such  that
he  derived  fiber  diameter  in  case  when  the  potential  was
ontaminated  by  a  second  fiber  was  as  distant  as  possible  (in
he  sense  of  the  determined  fiber  diameter)  from  the  result
btained  for  the  (amplitude,  negative  peak  duration)  pair.

We  have  calculated  potentials  and  their  parameters  for
ber  pairs.  The  primary  fiber  diameter  was  35,  55,  or  75  �m.
he  second  fiber  diameter  was  selected  from  within  the
llowed  range  with  a  step  of  0.5  �m  for  the  55  and  75  �m
ases  and  of  0.1  �m  for  the  35  �m  case.  The  first  fiber  dis-
ance  from  the  electrode  was  kept  constant  at  50  �m  and  the
econd  fiber  distance  from  the  electrode  ranged  from  50  �m
o  1000  �m.  Altogether,  about  250  contaminated  potentials
ere  calculated  and  their  parameters  were  determined.

For  each  of  these  potentials,  their  false  single  fiber  diam-
ters  were  calculated  using  the  amplitude-negative  peak
air  of  parameters  and  a  second  trial  pair  of  parameters.  A
um  of  differences  between  the  determined  fiber  diameters
sing  these  two  pairs  of  parameters  was  calculated.

The  calculations  were  performed  for  all  available  candi-

ate  pairs  and  it  was  found  that  the  largest  differences  were
btained  for  a  pair  of  R/L  and  area.

A  graph  similar  to  Fig.  7  but  for  R/L  and  area  is  shown  on
ig.  10.
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From  this  figure  it  is  seen  that  when  a  second  fiber  is
resent  within  a  distance  of  up  to  250  �m  from  the  elec-
rode,  it  starts  to  affect  significantly  the  derivation  of  fiber
iameter.  As  may  be  seen,  when  the  second  fiber  approaches
he  first  one  it  leads  to  a progressively  larger  estimated  fiber
iameter.  Thus,  the  effect  of  an  addition  of  a  second  fiber
n  the  estimated  fiber  diameter  is  opposite  to  that  seen  in
he  amplitude  —  NPD  graph  (Fig.  7).

As  may  be  seen  from  Fig.  10,  when  the  second  fiber  is
lose  (second  fiber  to  electrode  distance  of  50  �m),  the  sin-
le  fiber  diameter  would  have  to  be  much  larger  than  95  �m.
his  makes  it  easy  to  detect  unrealistic  potential  parame-
ers,  thus  improving  the  chances  of  detecting  a  two  fiber
otential.

If  the  pairs  (amplitude,  negative  peak  duration)  and  (R/L,
rea)  are  used  for  single  fiber  potentials,  then  the  fiber
iameter  determined  from  both  of  them  was  consistent.
owever,  if  the  potential  is  due  to  two  fibers  then  both
eterminations  gave  different  results.  Hence,  using  these
wo  pairs  it  is  possible  to  verify  whether  the  potential  may
e  due  to  a  single  fiber  or  whether  it  may  be  contaminated.

In  order  to  illustrate  the  above  statement,  model  poten-
ials  were  calculated  resulting  from  two  fibers.  The  first
ber  (of  diameter  d1  =  55  �m)  was  located  at  a  distance
f  r1  =  50  �m  from  the  electrode  and  the  second  fiber
ad  a  diameter  of  d2  =  53  �m  and  its  distance  from  the
lectrode  varied  in  the  range  of  50  �m  ≤  r2  ≤  800  �m.
otential  parameters  including  amplitude,  negative  peak
uration,  R/L  and  area  were  calculated  from  the  resulting
otential  and  the  two  estimates  of  fiber  diameter  were
btained  using  pairs  (amplitude,  negative  peak  duration)
nd  (R/L  and  area).  The  estimates  of  fiber  diameter  based
n  these  parameters  were  obtained  from  the  interpolation
n  the  set  of  single  fiber  model  potentials  calculated  by  us.
he  values  of  the  two  estimates  of  fiber  diameter  which  are

btained  by  assuming  that  the  recorded  SFP  is  due  to  a  single
ber  are  drawn  in  Fig.  11.

