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ABSTRACT 

Two s e t s  of experiments ye re  conductea wi th  h  man 
/$F- r 

subjec ts  t o  inves t iga te  t h e  dynamics of f l exor  c a r p i  r a d i a l i s  

motoneuron f i r i n g  pat teyns.  
d 

S u b j e c t s  t r a c e d  ramp and h o l d  i s o m e t r i c  f o r c e  

3 t r a j e c t o r i e s ,  while sur face ,  and intramuscular  s i n g l e  motor 
- 

u n i t ,  el@6ctromyographic a c t i v i t i e s  were recorded. Conditions 

were con<rol led Eor background motoneuronal a c t i v i t y  l e v e l ,  

r a t e  of r i s e  and magnitude of i s o m e t r i c  f o r c e .  Average - 

response  h is tograms of s i n g l e  motor u n i t  and s u r f a c e  

. electromyogram ( E M G )  a c t i v i t i e s  a s s o c i a t e d  wi th  t h e s e  . 
cont rac t ions  were constructed separa te ly  f o r  each cond i t ion .  

These d a t a  were q u a n t i f i e d  i n  terms of t h e  dynamic and 
\ - 

steady-state  phases of t h e  force t r a j e c t o r i e s .  - 
3 - 

3 
\ \ 

The range of motor u n i t  f i r i n g  p a t t e r n s  observed during 

t h e  dynamic phase of? t h e  force  t r a j e c t o r y  were non-l inearly a 
r e l a t e d  t o  t h e  t r a j e c t o r y ' s  r 3 e  of r i se  of f o r c e  and t h e  

! 
motoneuron's background e x c i t a t i o n  l e v e l .  Lower and higher  

t h r e s h o l d  motor u n i t s ,  recorded s imul taneous ly ,  d i d  not  

d i s p l a y  any observable  d i f f e rence  . i n  t h e i r  f i r i n g  p a t t e r n s  

during the  dynamic phase of t h e  t r a j e c t o r y .  The dynami-ase 
- 

of t h e  motor u n i t  ~ p p u l a t i o n  d ischarge  ( r e f l e c t e d  i n  t h g  

su r face  EMG a c t i v i t y ) ,  during a  small  output of force ,  was 

l i n e a r l y  r e l a t e d  t o  t h e  r a t e  of r i s e  of f o r c e ;  however, 
. . 

dur ing  . t r a j e c t o r i e s  completed t o  g r e a t e r  magnitudes of force,  

iii 



- - . \ 

L 

t h e '  dynamic- p h a s e  o f  t h e  EMG a c t i v i t y  i n c r e a s e d  i n  a  non- 

i 
f - .  

~h ' e  r a n g e  o f  s i n g l e  mo to r  u n i t  f i r i n g  p a t t e r n s  d u r i n g  

t h e  s t e a d y - s t a t e  p h a s e - o f  t h e .  f o r c e  t r a j e c t o r y  was n o t  

i n f l u e n c e d  by t h e  t r a j e c t o r y ' s  r a t e  of  r ise o f  f o r c e ,  b u t  was 

n o n - l i n e a r l y  r e l a t e d  t o  t h e  m a g n i t u d e  o f  f o r c e  o u t p u t  and  
4 

- 

m o t o n e u r o n ' s  b a c k g r o u n d  e x c i t a t i o n  ' l e v e l .  S i m u l t a n e o u s l y  

recorded lower a n d  h i g h o r  t h r e s h o l d  u n i t s  d i d  n o t  d i s p l a y  any @ 

d i f f e r e n c e  i n  t h e i r  s t e a d y - s t a t e  f i r i n g  p a t t e r n s  i f  b o t h  

u n i t s  w e r e  a c t i v e  b e f o r e  t h e  t r a j e c t o r y .  The s t e a d y - s t a t e  

p h a s e  o f  t h e  su r f ac . e  EMG a c t i v i t y  was l i n e a r l y  r e l a t e d  t o  t h e  

magni tude  o f  t h e  force o u t p u t .  

~ l t h o u ~ h  s i n g l e  motor  u n i t s  d i s p l a y e d  ? o n - l i n e a r i t y  i n  

t h e i r  dynamic f i r i n g  ra te  p a t t e r n ,  t h e  l i n e a r i t y  between t h e  
- 

dynamic p h a s e  o f  s u r f a c e  EMG a c t i v i t y  a n d  r a t e  o f  r ise of  
P 

f o r c e  d u r i n g  low f o r c e  o u t p u t s  c o u l d  be e x p l a i n e d  by t h e  

r e c r u i t m e n t  o f  a d d i t i o n a l  motor  u n i t s .  The l i n e a r i t y  between 

s t e a d y - s t a t e  s u r f a c e  EMG a c t i v i t y  a n d  t h e  magn i tude  of t h e  

f o r c e  may be e x p l a i n e d  b y  t h e  a d d i t i o n  o f  u n i t s  r e c r u i t e d  

d u r i n g  t h e  t r a j e c t o r y  s i n c e  u n i t s  a c t i v e  b e f o r e  t h e  ' 

s w e r i m p o s e d  t r a j e c t o r y  p r o d u c e d  o n l y  small i n c r e m e n t s  i n  

s t e a d y - s t a t e  f i r i n g  r a t e .  
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A f t e r - h y p e r p o l a r i z a t i o n  ( A H P )  - a  p e r i o d  o f  
h y p e r p o l a r i z a t i o n  , i n  - t h e  soma f o l l o w i n g  t h e  g e n e r a t i o n  o f  an 

.- . - a c t i o n  p o t e n t i a l  i n  t h e - a x o n  h i l l o c k .  
, . 

' ~ b c e r e b r a t e  preparation - 7  a n  e x p e r i m e n t a l  s u r g i c a l  - 
- .  p r e p a r a t i o n  performed on animal  models where t h e  b ra ins tqm i s  

- t r z n s e c t e d  a t  t h e  midbrain l e v e l ,  
f l -  

~ i r i n b  pattern - t h e  s e r i a l  p a t t e r n  o f  a c t i o i  p o t e n t i a l s  
9 - g e n e r a t e d  by kotoneuron . * 

-. -. 
'e 

F i r s t  orde=r_ sistogram -, d e S c f i b e s  t h e  d i s t r i b u t i o n  o f  
.. - intekSpkke i n t e r v a l s  between a  series o f  a c t i o n  p o t e n t i a l s .  

> 

L ~ & c e  i'mpulses - a  f o r k  t r a j e c t o r y  d e s c r i b i n g  v e r y  f a s t  ' - 
L . 1 . ( b a l l $ s t i c )  c o n t r a c t i o n s '  completed t o  .a t a r g e t  f o r c e  - l e v e l  

' f o l l o w e d  by r e l a x a t i o n .  
/ 

A . . 

t i m e  * 

- 4Pul l -wave r e c t i f i e d  s u r f a c e  EMG - a l l  n $ g a t i v e  
d e f l e c t i o n s ,  i n  t h e  raw EVG s i g n a l  a r e  inver t .ed  s o  t h a t  o n l y  

I ,  - . p o s i t i v e  v a l u e s  r e p r e s e n t  t h e  EMG s i g n a l .  
d 

# 

'Homonymous %muscle - t h e  a f f e r e n t s  from a homonymous muscle 
. *.feedback o n t o  t h e  motpneuron poo l  of t h a t  muscle.  

- 

r .  . . Ib muscle -affer$nt - t h e  a f i e r e n ~  from tlie G o l g i  t endon  
organ whikh i s  s e n s i t i v e  t o  the r a t e  o f  change and  magnitude 
of t e n s i o n .  

' ~ n j b ~ t e d  currents - c o n t r o l l e d  a p p l i c a t o n  o f  c u r r e n t  i n p u t s  '+ 

n I t o  a  neuron v i a  an  i n t r a c e l l u l a r  e l e c t r o d e .  

Input ,resistance - t h e  DC r e s i s t a n c e  t o  t h e  f low o f  c u r r e n t  
a p p l i e d  a c r o s s  a  motoneuron membrane. 

Instantaneous f i r i n g  rate - t h e  i n v e r s e  o f  t h e  i n t e r s p i k e  - 
i n t e r v a l .  --, 

Integrated EMG a c t i v i t y  ' t h e  a r e a  c a l c u l a t e d  u n d e r  t h e  F 

r e c t i f i e d  s u r f a c e  EMG s i g n a l .  
v 

. . 
- 

I n t e r s p i k e  i n t e r v a l  - t h e  t i m e  i n t e r v a l  be tween  two 
s u c c e s s i v e  a c t i o n  p o t . e n t i a l s .  



Intracellular recording - recordingv completed by a  micro - 
e lec t rode  inse r t ed  i n t o  a s ing le  c e l l .  

Intramuscular recording - e x t r a c e l l u l a r  r ecord ing  done - 
with a  micro-electrode inse r t ed  i n t o  a  muscle. 

Intrinsic neuronal factors - include? membrane p r o p e r t i e s  
such  a s  membrane t'ime c o n s t a n t  and s p e c i f i c  membrane 
r e s i s t i v i t y .  z. 

Maximum poluntary contraction + ( M V C )  - t h e  maximum 
i s ~ m e t r i c  f o r c e  t h a t  a  s u b j e c t  can genera te  from a  given 
muscle o r  muscle group. 

Bq 

Motoneuron - - includes t h e  dendrit 'es,  soma, axon and end- 
p l a t e  te rminals .  

- - I' 

Motoneuron background excitation level - t h e  s teady-  ,' 
s t a e e  f i r i n g  r a t e  of t h e  motoneuron p r i o r  t o ,  i n  t h e s e  
experiments, a  superimposed force t r a j e c t o r y .  - - 

Hotbneuron pool - a  group of motoneurons which innervates  a  
given muscle. 5. - 

P 

Motor unit - ' t h e  motoneuron and t h e  muscle u n i t  it 
innervates .  

\ 

Muscle unit - a l l  t h e  muscle f i b e r s  w i t h i n  a  muscle 
innervated by one motoneuron. 

Phasic firing - a  s h o r t  bur s t  of ac t ion  p o t e n t i a l s  u s u a l l y  
with very shor t  in t e r sp ike  i n t e r v a l s .  

F 
Post-stimulus average response histogram, - 8 method of 
ave rag ing  d a t a  over  a  g iven  t ime p e r i o d  f o r  given 
c o n d i t i o n .  The o r d i n a t e  of t h e  his togram desc&bes t h e  
number of occurrences of an "eventI1 f a l l i n g  within a  given 
sampling t ime. For instance,  t h e  average response histograms 
c o n s t r u c t e d  f o r  a  motoneuron f i r i n g  p a t t e r n  ' i n  t h e s e .  
experiments ind ica ted  t h e  instantaneous f i r i n g  r a t e  of the  
motoneuron i n  r e l a t i o n  t o  t h e  t r a j e c t o r y  completed. 

Pulse-step model - a  t h e o r e t i c a l  mode2 'developed t o  
desc r ibe  inpu t s  t o  a  motoneuron pool f o r  t h e  ramp-and-hold 
t r a j e c t o r i e s  completed i n  these  experiments. 
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- 
* >.> ' - 

* -9- 
5 :$" % 

?, 

I- 

*'<' ' , ,@ * * 
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time 
Rate - tension curve - r e l a t i o n s h i p  be tween  e x p e r i m e n t a l l y  - 
g e n e r a t e d  s t i m u l a t i o n  r a t e s  a n d  t h e  t e n s i o n  e n e r a t e d  i n  
r e s p o n s e  by e i t h e r  musc le  o r  muscle  u n i t s .  8 

Renshaw &el1 - a n  i n h i b i t o r y  i n t e r n e u r o n  w h i c h  h a s  
m o n o s y n a p t i c  c o n n e c t i o n  wi-th a l p h a  motoneurons ' .  I t  i s  
e x c i t e d  by  c o l l a t e r a l s  o f  motoneurons  as  w e l l  - as  segmental --- 
and  s u p r a s p i n a l  i n p u t s .  

Root-mean-square of EMG amplitude - t h e  r e c t i f i e d  EMG 
s i g n a l  i s  s q u a r e d  before i n t e g r a t i n g  a n d  t h e n  o b t a i n i n g  t h e  :-_- 
r o o t  v a l u e .  

- 

S versus F type motor units - a c l a s s i f i c a t i o n  o f  mo to r  
u n i t s  based o n  p h y s i o l o g i c a l  p r o p e r t i e s  o f  b o t h  t h e  
motoneurcm a n d  t h e  musc le  u n i t .  S t y p e  m o t o r  u n i t s -  have,  f o r  
i n s t a n c e ,  s l o w e r  c o n d u c t i o n  v e l o c i t i e s  a n d  a ' g r e a t e r  
r e s i s t a n c e  t o  f a t i g u e  t h a n  F t y p e  motor u n i t s .  

I - _-- 
Saturation non-linearity - i n  t h e s e  e x p e r i m e n t s  f i r i n g  
ra te  s a t u r a t i o n  n o n - l i n e a r i t y -  w a s  o b s e r v e d  when t h e  i n c r e a s e  
i n  t h e  motor  u n i t ' s  i n s t a n t a n e o u s  f i r i n g  ra te  w a s  less d u r i n g  
c o n d i t i o n s  o f  g r e a t e r  r a t e  o f  r ise o f  f o r c e  or  magn i tude  a s  
w e l l  a s  when t h e  background  e x c i t a t i o n  l e v e l  o f  t h e  motor  
u n i t  was h i g h .  

Spike - r e f e r s  t o  a s i n g l e  a c t i o n  p o t e n t i a l .  - 
Step input - c h a r a c t e r i z e d  b y  a n  i n f i n i t e  r a t e  o f  r ise t o  a  
m a i n t a i n e d  s t e a d y - s t a t e  l e v e l .  

'h 

' ' .I 1 magnitude 
I 

time 
Subthreshold depolarization - a  l e v e l  o f  d e p o l a r i z a t i o n  
which t a k e s  t h e  membrane p o t e n t i a l  away f rom r e s t i n g  l e v e l s  
b u t  d o e s  n o t  b r i n g  it t o  t h r e s h o l d .  , 

Surface elgctromyography (EMG) - a method o f  m e a s u r i n g  
t h e  e l e c t r i c a l  a c t i v i t y  o f  a  motor  u n i t  p o p u l a t i o n  r e f l e c t i n g  
t h e  number o f  motor u n i t s  a c t i v e  a s  w e 1 1  as t h e i r  f i r i n g  
p a t t e r n s .  

xiii 



Synergist - a musc le  which c o n t r i b u t e s  t o  a f u n c t i o n  s h a r e d  
w i t h  o ther  m u s c l e s  (e .g .  s y n e r g i s t s  of t h e  f l e x o r  c a r p i  
r a d i a l i s  a r e  f l e x o r  c a r p i  u l n a r i s ,  f l e x o r  d i g i t o r u m  
s u p e r f i c i a l i  s, palmaris longus ,  f l e x o r  d i g i t o r u m  p ro fundus )  . 

--- 

Tetanic tension - t h e  maximal t e n s i o n  o u t p u t  of a  musc le  
u n i t  due  t o  f u s i o n  o f  s u c c e s s i v e  tw,itch t e n s i o n s  i n  r e s p o n s e  
t o  a h i g h  f i r i n g  ra te .  

Tonic f ir ing - a c o n t i n u o u s  t r a i n  o f  a c t i o n  p o t e n t i a l s ,  

Triangrilar isometric forca t ra jec tor ies  - a p a t t e r n  o f .  
-- 

-- 

c o n t r o l l e d  force o u t p u t s  where subie&s---at a  
p a r t i c u l a r  rate of r ise a n d  upon r e a c h i n g  a  t a r g e t  l e v e l  
d e c r e a s e  f o r 6 e  a t  t h e  same r a t e .  -- - 