As  may  be  seen  from  Fig.  11,  when  the  second  fiber  is
ar  away  from  the  electrode (r2 >  450  �m), its  perturbing
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Figure  10  Determination  of  fiber  diameter  from  R/L  and  area.  The  SF  is  the  diameter  of  a  fiber  derived  from  single  a  fiber
potential (55  �m  diameter).  The  crosses  are  labeled  with  the  distance  of  the  second  fiber  from  the  electrode  (in  �m).  The  constant
diameter curves  obtained  from  the  R/L  vs.  area  relation  are  shown  for  diameters  ranging  from  35  �m  to  95  �m.

Figure  11  Fiber  diameter  estimates  obtained  using  (amplitude,  NPD)  and  (R/L,  area)  pairs  of  parameters  in  case  when  the
potential is  affected  by  the  presence  of  a  second  fiber.  When  the  second  fiber  is  within  the  scoop  range,  the  two  estimates  start  to

 for  

(
w
a
f
t

diverge enabling  detection  of  a  non  SFP  potential.  See  also  text

effect  on  the  shape  and  parameters  of  the  MUP  becomes
insignificant.  For  very  large  r2,  the  fiber  diameter  deter-
mined  from  both  pairs  of  parameters  becomes  identical.
This  illustrates  the  fact  that  for  a  very  large  second  fiber
distance,  the  potential  in  effect  becomes  a  SFP  because  the

effect  of  the  second  fiber  on  the  potential  becomes  negligi-
bly  small.

When  the  second  fiber  is  moved  closer  to  the  elec-
trode (r2  <  450  �m), the  fiber  diameter  obtained  using

1
t
s
p

description.

amplitude,  negative  peak  duration)  tends  to  decrease,
hile  the  fiber  diameter  estimate  obtained  from  (R/L  and
rea)  tends  to  increase  rapidly.  When  the  second  fiber  is,
or  example,  at  the  distance  of  100  �m  from  the  elec-
rode,  the  two  estimates  of  fiber  diameter  are  37  �m  and

14  �m.  So,  as  it  may  be  seen,  even  at  a  moderate  dis-
ance  from  the  electrode  the  second  fiber  does  not  have  a
ignificant  effect  on  the  potential  shape  and  thus  potential
arameters.
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The  graph  Fig.  11  also  illustrates  the  efficiency  of  our
ethod,  as  the  sets  of  potential  parameters  used  to  deter-
ine  the  fiber  diameter  estimates  were  chosen  in  such  a
ay  as  to  give  contradictory  estimates  in  the  presence  of

 second  fiber,  thus  enabling  verification  whether  the  anal-
sed  MUP  is  due  to  a  single  fiber  or  not.  For  second  fiber
istances  smaller  than  about  450  �m,  the  two  methods  give
ivergent  estimates.  At  the  distance  of  the  second  fiber  of
2  ≈  250  �m  the  fiber  diameters  determined  by  the  two
ethods  give  estimates  that  are  different  by  more  than  10%

f  the  first  fiber  diameter.  This  shows  that  the  method  can
etect  the  presence  of  a  second  fiber  even  at  a  distance
rom  the  electrode,  and  thus  it  is  very  sensitive.

Figs.  9  and  10  may  be  considered  as  a  new  constraint:
n  addition  to  the  four  criteria  given  in  Introduction  that

 potential  needs  to  meet  in  order  to  be  classified  as  an
FP,  the  diameter  estimates  obtained  using  (amplitude,  NPD)
Fig.  9)  and  (area,  R/L)  (Fig.  10)  need  to  be  in  agreement  in
rder  for  the  potential  to  be  classified  as  SFP.