-- - - -- - -- +- - ~ 

--- 

- 
~ 

- - - -  - --- 
- 

-~ - -- 
-- ---- ~ - 

---- 

~ ~ - -  

-- - 

~~~- 
-A -- magnitude - --- 

~ - 
. ~ 

- - 

t i m e  
Twitch contraction t i m e  - t h e  t i m e  f rom i n i t i a t i o n  o f  t h e  ,. 

cOntrai" on t o  t h e  a t t a i n m e n t  o f  maximum t w i t c h  t e n s i o n .  

43 
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INTRODUCTION 

The f i r i n g  p a t t e r n  o f  a motoneuron gove rns '  t h e  ra te  o f  

rise and  t h e  magni tude  o f  f o r c e  p roduced  b y  its musc le  u n i t .  
, 

, . 
The number o f  motor  u n i t s  r e c r u i t e d  d u r i n g  a g i v e n  i n p u t  t o  a 

f 

motoneuron  p o o l  a s  w e 1 1  a s  t h e i r  f i r i n g  p a t t e r n s  w i l l  - 
- 

7- - determine t h e  f o r c e  o u t p u t  o f  t h e  m u s c l e .  The h o l i s t i c  

n a t u r e  o f  . s u r f  a c e  e lect  romyography (EMG) r e c o r d i n g s  c a n  o n l y  
- - -- -- - - -- - - - - --- 

p r o v i d e  p a r t i a l  i n f o r m a t i o n  a b o u t  t h e  f a c t o r s  which i n f l u e n c e  - - - 

t h e  dynamics  o f  motoneuron  d i s c h a r g e ;  t h e r e f o r e ,  i n s i g h t  

i n t o  t h e  b e h a v i o u r  which u n d e r l i e s  s u r f a c e  EMG a c t i v i t y  c a n  
. - -  

o n l y  be  g a i n e d  w i t h  r e c o r d i n g s  o f  a  s i n g l e  motor  u n i t  f i r i n g  

p a t t e r n .  

S i n g l e  mo toneuron  f i r i n g  p a t t e r n s  c i i c t a t e  t h e  f o r c e  
- 

_ _-- - --- 
---- - 

p r o d u c t i o n  of L t s  mbsE le -un i t  a n d  t h e  sum o f  t h e  o u t p u t s  f rom 

t h e  m u s c l e  u n i t s  d e t e r m i n e s  t h e  t o t a l  f o r c e  o u t p u t  o f  a  
a 

mused T h e r e f  o r e ,  s i n g l e  m o t o n e u r o n  f i r i n g  p % ~ p e r t i e s  ' - 
d e s c r i b e d  i n  t h e  l i t e r a t u r e  w i l l  be r e v i e w e d  a n d  t h e n  t h e  

c o m p a r a t i v e  d i s c h a r g e  p a t t e r n s  b e t w e e n o  s m a l l '  numbers ,  o f  

s i m u l t a n e o u s l y  r e c o r d e d  s i n g l e  motor  u n i t s  w i l l  b e  r ev i ewed .  

The f i n a l  s e c t i o n  o f  t h e  r e v i e w  w i l l  f o c u s  on s u r f a c e  EMG . 

a c t i v i t y  which r e f l e c t s  t h e  combined d i s c h a r g e  b e h a v i o u r  o f  a  

motor  u n i t  p o p u l a t i o n .  
5 

Single Motoneuron Discharge Behaviour 

M o t o n e u r o n  r e p e t i  i v e  f i r i n g  p a t t e r n s  h a v e  b e e n  f .  b 

i n v e s t i g a t e d  u s i n g  two d i f f e r e n t  p r o t o c o l s .  I n v e s t i g a t o r s  



h a v e  e i t h e r  recorded s i n g l e  m o t o n e u r o n  f i r i n g  p a t t e r n s  

I 

i n t r a c e l l u l a r l y  f rom a n i m a l s  when t h e  i n p u t  t o  t h e  motoneuron - 
- - 

h a s  b e e n  c o n t r o l l e d ,  o r ,  i n t r a m u s c u l a r l y  f rom a n i m a l  and  

human s u b j e c t s  when f o r c e  o u t p u t s  have been  c o n t r o l l e d .  The 
- -- 

-&Etawhq - review incltud-es o b $ e r v a t i o n s  f rom b o t h  e x p e r i m e n t a l  

d e s i g n s .  
.- 

ab., 1963a)  and cat ( G r a n i t  e t  a l . ,  1963; Mische lev ich ,  1969) 

motoneurons  i s  a p p r o x i m a t e l y  1 . 3  - 1 . 4  t i m e s  r h e o b a s e .  Low 
- - - - 

a n d  h i g h  t h r e s h o l d  cat  motoneurons  ( K e r n e l l ,  1965a;  K e r n e l l -  

and'  Monster ,  1982)  are c a p a b l e  o f  r e p e t i t i v e  f i r i n g .  
- --- - -  - - - - -- -- 

G r a n i t  e t  a l .  (1963)  o b s e r v e d  t h a t  w i t h  t h e  i n j e c t i o n  of  

a  l o n g - 1 a s t i n g . s t e p  c u r r e n t ,  . i n s t a n t a ' n e o u s  f i r i n g  r a t e s ,  

r e c o r d e d  i n t r a c e l l u l a r l y  f r o m  r a t  a n d  c a t  m o t o n e u r o n s ,  

d e c r e a s e d  f rom a 

. o f  f i r i n g .  T h i s  

a l s o  n o t e d  t h a t  

g r e a t e r  c u r r e n t  

t h a t  -a p l o t  , o f  

maximum f i r i n g  ra te  t o  a s t e a d y - s t a t e  l e v e l  

w a s  c a l l e d  a d a p t a t i o n  i n  f i r i n g  r a t e .  They 

t h e  d e g r e e  o f  a d a p t a t i o n  i n c r e a s e d  w i t h  

i n t e n s i t i e s . .  K e r n e l 1  (1965b)  d e m o n s t r a t e d  
L 

i n s t a n t a n e o u s  f i r i n g  r a t e '  ( f r e q u e n c y  ( f ) )  

a g a i n s t  i n j e c t e d  c u r r e n t  i n t e n s i t y  (4, - c o m p l e t e d  f o r  any  

i n t e r v a l  c o u l d  b e  f i t t e d  w i t h  t w o  s t r a i g h t  l i n e s .  A .p r imary '  

f i r i n g  r a n g e  was d e s c r i b e d  by t h e  s l o p e  o f  a  l i n e  f i t t e d  t o  

low f i r i n g  g e n e r a t e d  from low i n t e n s i t y  c u r r e n t  i n p u t s .  

The s l o p e  r e g r e s s i o n  was less  t h a n  t h e  s l o p e  of  a 



- 

second  l i n e  f i t t e d  t o  t h e  h i g h e r  f i r i n g  rates g e n e r a t e d  

d u r i n g  s t r o n g  c u r r e n t  i n p u t s  t e rmed  t h e  s e c o n d a r y  f i r i n g  

r a n g e .  K e r n e l l -  (1965b)  i n v e s t i g a t e d  t h e  i n f l u e n c e  o f  
+ 

a d a p t a t i o n  on t h e  p r imary  and secondary  f i r i n g  r a n g e .  The 

s l o p e s  o f  t h e  p r imary  and secondary  r a n g e  w e r e  h i g h e s t  f o r  - 
- t h e  f i r s t  i n t e - r s p i k e  i n t e r v a l  a n d  l o w e s t  f o r  i n t e r v a l s  - 

r e c o r d e d  1 . 0  second a f t e r  c u r r e n t  o n s e t .  T h e r e f o r e ,  c u r r e n t  
-+ 

of a  g iven  i n t e n s i t y  y i e l d e d  a  f a s t e r  i n s t a n t a n e o u s  f i r i n g  

r a t e  from t h e  f i r s t  i n t e r s p i k e  i n t e r v a l  t h a n ,  f o r  i n s t a n c e ,  

- -- 

p a t t e r n  o f  a  motoneuron may c o n t a i n  b o t h  a  dynamic and  
4 

- - - -- - - --_ _ 
s t e a d y - s t a t e  component. The f o l l o w i n g  w i l l  f o c u s  on f a c t o r s  

s ~ g g e s t e d  i n  t h e  l i t e r a t u r e  t o  P 5 c e  t h e  dynamic and : 

s t e a d y - s t a t e  phases  o f  t h e  motoneu on f i r i n g  p a t t e r n .  \ 
~~narn-  Phase 

I .  

Animal Studies:  A s t e p  c u r r e n t  i n j e c t e d  i n t o  a n  an imal .  
\ 

motoneuron y i e l d s  'an i n i t i a l ,  and a  l a t e  phase  of  f i r i n g ' r a t e  

a d a p t % t  i o n .  
8 

G r a n i t  e t  a l .  (1963)  a n d  K e r n e l 1  (1965b)  

< o b s e r v e d  a n  i n i t i a l  a d a p t a t i o n  a s  a  r a p i d  d e c r e a s e  i n  t h e  

J i n s t a ~ e o u s  d i s c h a r g e  r a t e  o f  t h e  f i r s t  3 t o  4 , i n t e r v a l s  

(Kerne@,- 1965a) g e n e r a t e d  i+n response  t o  t h e  h, n s e t  o f  a  s t e p  
%. 

c u r r e n t .  K e r n e l 1  ( 1 9 6 5 a )  d i d  n o t  o b s e r v e  any r e l a t i o n s h i p  

between d e g r e e  o f  i n i t i a l  a d a p t a t i o n  and t h e  t i m e  c o u r s e  of  



~ - -  - . - 
- - 

%a 
, .q- 

a f t e r - h y p e r p o l a r i z a t i o n ,  a p a r a m e t e r  w h i c h  h a s  b e e n  - 
7 

b 

s u g g e s t e d  t o  b e  i n v e r s e l y  p r o p o r t i o n a l  to motoneuron  s i z e  . 

(Eccles e t  a l . ,  1958) ' .  L a t e  a d a p t a t i o n  w a s  def- ined a s  a s low 

- - _ I_p----- -- - -  - - -  - - 

t w e n t y - s i x t h  s e c o n d s  ajte; a step c u r r e n t  o n s e t  (Kerne l l -  a n d /  - 

- - - - -- - -- 
.s 

~ k s t e r ,  1982) . The most e x t e n s i v e l y  i n v e s t i g a t e d  mechanisms --- 
- - -  u n d e r  t h e s e  c o n d i t i o n s  p r o p o s e d  f o r  i n i t i a l  a n d  l a t e  

a d a p t a t i o n  h a v e  f o c u s s e d  on  i n t r i n s i c  n e u r o n a l - - f f c t o r s  such  - 
- 

as  changes  i n  p o t a s s i u m  conduc ' tance.  I n  p a r t i c u l a r ,  i n i t i a l  

a d a p t a t i 6 n  h a s  b e e n  d i s c u s s e d  i n  t e r m s  o f  a f t e r -  . 

- -- - - 
- - 

I n i t i a l  a d a p t a t i o n  hgs .been a s c r i b e d  by  K e r n e l l  (1972)  

a n d  ~ a l d i s s e k a  a n d  G u s t a f z s o n  ( 1 9 7 4 a )  t o  t h e  s u c c e s s i v e  - - \ 
summat ion  o f  a f t w p e r p o l a r i z a t i o n  (AHP) f r o m  s p i k e s  

- -- -- 
. o c c u r r i n g  w i t h i n  a n  i n t e r v a l  l e - s h i - L h c  - d u r a t i o n  'of t h e  

----- 
', 

-. 
motoneuron '  s AHP . T h e r e f o r e ,  t h e  f i r s t  i n t e r s p i k e  -rvaJ._. =-- - 
d i s p l a y s  t h e  f a s t e s t  i n s t a n t a n e o u s  f i r ' i n g  r a t e  b e c a u s e  th;re  

. . 
h a s ,  a t  t h a t  p o i n t ,  b e e n .  no  AHP summation, b u t  t h e  a f t e r -  

h y p e r p o l a r i z a t i o n  c o n d u c t a n c e  w i l l  sum i n  - a n  a p p r o x i m a t e l y  

a l g e b r a i c  f o r m  a s  t h e  t h i r d ,  f o u r t h  a n d  f i f t h  s p i k e s  a r e  
. . 

d i s c h a r g e d  ( B a l d i s s e r a  a n d  Gus ta f  f  s o n ,  1971; 1974a;  1974b)  . 
T h i s  e n h a n c e d  h y p e r p o l a r i z a t i o n  w i l l  r e q u i r e  a g r e a t e r  

I 

i n t e n s i t y  o f - e x c i t a t o r y  i n p u t  t o  b r i n g  t h e  membrane p o t e n t i a l  

t o ' t h r e s h o l d  a n d  g4ne ra t . e  a n o t h e r  sp ike . .  P h e r e f o r e ,  a s  more 

s p i k e s  a re  g e n e r a t e d ,  t h e  AHP i n c r e a s e s  s u c h  t h a t  t h e  same 
. - 

i n t & n s i t y '  o f  e x c i t a t o r y  i n p u t  i s  less e f f e c t i v e .  The r e s u l t  

C~ 



-e-'. 

" i s  a n  i n c r e a s e d  ' t i m e  i n t e r v a l  between s u c c e s s i v e  s p i k e s .  Fo r  

t h i s  r e a s p n ,  t h e  i n s t a n t a n e o u s  f i r i n g  rate  i s  markedly  l o w &  , 
1 

f o r  t h o s e i n t e r t r a l s  f o l l o w i n g  t h e  f i r s t .  
i -- --- . - - 

-- 

- - - -- 

- - - L a t e  a d a p t s t i o n  &as -been a t t r i b u t e d  t o  a n  a c c u m u l a t i o n  
% 

o f  a f t e r  e f f e c t s  r e s u l t i n g  from _a. s l o w l y  -ac t iva t -ed  incz=ease--- ---- 
1. --- 

- -. 
\. i n  p o t a s s i u m  pe rmeab i ; l i t y  o r  a p a r t i a l  i n a c t i v a t i o n  o f  t h e  

sodium-gump ( K e r n e l 1  a n d  Mons te r ,  1 9 8 2 ) .  T h e r e f o r e ,  w i t h  a 
- 

h i g h e r  i n i t i a l  d i s c h a r g e  r a t e  t h e r e  i s  g r e a t e r  a c c u m u l a t i o n  
1 

of a f t e r  e f f e c t s  a n d  c o n s e q u e n t l y , '  a more p r o n o u n c e d  l a t e  - 

a d a p t a t i o n  ( K e r n e l 1  a n d  M o n s t e r ,  1982)-. - C m e E s e l y ,  t h e  c b 

p r o p o r t i o n  b y  which  f i r i n g - - q t e  . . i n c r e a s e s  i n  r e s p o n s e  t o  a  --. 
1- , --.: c u r r e n t  a p p l i e d  d u r i n g  l a t e  a d a p t a t i o n  5-&,constant r e g a r d l e s s  
h 

1" 
-. 
\- .. 

o f  t h e  c u r r e n t  s i n t e n s i t y  b e c a u s e  t h e  a c c u m u l a t ' i ~ n - ~ f _ a f t e r  ---- 
-=\ 

' e f f e c t s  p r i o r  t o  t h e  c u r r e n t  a p p l i c a t i o n  i s  the same. k ~ a t e  l- .- 
----, 

a d a p t a t i o n ,  however,  i s  r e l a t i v e l y  s m a l l , ,  a n d  hence ,  it w i l l  

be conS ide red  as  p a r t  o f  t h e  s t e a d y - s t a t e  f i r i n g .  

- 
L The d y n a m i c s  o f  a  f i r i n g  r a t e  p a t t e r n  c a n  n o t  b e  

i n v e s t i g a t e d  e f f e c t i v e l y  w i t h  a c u r r e n t  i n p u t  r e s t r i c t e d  t o  a 
k .  \ 5 

s i n g l e  r a t e  o f  rise ( e . g .  t h e  i n f i n i t e  ' r a g  o f  rise o f  t h e  \. \ 

s t e p  c u r r e n t ) .  T h e r g f o r e ,  B a l d i s s e r a  e t  a l .  f 1982 ;1987)  
P 

, . 
i n j e c t e d  i n t o  cat  g a s t r o c n e m i u s  motoneurons,  ramp c u r r e n t s  o i  

d i f f e r e n t  s l o p e s ,  u p t o  a n  i n t e n s i t y  s u f f i c i e n t  t o  J 

-9, 

maximal t e t a n i c  t e n s i o n  i n  t h e  musc le  u n i t ,  a n d  c o n c o m f t a n t l y  
- 

r e c o r d e d  t h e  motoneuron f i r i n g  p a t t e r n .  T h i s  p a t k e r n  o f  i n p u t  
- 

<I 

w i l l  be r e f e r r e d  t o  a s  ramp-and-hold.  B a l d i s s e r a  - k t  a l .  --k- 



' showed t h a t  upon r e a c h i n g  r h y t h m i c  t h r e s h o l d  a motoneuron 

4 i n c r e a s e d  i t s  f i r i n g  r a t e  d u r i n g  t h e  c o n s t a n t  -rate -*id o r  
--- 

--- _ - - c u r r e n t i a n d  t h e n  a d a p t e d  t o  a  t o n i c  l e v e l  o n c e  c u r r e n t  , - 

i n t e n s i t y  r e a c h e d  s t e a d y - s t a t e .  An o v e r s h o o t  b e s t  d e s c r i b e d  
- - -7- 

- - 

t h e  o b s e r v e d  f i r i n g  ra te  b e h a v i n u ~ - ~ ~ e ~ e U - - - ; ; ; ' f  o v e r s h o o t  
5 .  - -- _ _ _____ --..I---- - 

--ISL 

was e s s e n t i a l l y  p r o p o r t i o n a l  t o  t h e  s l o p e  o f  t h e  c u r r e n t  ramp 
- 

a l t h o u g h  t h e  e f f e c t  o f  i n c r e a s i n g  t h e  c u r r e n t  i n t e n s i t y  -. 

d u r i n g  t h e  ramp i n c r e a s e  may have '  a l s o  b e e n  a f a c t o r  

( B a l d i s s e r a  e t  a l . ,  1 9 8 2 ) -  The dynamic  f i r i n g  p a t t e r n  
- 

e l i c i t ed  f rom e a c h  motoneuron w a s  q u a n t i f i e d  b y  c a l c u l a t i n g  
- 

t h e  i n s t a n t a n e o u s  f i r i n g  r a t e  o f  t h e  f i r s t  i n t e r s p i k e  

i n t e - r v a l  g e n e r a t e d  i n  r e s p o n s e  t o  t h e  ra te  o f  r i se  o f  t h e  
* L 

i n j e c t e d  c u r r e n t  i n p u t .  T h i s  form of  q u a n t i f i c a t i o n  had been 

c h o s e n  e a r l i e r  b y  t h i s  g r o u p  f o r  a n o t h e r  set of e x p e r i m e n t s  

( B a l d i s s e r a  e t  a l . ,  1982)  t o  c o n f i r m  t h a t  a component o f .  t h e  

motoneuron f i r i n g  p a t t e r n  w a s  re la ted t o  t t i e  t r a n s i e n t  phase  

o f *  t h e  i n p u t .  The s l o p e  f rom t h e  l i n e a r  p o r t i o n  o f  t h i s  
, 

r e l a t i o n s h i p  was t a k e n  a s  t h e  i n d e x  o f  dynamic s e n s i t i v i t y .  

The Cynamic i n d e x  v a l u e  w a s  u s e d  t o  a s c e r t a i n  d i f f e r e n c e s  ' i n  - 4 

.. t h e  dynamic i i r i n q  b e h a v i o u r  between cat  motoneurons .  A weak . 
r e l a t i o n s h i p  be tween  dynamic s e n s i t i v i t y  a ~ d  t h e  t i m e  c o u r s e  

o f  after-hyperpolarization, c o u p l e d  w i t h  a r e l a t i v e l y  s t r o n g  

i n v e r s e  r e l a t i o n s h i p  b e t w e e n  d y n a m i c  s e n s i t - i v i t y  a n d  
* 

r h e o b a s e ,  suggest/ed t h a t  s m a l l  motoneurons d i s p l a y e d  g r e a t e r  

dynamic s e n s i t i v i t y  t h a n  l a r g e r  motoneurons.  



- -- --- - 
- ,  A factor which influences the dynamics of the mc+oneuron 

s 

firing pattern during ramp inputs is accommodation. Studies-.------ 
" - ---=-- k- 

on rats and cat;-ggzted --that the rheobase markedly - 
- 

- - __---'-- 

- - - - increases with the application of a slow ramp current input 

(Bradley and Somjen, 1961; Burke an? Nelson, 1971) . This is 

intermittently, with bursts. 
I 

called accammodation. ~ccommodation may alter the firing 
x ' _ d 

--- -- - 
-pattern of laage-motoneuroTs tiwring-a slow ramp input by 

- 
delaying or hindering their discharge (Burke .and  els son, - 

- - 

1971) . Based on studies by Hodgkin and Huxley, Bradley and 

Somjen 11961) suggested that a~commodation maybe due to 

sodium channel inactivation produced by subthreshold 
b 

depolarization. - 

Human Studies: The recruitment threshold for a human motor 
* - -  - 

unit is defined by the amount o .isometric P o q e  produced 5 
when a motor unit fires at its lowest rhythmic firing rate 

(Tanji and Kato, 1973; Milner-Brown et al., 1973; Freund et 

al., 1975) . Lower and higher threshold human first dorsal 

inter0sseu.s motor units are capable of repetLt2ve discharge , 
9? t 

during maintained force outputs (Freund et al., 1975). This 

is unlike the short toe extensor (Grimby and Hannerz, 1977) 

and tibialis anterior (Hannerz, 1974) muscles where .low ' 