Results  similar  to  those  obtained  with  the  use  of  the
ew  parameter  R/L  may  be  obtained  using  conventional
air  of  parameters:  signal  equivalent  width  equal  to  the
rea/amplitude  and  area.  However,  the  method  using  equiv-
lent  width  and  area  is  about  a  thousand  times  less  sensitive
han  the  method  using  R/L  and  area.  Hence,  it  is  recom-
ended  that  the  parameter  R/L  is  used  for  this  purpose.

iscussion

ur  analysis  of  the  criteria  defined  for  SFP  verification  sug-
ests  that  there  are  two  possible  situations  in  which  a
otential  recorded  using  a  single  fiber  electrode  may  be  mis-
lassified,  i.e.,  in  case  of  a  small  fiber  diameter  and  in  case
f  contamination  with  a  second  fiber  potential.  The  criteria
a)  through  (d)  used  to  define  a  SFP  tend  to  eliminate  SFPs
rom  small  fibers.  It  has  been  shown  (see  Fig.  2)  that  with
he  rise  time  and  amplitude  criteria,  SFPs  may  be  detected
nly  from  fibers  larger  than  about  30  �m.  In  the  case  of
mall  fibers,  with  diameters  between  30  �m  and  40  �m,  the
ber  has  to  lie  close  to  the  electrode  to  be  detected  as  SFP.
arger  fibers  may  be  more  distant  up  to  the  distance  of  about
50  �m  from  the  electrode.

It  has  been  found  that  if  the  fibers  in  the  motor  unit
ave  similar  diameters  (within  few  percent),  they  may  form

 potential  that  looks  like  a  SFP.  The  conventional  crite-
ia  (a)  through  (d)  are  insufficient  to  eliminate  such  cases.
herefore,  care  has  to  be  taken  to  ascertain  that  a  recorded
otential  is  really  a  SFP.

We  have  examined  consequences  of  a  second  fiber  con-
aminating  the  potential  and  found  that  the  second  fiber  may
e  quite  far  (more  than  350  �m)  away  from  the  electrode
nd  still  affect  the  resulting  potential.

When  the  second  fiber  is  at  a  smaller  distance,  it  leads  to
ignificant  changes  of  the  amplitude  of  SFP  (but  still  within
he  limits  given  by  (a))  and  negative  peak  duration.  These
hanges  affect  the  method  of  determining  the  fiber  diameter
nd  fiber  to  electrode  distance  from  SFP.
Since  for  standard  fiber  density  there  is  about  a  90%
hance  that  two  fibers  will  occur  within  the  radius  of  450  �m
rom  the  electrode,  it  is  necessary  to  find  a  method  that  may
e  used  to  verify  fiber  diameter  determination.

a
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Rodriguez  et  al.  have  also  studied  the  shape  variabil-
ty  of  potentials  measured  with  a  single  fiber  needle  and
ound  that  the  rise  time  variability  is  a  sensitive  indicator
f  whether  the  shape  of  the  second  peak  is  stable  or  not
18—21].  Our  results  corroborate  their  findings  that  in  some
ases,  the  presence  of  the  second  fiber  may  lead  to  either
otch  in  the  negative  peak  or  an  inflection  in  the  rising  part.
he  first  case  is  routinely  eliminated  from  the  studies  but
he  second  is  not  (see  Rodriguez  for  a  discussion  of  type  IV
et).  Both  of  these  cases  are  due  to  the  second  fiber  being
f  sufficiently  different  diameter.  We  observed  (see  Fig.  10)
hat  even  if  the  second  fiber  diameter  is  close  to  the  diam-
ter  of  the  main  fiber  responsible  for  the  second  peak,  so
here  would  be  no  noticeable  inflection  or  splitting  of  the
econd  peak,  the  second  fiber  nevertheless  has  a  significant
ffect  on  the  calculated  inter-spike  duration.  This  is  due  to
he  fact  that  if  two  fibers  contribute  to  the  second  peak,  the
itter  affects  them  in  different  ways.  In  the  case  of  the  sec-
nd  peak  being  due  to  a  single  fiber,  the  jitter  will  shift  the
econd  peak  shape  in  time.  In  the  case  of  the  second  peak
eing  caused  by  two  fibers,  the  shift  in  shape  would  (sta-
istically)  be  expected  to  be  smaller  because  for  two  fibers
ith  close  diameters,  there  will  be  cases  where  both  fibers
ould  be  subject  to  the  jitter  of  opposing  direction.  In  the
ase  of  two  fibers  with  similar  diameters,  the  effect  of  the
econd  (contaminating)  fiber  could  manifest  itself  not  in  the
ncrease  of  rise  time  variability  but  also  in  the  change  of  the
ariability  of  the  negative  peak  width.  Both  our  study  and
he  study  by  Rodriguez  et  al.  [20]  show  that  when  consid-
ring  jitter,  care  has  to  be  taken  to  avoid  contamination  of
he  primary  or  secondary  peaks  by  other  fibers  as  this  leads
o  significant  changes  of  the  determined  average  inter-spike
uration.