threshold motor units are capable of continuous repetitive 

firing, but- high threshold . units can only, fire 



p a t t e r n s  o f  mo to r  u n i t s  when force o u t p u t  ,was c o n t r o l l e d  

- 

- 

* - L  - 

r a t h e r  t h a n  & r e n t  i n p u t .  

. A  number o f  human e x p e r i m e n t s  have  s t u d i e d  how motor  
-- - 

u n i t  i n t e r - s p i k e  i n t e r v a l  o r  i n s t a n t a n e o u s  f i r i n g  r a te  . - 

changes  d u r i n g  t r i a n g u l a r  i s o m & r i c  f o r c e  t ra jectories  traced 

w i t h  d i f f e r e n t  ra tes  o f  rise.. P e r s o n  -and Kudina (1922) and 
-- --- 

> - - -  

Milner-Brown e t  a l .  (1973)  o b s e r v e d  a n  i n c r e a s e  i n  a motor  
- 
u n i t  i n s t a n t a n e o u s  f i r i n g  r a t e  t h r o u g h o u t  t h e  r i s i n g  phase  o f  

t h e  t r a j e c t o r y .  ' Both  g r o u p s  a l s o  n o t e d  t h a t  t h e  h i g h e s t  

i n s t a n t a n e o u s  f i r i n g  r a t e  o c c u r r e d  when t h e  r a t e  o f  r i se  o f  

force was t h e  h i g h e s t  a n d  t h a t  t h e  f i r i n g  ra te  w a s  markedly 

l o w e r  f o r  a l o w e r  r a t e  o f  c h a n g e  of f o r c e .  T h i s  c o u l d  -. 
p o s s i b l y  b e  d u e  t o  accommodat ion.  Grimby a n d  Ha'nnerz (1977)  

T o b s e r v e d  t h a t  s h o r t  t o e  e x t e n s o r  motor  u n i t s  f i r e d  w i t h  t h e  
- 

s h o r t e s t  i n t e r - s p i k e  i n t e r v a l s  d u r i n g  t h e  f a s t e s t  i m p u l s e  

t r a j e c t o r i e s .  Desmedt a n d  ~ o d a u x '  (1977)  a n d  O i s h i  e t  ' a l .  . - 
( 1 9 8 8 )  p l o t t e d  i n s t a n t a n e o u s  f i r i n g  r a t e  r e c o r d e d  d u r i n g  

v e r y  s low t o  v e r y  fapst rates of rise o f  t r a c e d  f o r c e  o u t p u t s .  
s 

B o t h  g r o u p s  a l s o  o b s e r v e d  i n c r e m e n t s  i n  f i r i n g  r a t e  

t h r o d g h o u t  t h e  ramp s l o p e  when f o r c e  w a s  i n c r e a s e d  e i t h e r  

q u i c k l y  o r  s l o w l y ;  however,  d u r i n g  an  e x t r e m e l y  f a s t  rate o f  

r i s e  o f  f o r c e  ( t e r m e d  b a l l i s t i c  b y  b o t h  g r o u p s )  t h e  

i n s t a n t a n e o u s  f i r i n g  r a t e  o f  t h e  f i r s t  i n t e r v a l  w a s  t h e  

s h o r t e s t  a n d  s u b s e q u e n t  i n t e r v a l s  were much l o n g e r ,  even  



- 
though  t h e -  r a te i  o f  ri-se and  t h e  magni tude  o f  t h e  f o r c e  - - - 

- - 
- .- 

t r a j e c t o r y  was s t i l l  i n c r e a s r n g .  

I n  a d d i t i o n  t o  t h e  r e l a t i o n s h i p  between i n s t g g t a n e o u s  
-- -- 

- -- 
- -- -a - - .  1 .  

firirg- rate zhd thG r>te  of  r ise o f  f o r c e ,  Grimby and Hannerz 

( 1 9 7 7 )  a l s o  d e g c m s t r a t e d  a  r e l a t i o n s h i p  be tween maximum 
- 

i n s t a n t a n e o u s  f i r i n g  r a t e  and ' t h e  u n i t ' s  4 e x c i t a t i o n  l e v e l  

p r e c e d i n g  t h e  super imposed c o n t r a c t i o n .  I n t e r v a l  l e n g t h s  

d u r i n g  t h e  y a t e -  o f  r i se  o f  f o r c e  w e r e  s h o r t e s t  when t h e ,  
C 

bacGground f o r c e  l e v e l  was low, a l t h o u g h  it i q  u n c e r t a i n  from 
-- 

t h e i r  p r o c e d u r e s  w h e t h e r  a  lower  backgrourrd force l e v e l  

corresponded t o  a  lower background f i r i n g  r a t e .  Gri&y 6 - -  

------ah' 

Hannerz o n l y  r e p o r t e d  t h i s  behaviour  fbr c o n t i n u o u s l y  f i r i n g  

motor  u n i t s  - c o n s i d e r e d  by them t o  b e - l o w  t h r e s h o l d  motor 

u n i t s  . 
- - - - 

- .- - 
0 --- "rp- 

The e x p e r i m e n t s  r ev iewed  above have  shown t h a t  t h e  

s i n g l e  motoneuron i n s t a n t a n e o u s  f i r i n g  r a t e  i s  r e l a t e d  - Sto the: 
- 

' \ 

r a t e  o f  rise o f  i s o m e t r i c  f o r c e  o u t p u t  g e n e r a t e d  b y  a  g iven  -. 
musc le  o r  m u s c l e  g r o u p .  T h e r e f o r e ,  f h e s e  s t u d i e s  hate ' 

\ 

d e m o n s t r a t e d  t h a t  human ~ t o n e u r o n s  p o s s e s s  dynamic f i r i n g  

p r o p e r t i e s ;  however, t h e  dynqmic phase  o f  t h e  f i r i n g  p a t t e r n  
I 

was n o t  q u a h t i f i e d  i n  t h e  above e x p e r i m e n t s  b e c a u s e  o f  t h e  

f o r c e  t r a j e c t o r i e s  , u s e d .  T r i a n g u l a r  wave forms do n o t  a l low '  

a  c l e a r  - d i s t i n c t i o n  between t h e  dynamic phase  a n d  adapEa t ion  
* 

n e c e s s a r y  for q u a n t i f i c a t i o n .  The ramp and  h o l d  paradigm, 

a l r e a d y  reviewed i n  t e r m s  o f  c u r r e n t  i n p u t s ,  may b e  better 



r s u i t e d  t o  s t u d y  t h e  dynamic a n d  s t e a d y - s t a t e  b 'eh8viour  of  ' 

moton8urons.  . - . . q ., 

Pa lmer  dlpd F e t z  ( 1 9 8 5 j ? r e c o r d e d  s i n g l e  motor  u n i t  a n d  . . 

s u r f a c e  e l e c t r o m y  from r h e s u s  macaque monkeys - 
1 * 

t r a i n e d  t o  ' p e r f o r m  r%mp a n d  h o l d  i s o m e t r i c  f l e x o r  a n d  
0 

e x t e n s o r  w r i s t  t o r q u e s .  Each u n i t  was ' r e c o r d e d  d u r i n g  a - -  
t r a j e c t o r y  of a s i n g l e  r a t e  o f  r i s e -  a n d :  f i n a l l y  . a t t a i n e d  

The u n i t s  w e r e  s e p a r a t e d ,  i n t o  d i f f e r e n t  g r o u p s  . 
P 

w . .  
d e p e n d i n b  o n  tbeix d y n a m i c  a n d  s t e a d y - s t a t e  d i s c h a r g e  

i , - 
., - 

behav ' i ou r s  . Some u n i t s .  d i s p l a y e d  a n  i n c r e a s e  t o  ' a  maximum 

i n s t a n t a n e o u s  f i r i n g  r&e d u r i n g  t h e  ra te  o f  r ise o f  t o r q u e ,  
il L 

d e c r e i s i r i g ' t h e i r  f i r i n g  ra te  t o  z e r d  d u r i n g  t h e  h o l d  p o r t i o n  
\. 

o f  t h e  t r a j e c t o r y .  O t h e r  u n i t s  d i s p l a y e d  t h e  same t y p e  o f  
C 

.s,. dynamic b e h a v i o u r ,  b u t  a d a p t e  m a maximum i n s t  t a n e o u s  

f i r i n g  r a t e  t o  a s t a t i c  f i r i n  u r i n g -  t h e  h o l d .  Another  

g r o u p  o f  u n i t s  d i s p l a y e d  o n l y  a s t e a d y - s t a t e  f i r i n g  p a t t e r n  - 
f f i  

o r  a g r a d u a l  d e c r e a s e .  i W f i r i n g  r a t e  n o t  c o i n c i d e n t  , w i t h  t h e  

c o m p l e t i o n  o f  t h e  ramp p h a s e  o f  t h e  t r a j e c t o r y .  From t h e s e  
4 

r e s u l t s  t h e  a u t h o r s  s u g g e s t e d  t h a t  t h e r e  were f o u r  motor  u n i t  

t y p e s  d i s t i n g u i s h a b l e  by  t h e i r  d i s c h a r g e  p a t t e r n .  . T h r e s h o l d s  , 

o b t a i n e d  f rom t h e  e x t r a p o l a t i o n  o f  f i r i n g '  ra te  v e r s u s  tokque  . 
l e v e l .  p l o t s  s u g g e s t e d  t h a t  t h r e s h o l d s  w e r e  l o w e r  f o r  u n i t s  

f i r i n g  w i t h  t h e  s t e a d y - s t a t e  p a t t e r n s  t h a n  f o r  t h o s e  u n i t s  

which g e n e r a t e d  t h e  dynamic  f i r i n g  p a t t e r n s .  Palmer  a n d  F e t z  

a l s o  r e c o r d e d  s e v e r a l  u n i t s  d u r i n g '  a number o f  t r a j e c t o r i e s  

d i f f e r i n g  f n  t o r q u e  l e v e l .  These r e s u l t s  i n d i c a t e d  t h a t  t h e  

2 



d i s c h a r g e  b e h a v i o u r  o f  t h e  u n i t  c o u l d  c h a n g e  f r o m  a ,. 
, k 

predominantly '  dynamic t o  a n  e s s e n t i a l l y  s t e a d y - s t a t e  p a t t e r n  .. 

when the magnitude of  t h e t o r q u e  ou tpu t  w$is ' increased.  

P - 
- 

' T a n j i  and Kato (-1973) and G i l l i e s  (1972) i n v e s t i g a t e d  . 

a b d u c t o r  - d i g i t i  minimi motor u n i t  f i r i n g  p r o p e r t i e s  d u r i n g  
* 

i s o m e t r i c  ramp and.  h o l d  f o r c e  t r a j e c t o r i e s  o f  v a r y i n g  r a t e s  s - . 
- 

d f  r i s e .  G i l l i e s  v a r i e d  t.he ,magn i tude  o f  t h e  c o n t r a c t i o n  
- 

. whereas  T a n j i  a n d  Ka to  had s u b j e c t s  a l w a y s  y o n t r a c f  t o  , 

maximum. Both g roups  obse rved  t h a t  a  u n i t  r e c o r d e d  d u r i n g  
a / 

--, f a s t  and s low r a t e s  o f  :ahp t r a j e c t o r i e s .  f i r ' e d  i t s  maximum 

i n s t a n t a n e o u s  r3te , d $ r i n g  t h e  r a t e  o f  ri-se P O ?  f o r c e  and 
-- . - 

a d a p t e d  t o  a  . s t e a d y - s t a t e  f i r i n g  r a t e  d u r i n g  t h e  " h o l d w  
4 

.- - .  

p e r i o d .  ~ h s  - h i g h e s t  f i r i n g  r a t e  and maximal a d a p t a t i o n  w e r e  
.. 

observed  d u r i n g  t h e  f a s t e s t  r a t e  o f  r i s e p o i  f o r c e ,  whereas 

d u r i n g  t h e  s low r a t e  o f  r i se  o,f f o r c e  u n i t s  w e r e  r e c r u i t e d  .I 
. i 

much l a t e r ,  a t t a i n e d  a  much lower  maximum- i n s t a n k a n e o u s  . . 
f i r i n g  r a t e s >  and  d i s p r a y e d  less a d a p t a t i o n  i n  f i r i n g  r a c e .  

> 

G i l l i e s  a l s o  n o t e d  C4at a u n i t  r e c r u i t e d  d u r i n g  t h e a s r a m p  
Q . -  

p o r t i o n  o f  . the  f o r c e  t r a j e c t o r y  o n l y + f i r e d  a  s h o r t  b u r s t  ande  

t h e n  d ropped  o u t  u n l e s s  t h e  s t e a d y - s t a t e  f o r c e  l e v e l  was 

.equal t o ,  o r  g r e a t e r  than ,  the, u n i t ' s  r e c r u i t m e n t  t h r e s h o l d .  - 

Although m o s t ' s t u d i e s  have c o n c e n t r a t e d  on o b s e r v i n g  t h e  ' 

v a r i e t y  o f  dynamic.  d i s c h a r g e  , b e h a v i o u r s "  d i s p l a y e d  #by 

i n d i v i d u a l  motor u n i t s ,  a  few human motor u n i t  i n v e s t i g a t i o n s  

have  a l s o  a t t e m p t e d  t o  d e t e r m i n e  i f  dynamic f i r i n g  r a t e  
L 



p r o p e r t i e s  are  re la ted t o  motoneuron r e c r u i t m e n t  t h r e s h o l d .  
a*-- 

-- 
Milner-Brown e t  ala.-. (19739 d i d  n o t  o b s e r v e  a n y  d i f f e r e n c e  

be tween  low a n d  h i g h  t h r e s h o l d  f i r s t  dorsal i n t e r o s s e u s  (FDI) 

m o t o r  u n i t s  when i n c r e m e n t  i n  i n - s t an t aneous  f i r i n g  r a t e  p e r  

i n c r e m e n t  i n  f o r c e  w a s  compared.  P e r s o n  a n d  Kudina (1972)  

i n v e s t i g i t e d  t h e  f i r i n g  b e h a v i o u r  o f  d i f f e r e n t  r e c t u s  f e m o r i s  , 

-- 

u n i t s  d u r i n g  l i n e a r l y  v a r y i n g  f o r c e  t r a j ec to r i e s .  They n o t e d  
'% 

t h a t  when d i s c h a r g e  r a t e  ( t a k e n  a s  t h e  mean i n t e r - s p ' k e  k 
i n t e r v a l  o v e r  e a c h  0 . 5  s e c o n d s  o f  t h e  traced t r a j e c t o r y )  was 

- 

p l o t t e d  a g a i n s t  t h e  i n c r e a s i n g  f o r c e  l e v e l  o f  t h e  t r a j e c t o r y ,  

t h e  low t h r e s h o l d  t o r  u n i t  d i s p l a y e d  a g r e a t e r  i nc remen t  i n  % \4ik - 

f - i r i n g  ra te  t h a n  :hzgh t h r e s h o g d  motor  u n i t s .  T h i s  was t h e .  ---- 
4 

case d u r i n g  b o t h  s l o w  a n d  f a s t  r a t e s  o f  r i se  o f  f o r c e .  

However, t h e  a c t u a l  r i se  i n  f i r i n g  r a t e  p e r  i n c r e m e n t  i n  

f o r c e ,  a s  s e e n  i n  t h e i r  f i g u r e  1, d i d  n o t  seem t o  d i f f e r  

be tween  motor  u n i t s .  'Grimby and  Hannerz (1977)  o b s e r v e d  t h a t  

s h o r t  t o e  e x t e n s o r  h i g h  t h r e s h o l d  motor  u n i t s ,  which f i r e d  
I 

i n t e r m i t t e n t l y ,  w e r e  c a p a b l e  o f  h i g h e r  i n s t a n t a n e o u s  
1 .  

d i s c h a r g e  ra tes  t h a n  low t h r e s h o l d  motor  u n i t s ,  which f i r e d  

c o n t  inuousLy . & 

Physiological Implications 
, 

I 

The p a t t e r n  , o f  i n s t a n t a n e o u s  f i r i n g  rates o b s e r v e d  . 
d u f i n g  t h e  dynamic p h a s e ,  i n  r e s p o n s e  t o  t h e  f a s t e s t  ra te  o f  

r ise o f  c u r r e n t  i n p u t  o r  d u r i n g  t h e  f a s t e s t  r a t e  

i s o m e t r i c  f o r c e  o f  t h e  ramp-and-hold p a r a d i g m ,  

s i m i l a r  t o  e x p e r i m e n t a l l y  g e n e r a t e d  s t i m u l a t i o n  

of r i se  . o f  

a r e  v e r y  

p a t t e r n s .  



-- - -_-- 
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~ h e s e  a r e  s t i m u l a t i o n  p a t t e r n s  assessed t o  be o p t i m a l  f o r  
- 

p r o d u c i n g  a  large n o n - l i n e a r  i n c r e a s e  i n  t h e  ra te -of  rise and  

magni tude  o f  f o r c e  o u t p u t .  G u r f i n k e l  a n d  L e v i k  (1973)  showed 

t h a t  f o r c e  p r o d u c t i o n  w a s  e n h a n c e d  when a v e r y  s h o r t  

i n t e r s p i k e  i n t e r v a l  w a s  added  t o  a  c o n s t a n t  i n t e r v a l  s p i k e  

t r a i n  d u r i n g  s u r f a c e  s t i m u l a t i o n  o f  human m u s c l e .  

S u b s e q u e n t l y ,  a number o f  s t u d i e s  d e m o n s t r a t e d  i n  t h e  c a t  

t h r o u g h  s t i m u l a t i o n  o f  whole  musc le  ( S t f i n d  P a r Z i a g g i i i ,  - - - - 

l 9 7 9 ) ,  s i n g l e  motor  u n i t s  ( Z a j a c  a n d  Young, 1980;  Bo t t e rman  

e t  a l . ,  1986)  a n d  w i t h  i n j e c t i o n s  of d e p o l a r i z i n g  p u l s e s  i n t o  

motoneurons (Burke e t  a l . ,  1 9 7 6 ) ,  t h a t  o p t i m a l  f o r c e  o u t p u t s  

w e r e  n o t  o n l y  r e l i a n t  on s h o r t  i n t e r - s p i k e .  i n t e r v a l s  b u t  a l s o  ; 

i n f l u e n c e d  b y  t h e  s e q u e n c e  a n d  l e n g t h  o f  t h e  s u b s e q u e n t  
B \ 

i n t e r v a l s .  T h e s e  a n i m a l  s t u d i e s  a l s o  f o u n d  t h a t  f o r  a n  
9 4 

o p t i m a l  f o r c e  o u t p u t ,  a f a s t  m u s c l e  r e q u i r e d  s h o r t e r  
-- 

i n t e r s p i k e  I n t e r v a l s  t h a n  a s l o w  mugclg.  T h i s  h a s  b e e n ,  

e x p l a i n e d  as a  compensa t ion  o f  t h e  s h o r t e r  c o n t r a c t i o n  t i m e s  

f o r  f a s t  v e r s u s .  s l o w  m u s c l e  u n i t s  a n d  m u s c l e  ( B u l l e r  a n d  
l 

L e w i s ,  1 9 6 5 ) .  

Steady-state Phase 

Animal S t u d i e s :  A l t h o u g h  l a t e  a d a p t a t i o n  h a s  b e e n  
a '  

r e c o g n i z e d  t o  i n f l u e n c e  t h e  m o t o n e u r o n  f i r i n g  p a t t e r n ,  - 

K e r n e l l  ( l 9 6 5 b ;  1 9 7 9 )  andT B a l d i s s e r a  e t  a l .  (19871 have 

c o n s i d e r e d  s p i k e s  g e n e r a t e d  1 . 0  t o  1 . 5  second?  a f t e r  t h e  

o n s e t  o f  c u r r e n t  a p p l i c a t i o n  t o  b e  e s s e n t i a l l y ,  s t e a d y - s t a t e ,  . 
or  s t a t i c ,  d i s c h a r g e  ( K e r n e l l ,  l965b;  1979; B a l d i s s e r a  e t  a1 . , 



1 9 8 7 ) .  The s t e a d y - s t a t e  f i r i n g  r a t e  i s  p r o p o r t i o n a l  t o  
- 

i n j e c t e d  c u r r e n t  i n t e n s i t y  i n  b o t h  t h e  p r i m a r y  a n d  s e c o n d a r y  
- 

f i r i n g  r a n g e s ;  khowevet ,  - t o  a c h i e v e  a  s e c o n d a r y  r a n g e  

& s t e a d y - s t a t e  f i r i n g  ra te ,  t h e  c u r r e n t  A ~ t e n s i t y  mus t  b e -  

c o n s i d e r a b l y  greater t h a n  a  &;rent i n t e n s i t y  a b l e  t o  produce  +- - --- - >--- - -- 

a n  e q u i v a l e n t  s e c o n d a r y  r a n g e  f i r i n g  r a t e  d u r i n g  t h e  f i r s t  
> - 

i n t e r s p i k e  . i n t e r v a l  ( K e r n e l l ,  1 9 6 5 a ;  B a l d i s s e r a  a n d  
- -  

~ u s t ' a f f s o n ,  1974c;  B a l d i s s e r a  e t  a l . ,  1987)  . - ~ a l d i s s e r a  e t  - 

a 1  . ( 1 9 8 7 )  f o u n d  n o  s i g n i f i c a n t  ~ o r r e l ~ a t i o n  b e t w e e n  ' a  

m o t o n e u r o n ' s  dynamic a n d  s t a t i c  s e n s i t i v i t y  i n d e x  ( s l o p e  of 
-- 

t h e  l i n e a r  r e l a t i o n  be tween  s t a t i c  f i r i n g  r a t e  a n d  c u r r e n t -  

s t e p  i n t e n s i t y )  . T h e r e f o r e ,  t h e  dynamic  a n d  s t e a d y - s t a t e  