The  results  of  our  study  explain  the  possible  influence
f  the  contamination  with  other  fiber  potentials  and  there-
ore  can  be  considered  in  respect  to  the  jitter  measurement.
his  might  be  of  importance  in  cases  of  mild  symptoms  of
bnormal  neuromuscular  transmission,  and  in  cases  of  bor-
erline  jitter  values.  The  impact  of  contributing  fibers  may
esult  in  a  shift  towards  a  negative  or  less  frequently  posi-
ive  results  and  therefore  may  have  clinical  implications  due
o  underestimation  of  the  result.

We  found  that  SFP  criteria  prevent  detection  of  SFP  from
bers  smaller  than  about  30  �m  in  diameter,  but  do  not
revent  classification  of  a  potential  as  an  SFP  even  though
t  is  formed  by  two  or  more  fibers.  This  suggests  that  the
resently  used  criteria  may  lead  to  incorrect  interpretation
f  SFP  potentials.

SFP  contaminated  by  fibers  of  diameters  differing  by  a
ew  percent  fulfill  the  criteria  (a)  through  (d)  but  a  nega-
ive  peak  may  be  shifted  in  time  and  therefore  impact  jitter
nd  diameter  measurements.  The  contamination  tends  gen-
rally  to  decrease  the  jitter  as  well  as  the  determined
iameter.

The  results  of  this  study  may  be  also  of  importance  for
valuation  of  the  accuracy  of  jitter  measurement  using  con-
entric  needle  (CNE)  electrodes  which  are  more  prone  to
rtifacts  than  single  fiber  EMG  recordings.  With  voluntary

ctivation,  errors  are  caused  by  poor  signal  quality;  inappro-
riate  time  reference  points  on  the  signal;  an  irregular  firing
ate;  and  signals  with  dual  latencies  [27].  For  SFEMG  jitter
easurements,  it  is  essential  to  record  from  well-separated
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individual  spikes,  each  generated  by  one  muscle  fiber.  The
CNE  signal  may  be  more  complex  due  to  superimposition  of
signals  from  different  motor  units.  With  voluntary  activa-
tion,  potentials  from  individual  motor  units  are  activated  at
different  times,  i.e.,  asynchronously.  The  short  rising  time
without  notches  or  shoulders  and  parallel  rising  phases  on
consecutive  discharges  are  recommended  as  general  criteria
for  CNE  jitter  [27].  In  CNE  jitter,  the  influence  of  contaminat-
ing  components  from  distant  fibers  may  increase  potential
asynchrony.  The  contamination  tends  generally  to  decrease
the  jitter  as  well  as  the  determined  diameter.  The  results
of  our  study  seem  to  be  consistent  with  clinical  observa-
tions  that  summated  signals  may  have  less  jitter  than  single
muscle  fiber  action  potentials  [24]  (the  jitter  values  for  a
voluntarily  activated  extensor  digitorum  communis  using  SFE
ranged  from  27.7  to  40.9  �s [4,11],  while  using  CNE  ranged
from  23.3  to  30.7  �s)  [9,12,25].

In  summary,  we  have  analysed  properties  of  triphasic
SFPs  and  proposed  a  new  approach  to  the  identification
of  SFP  that  determines  the  fiber  diameter  and  distance
from  the  electrode,  in  order  to  enable  maximum  sensi-
tivity  regarding  potential  contamination  by  an  effect  of
a  second  fiber.  Our  findings  allow  identification  of  poten-
tials  that  are  contaminated  by  the  presence  of  a  second
fiber,  thus  eliminating  spurious  potentials  from  the  analysis
of  SFP  and  potential  parameters  based  on  SFP  measure-
ments.  The  proposed  method  of  SFP  determination  is  much
more  accurate  than  the  currently  adopted  one  based  on
the  classical  criteria  (a)  through  (d)  given  in  the  Introduc-
tion.
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