p h a s e  o f  t h e  m o t o n e u r o n j & t t e r n  may n o t  be i n f l u e n c e d  by t h e  

same f a c t o r s .  $ 

- 

F o r  m o t o n e u r o n s  i n  t h e  c a t  K e r n e l 1  ( 1 9 7 9 )  d i d  n o t  

o b s e r v e  a n y  c o r r e l a t i o n  be tween  t h e  s l o p e  o f  t h e  p r i m a r y  

r a n g e  f o r  s t a t i c  f i r i n g  rate  v e r s u s  c u r r e n t  i n t e n s i t y  ( f - I  

c u r v e )  a n d  t w i t c h  c o n t r a c t i o n  t i m e  o r  t e t a n i c  f o r c e .  T h i s  

s u g g e s t s  t h a t  s t e a d y - s t a t e  f i r i n g  p r o p e r t i e s  do n o t  d i f f e r  

between d i f f e r e n t  t y p e s  o f  cat motor u n i t s .  

H u m a n  Studies:  The s t e a d y - s t a t e  p h a s e  o f  human motor u n i t  

f i r i n g  p a t t e r n  h a s  b e e n  i n v e s t i g a t e d  b y  h a v i n g  s u b j e c t s  

v o l u n t a r i l y  g e n e r a t e  a n d  ma in t a - in  i s o m e t r i c  i n c r e m e n t s  i n  

f o r c e  w h i l e  r e c o r d i n g  t h e  c o n t r i b u t i n g  s i n g l e  m o t o r  u n i t  

a c t i v i t y .  T a n j i  and  Ka tc  (19731  c a l c u l a t e d  s t a t i c  f i r i n g  r a t e  



- - 
- - - -- 

1 . 0  s e c o n d  a f t e r  t h e  a t t a i n m e n t  o f  t h e  desired !&or;e level,  
- - - - -- 

- 

.. whereas  n e i t h e r  F reund  e t  a l .  (1975)  n o r  Mons te r  and Chan 

(1977)  s p e c i f i e d  t h e  p o i n t  i n  t h e  u n i t ' s  d i s c h a r g e  c o n s i d e r e d  . 

t o  b e  s t a t i c .  A l l  t h r e e  s t u d i e s  o b s e r v e d  a  n o n - l i n e a r  ' 

r e l a t i o n s h i p  be tween  mean s t a t i c  f i r i n g  rate a n d  magni tude  o f  
L - - - - - - -- 

i s o m e t r i c  f o r c e .  T h a t  is ,  i n c r e m e n t s  i n  s t e a d y - s t a t e  f i r i n g  

r a t e  were g r e a t e s t  w r i n g  t h e  smallest i n c r e m e n t  i n  force and  - -  

became p r ~ g r e s s i v e l y  less f o r  a g r e a t e r  i n c r e m e n t  i n  f o r c e  

' o u t p u t .  

. . 

It h a s  b e e n  s u g g e s t e d  
i 

motor  u n i t s  d i f f e r  i n  t h # i r  

t h a t  h i g h e r  a n d  l o w e r  t h r e s h o l d  

a b i l i t y  t o  i n c r e a s e  s t e a d y - s t a t e  

f i r i n g  ra te  d u r i n g  a desired inc remen t  i n  force o u t p u t .  The 
b 

l i t e r a t u r e  i n d i c a t e s  t h a t  d i f f e r e n t  m u s c l e s  p o s s e s s  d i f f e r e n t  

r e l a t i o n s h i p s  be tween  low a n d  h i g h  t h r e s h o l d  u n i t s .  T a n j i  

and K a t o  ( 1 9 7 3 )  d e m o n s t r a t e d  t h a t  l o w  t h c e s h o b d  ' a b d u c t o r  , 

d i g i t i  minimi motor u n i r s  g e n e r a t e d  a  g r e a t e r  r a n g e  o f  s t a t i c  

f i r i n g  rates  t h a n  h i g h  t h r e s h o l d  u n i t s .  I f ,  however ,  f o r  - 
e a c h  u n i t ,  i n c r e m e n t  i n  s t a t i c  f i r i n g  ra te  p e r  i n c r e m e n t  i n  

f o r c e  i s  t a k e n  a s  t h e  s l o p e  o f  t h e  r e l a t i o n s h i p  p l o t t e d  . i n  

t h e i r  f i g u r e  6, no  marked d i f f e r e n c e  i s  a p p a r e n t  be tween  low 

a n d  h i g h  t h r e s h o l d  u n i t s .  I n  f i r s t  d o r s a l -  i n t e r o s s e u s ,  Freund  
- 

e t  a l .  (1975)  o b s e r v e d  t h e  g r e a t e s t  i n c r e a s e  i n  s t a t i c  f i r i n g  
I 

r a t e  p e r  i n c r e a s e  i n  f o r c e  f r o m  t h e  low t h r e s h o l d  m o t o r  

u n i t s .  On t h e  o t h e r  hand,  i n  t h e  e x t e n s o r  d i g i t o r u m  communis, 
-A - -- - - 

h i g h  t h r e s h o l d  u n i t s  d i s p l a y  g r e a t e r  i n c r e m e n t s  i n  s t a t i c  



f - 9  r a e  per increase -in s t a t i c  f o r c e  t h a n  l o w  t h r e s h o l d  
F 

- 
- 

- 

u n i t s  (Monster  and  m a n ,  f977)  . 

Simultaneo~sly Firing Motor Units 

Many r e c r u i t e d  motor u n i t s  w i l l  c o n t r i b u t e  t o  t h e  

generatian gf a n y  f o r c e  o u t p u t - f r o m  a  muscle;  t h e r e f o r e ,  t o  

p r o v i d e  a n o t h e r  means of a s c e r t a i n i n g  d i f f e r e n c e s  be tween  

m o t o n e u r o n  d i s c h a r g e  b e h a v i o u r  b a s e d  o n  m o t o n e u r o n  

r e c r u i t m e n t  t h r e s h o i d ,  it . i s  i m p o r t a n t  t o  compare s i n g l e  

motor  u n i t  f i r i n g  b e h a v i o u r  a g a i n s t  o t h e r  c o f i c u r r e n t l y  a c t i v e  
4 

m o t o r  u n i t s .  T h i s  t y p e  o f  work h a s  ' b e e n  done  w i t h  human 

s u b j e c t s  . 
. .;La 

- - - -- 4 +  

- ! .  
Dynamic Phase: Tan jFt.@and Ka to  (1973)  showed t h a t  be tween  - 

Q #'. 

t w o  u n i t s  r e c r u i t e ' d ' " d u ' r i n g  a  s l o w ,  ramp a n d  h o l d  f o r c e  
I 

8 ,  

t r a j e c t o r y ,  t h e  h i g h e i  t h r e s h o l d  moto r  u n i t  a c h i e v e s  i t s  
0. 

maximum i n s t a n t a n e o u s ,  f i r i n g  ra te  l a t e r  t h a n  a c o n c u r r e n t l y  

a c t i v e  l ower  t h r e s h o l d  u n i t .  P e r s o n  (1974)  a n d  Deluca  e t  
il 

a l .  ( 1 9 8 2 )  recorded m u l t i p l e  u n i t s  d u r i n g  a ramp o f  two 

s e c o n d s  t o  a  f i n a l  h e l d  f o r c e  l e v e l  o f  a p p r o x i m a t e l y  30-40% 

o f  maximum v o l u n t a r y  c o n t r a c t i o n .    he r e c t u s  f e m o r i s  u n i t s  
> 

( P e r s o n ,  1974)  w e r e  r e c r u i t e d  d u r i n g  t h e  f o r c e  t r a j e c t o r y ,  a s  

w a s  t h e  c a s e  f o r  a l l  b u t  t h e  l o w e s t  t h r e s h o l d  d e l t o i d  u n i t  
- -  - - - - - - 

- - -  - - -  
7 -- -- -- ---- 

r e c o r d e d  b y  D e l u c a  e t  a l .  I n  b o t h  s t u d i e s ,  t h e  l o w e s t -  

t h r e s h o l d  motor u n i t  r e a c h e d  a g r e a t e r  maximum i n s t a n t a n e o u s  

f i r i n g  ra te  e a r l i e r  t h a n  t h e  h i g h e r  t h r e s h o l d  n c t o r  u n i t s .  
- 

- 

-- 



- L --- I - 
-_I- _ 

- - 
- *- - r. 

- -- _- - k 

P e r s o n  a n d  Kudina (1972)  r e c o r d e d  six - $ e c t u s -  fents&s -- 

motor  u n i t s  d u r i n g  a t r i a n g u l - a v e f o r m  w i t h  a r ise t i m e  o f  

2 s e c o n d s .  O f  t h e s e  s i x  u n i t s ,  f i v e  f i r ed  t o n i c a l l y  i n - - t h e  

b a c k g r o u n d  b e f o r e  t h e  s u p e r i m p o s i t i o n ,  o f  t h e  f o r c e  

t r a j e c t o r y  . The l o w e s t  background f i r i n g  r a t e  was g e n e r a t e d  

by t h e  h i g h e s t  t h r e s h o l d  u n i t  a;d t h e  h S g h e s t  b a c k g r o u n d  - 
! i 
f i r i n g  r a t e  b y  t h e  lbwes t  t h r e s h o l d  u n i t .  Due t o  d h f e r e n c e s  

i n  r e c r u i t m e n t  o r d e r  t h e  l o w  t h r e s h o l d  motor u n i t  f i r e d  

t o n i c a l l y  i n  + & - b a c k g r o u n d  f o r  1 . 5  m i n u t e s ,  w h e r e a s  t h e  
r 

h i g h e s t  t h r e s h o l d  u n i t  f i r e d  f o r  o n l y  30 s e c o n d s  b e f o r e  t h e  -- 

s u p e r i m p o s e d  c o n t r a c t i o n .  A l l  u n i t ' s  d u r i ~ g  t h i s  c o n d i t i o n  

d i s p l a y e d  . p e a k  a c t i v i t y  a t -  t h e  same t i m e  d u r i n g  t h e  ra te  o f  

r i se  o f  t h e  f o r c e  t r a j e c t o r y .  F u r t h e r m o r e ,  t h e  g r e a t e s t  

i n c r e a $ e  i n  i n s t a n t a n e o u s  f i r i n g  rate  w a s  g e n e r a t e d  by t h e  
/ 

h i g h e s t  t h r e s h o l d  u n i t  compared t o  t h e  l o w e s t  t h r e s h o l d  u n i t .  

The d i s c r e p a n c y  i n  t h e  dynamic f i r i n g  b e h a v i o u r  be tween  low 

a n d  h i g h e r  t h r e s h o l d  m o t o r  u n i t s ,  e v i d e n t  p a r t i c u l a r l y  

2 between  &he  s t u d i e s  o f  P e r s o n  a n d  Kudina (1972)  a n d  Person,- - 

( l 9 7 4 ) ,  may i n d i c a t e  t h e  i n f l u e n c e  o f  backgroundp e x c i t a t i o n  

l e v e l ,  e r a t h e r  t h a n  r e c r u i t m e n t  t h r e s h o l d ,  on t h e  u n i t - ' s  

d i s c h a r g e  p a t t e r n .  

Only t h e  f o l l o w i n g  s t u d y  h a s  p r o v i d e d  d a t a  on  r e c o r d e d  
~ - 

m o t o r  u n i t s  f i r i n g  sim&taneous_l-y---during t w o  d i f f e r k n t  
------ - --- --- 

- ~- 

- - - -  

c o n d i t i o n s .  Ereund  e t  a l .  (1975)  r e c o r d e d  f rom t w o  ED1 motor  -- 

u n i t s  d u r i n g  c y c l i c  f o r c e  t ra jectories  o f  a s l o w  ( 8 4  seconds  

t o  p e a k )  a n d  ' f a s t 1  ( a p p r o x i m a t e l y  1 . 5  s e c o n d s  t o  p e a k )  ra te  . 



of rise o f  isbmtric force. Both u n i t s  f i r e d  t o n i c a l l y  p r i o r  
- - - - 

t o -  e a c h - @ o n + r ~ t i o n  - - = _ _  w i t h  & _  t h e  I h i g h e r  t h r e s h o l d  u n i t  gene ra t ing -  

t h e  ' lower  b a c k g r o u n d  f i r i n g  r a t e .  D u r i k g  b o t h  f o r c e  - 
=- - --- _- = z 

t ra jec tor ies  'the l o w e r  t h r e s h o l d  u n i t  d i s p l a y e d  t h e  h i g h e s t  

i n s t a n t a n e o u s  f i r i n g  r a te  w i t h  i t s  maximum i n s t a n t a n e o u s  

f i r i n g  r a te  ' o c c u r r i n g  much ea r l i e r  t h a n  
1 

u n i t .  'ThiA was p a r t i c u l a r l y  e v i d e n t  , - 
1 

c o n d i t i o n .   his s t u d y  d e m o n s t r a t e d  t h a t  

t h r e s h o l d  /=tor u n i t s  w e r e  c a p a b l e  o f  
I 

t h e  h i g h  t h r e s h o l d '  

d u r i n g  t h e  ' f a s t '  

b o t h  low a n d  h f g t i  - - - - 

d i f f e r e n t  dynamic 

f i r i n g  p a  t e r n s  d e p e n d e n t  on t h e  ra te  A of rise of f o r c e ;  
- * I 

however ,  ;it i s  u n c e r t a i n  w h e t h e r  t h e  g r e a t e r  f i r i n g  r a t e  
1 

- 

recorded/  f r o m ,  t h e  low t h r e s h o - l d  u n i t  w e r e  d u e  t o  i t s  
1 
I 

* 

p r e s u m a u l y  g r e a t e r  b a c k g r o u n d  e x c i t a t i o n  l e v e l  o r  a n  

i n t r i n s i c  n e u r o n a l  d i f f e r e n c e  from t h e  h i g h e r  t h r e s h o l d  u n i t .  

-- ____---- Chan (1977)  h a v e  p r e s e n t e d  data on t h e ,  s t e a d y - s t a t e  f i r i n g  
. . 

b e h a v i o u r  o f  c o n c u r r e n t l y  r e c o r d e d  motor  u n i t s .  Al though t h e  
. , 

r e s u l t s  o f  T a n j i  a n d  K a t o  (1973)  showed t h a t  t h e  l o w e s t  

t h r e s h o l d  u n i t  r e c r u i t e d  d u r i n g  t h e  c o n t r a c t i o n ,  gene- - 

t h e  h i g h e s t  mean s t a t i c  f i r i n g  r a t e ,  t h e i r  f i g u r e  6 ^ a l s o  

i n d i c a t e s  t h a t  t h e  i n c r e a s e  i% f i r i n g  rate  p e r  i n c r e m e n t  i n  

f o r c e  w a s  e q u i v a l e n t  amongst u n i t s  6 f  a l l  t h r e s h o l d s .  Monster 

a n d  Chan (1977)  a n d  Monster  (1979)  r e c o r d e d  p a i r s  of e x t e n s o r  
\ 

i 

d i g i t o r u m  'communis motor  u n i t s  a n d  o b s e r v e d  t h a t  t h e  h i g h e r  k9e 

t h r e s h o l d  u n i t  a lways  %ad a g r e a t e r -  i n c r e a s e  i n  s t e a d y - g t a t e  _ 
- - - 



f i - r i n g  ra te  t h a n  t h e  lower  t h r e s h o l d  motor  u n i t  p e r  i n c r e a s e  

i n  f o r c e  o u t p u t .  

> 

- 
A - 

Surface Electromyograrn Activ iky 
- - - 

S u r f a c e  e lec t~%iybgraphy-4EM~) i s  an  - e f f e c t i v e  method bf 

m e a s u r i n g  t h e  p o p u l a t i o n  a c t i v i t y  o f  m o t o r  m-its, T h e o  - 
-- 

l ' i t e r a t u r e  on s i n g l e  and  m u l t i p l e  motor  u n i t  r e c o r d i n g s  ha- -- _ 
-I 

s u g g e s t e d  t h a t  human m%oy migs a r e c a p a b l e  o f  a v a r i e t y  of  - 
/ - - 

- - -ate p a t t e r n s  dependent ,  most d e f i n i t e l y ,  on t h e  r a t e  

o f  r i s e  of  t h e  d e s i r e d  f o r c e  o u t p u t  (Milner-Brown e t  a l . ,  . 
- 

1973; P e r s o n  a n d  Kudina,  1972; Grirnby a n d  Hannerz ,  1977;- - - - -- 

O i s h i  e t  a l . ,  1988; T a n j i  a n d  Kato, 1973; G i l l i e s ,  1972). 'and, 

. ' . p o s s i b l y ,  on t h e  u n i t ' s  e x c i t a t i o n  l e v e l  p r e c e d i n g  t h e  

c o n t r a c t i o n  (Grimby a n d  Hannerz,  1977;  P e r s o n  a n d  K u d i n a , ~  , 
- 

1972)  . The f o l l o w i n g  r e v i e w  i n d i c a t e s  t h a t  s u r f a c e  EMG 
_ - - _ - - _  --=-- 

2 ___-_------ 
- - v s  been  r e l a t e d  t o  s e v e r a l  c o n t r o l l e d  f o r c e  and  

movement p a r a m e t e r s ;  however, t h e  l i n k  between s i n g l e  motor 
B 

- a n i t  behav iour  and  s u r f a c e  EMG a c t i v i t y  h a s  n o t  been  shown i n  
9 

t h e  l i t e r a t u r e .  A l though  s i n g l e  moto r  u n i t  s t u d i e s  are 

conduc ted  p r i m a r i l y  w i t h  i s o m e t r i c  c o n t r a c t i o n s ,  s u r f a c e  -EMG 

data from n o n - i s o m e t r i c  s t u d i e s  have been i n c l u d e d  t o ' p r o v i d e  
..L 

i n f o r m a t i o n  r e g a r d i n g  s u r f a c e  EMG g c t i v i t y  under  a number o f  
~ ~ . -~~ 

d i f f e r e n t  c o n d i t i o n s .  A s  w a s  done f o r  t h e  s i n g l e  motor  u n i t  .,. As- 

l i te ra ture ,  t h e  review w i l l  c o n s i d e r  t h e  dynamic a n d  s t e a d y -  

s t a t e  p h a s e s  o f  s u r f a c e  EMG a c t i v i t y  s e p a r a t e l y .  



- Dynamic Phase: Very  f e w  s t u d i e s  h a v e  i n v e s t i g a t e d  t h e  
b u b 

- d y n a m i c  p h a s e  o f  s u r f a c e  e lec t romyograms when s u b j e c t s  t r a c e  - 
- - - -- 

I 

i s o m e t r i c  f  rce t r a j e c t o r i e s .  Ghez a n d  Gordon (1987)  had  P --- a 
s u b j e c t s  p r o d u c e  i s ~ m e t r i c  f o r c e  i m p u l s e s  a t - t h e  e lbow j o i n t  - 

/- 

_ _ - 
@ 

"as fas t  a s  p o s  p e "  t o  f o r c e  l e v e l s  r a n g i n g  between 20% a n d  

6 0 %  o f  maximum v o l u n t a r y  c o n t r a c t i o n .  T h i s  t y p e  of  . 

t r a j e c t o r y  h a s  b e e n  r e f e r r e d  t o  as a b a l l i s t i c  c o n t r a c t i o n .  
-- 

Freund  a n d  Budigen (1979)  d e m o n s t r a t e d  t h a t  . t h e  ra te  o f  r ise 
- - -- -- - , . 

o f  force d u r i n g  a b a l l i s t i c  t r a j e c t o r y  i s  c o n s t r a i n m i -  by t h e  

magn i tude  o f .  t h e  f o r c e  i m p u l s e .  T h i s  s u g g e s t s  t h a t  a  v e r y  
- 

f a s t  r a t e  o f  r i se  o f  f o r c e  c a n  be p l a c e d  on o n e 4  e n d  o f  -a 

con t inuum of c o n t r a c t i o n  s p e e d s .  The r e s u l t s  of Gordon and  
- - -- - 

--A 

~ h e z  s u g g e s t e d  t h a t  t h e  m a g n i u d e  o f  t h e  i n t e g r a t e d  b i c e p s  

-- - -- ----- --- - 
.. -.~--- -;- -~ ---- 

f o r c e  im&=---- - - --- - 
- _  --- - ===\ 

B i g l a n d  a n d  L i p p o l d  U 9 5 4 a )  & e m o n s t r a t e d  t h a t  i n t e g r a t e d .  -- -- -- 
s u r f a c e  EMG re 'corded f rom calf  m u s c l e s  w a s  l i n e a r l y  r x a t e d -  -- - 

t o  a n g u l a r  v e l o c i t y  a n d  t e n s i o n  * p r o d u c e d  d u r i n g  i s o t o n i c  

movements . M u s t a r d  and Lee (1987)  a n d  Brown a n d  Cooke 

(1981)  showed t h a t  i n t e g r a t e d  s u r f a c e  EMG is  l i n e a r l y  r e l a t e d p  

t o  t h e  a n g u l a r  v e l o c i t y  a n d  t h e  a n g u l a r  d i s t a n c e  o f  t h e  l imb  

movement. I n  a n o t h e r  t y p e  o f  i s o t o n i c  p a r a d i g m  G i e l e n  e t  

a l .  (1985)  r e c o r d e d  e lbow f l e x o r s  d u r i n g  p o i n t i n g  movements 

a t  d i f f e r e n t  rates a n d  d i s t a n c e s .  They o b s e r v e d  t h a t  f l e x o r  - 

s u r f a c e ,  a n d  i n t r a m u s c u l a r ,  i n t e g r a t e d  e l e c t r o m y a g r a m  



- 
- 

- - 

- --__ __ 

4 
- 

- * 
- - - -  - 

a c t i v i t y  i n c r e a s e d  l i n e a r l y  with t h e  v e l o c i t y  of t h e  

movement. 

. . 

The i s o t o n i c  ,study of 

v a r i e d  - t h e  load  preceding 

subjec t  produced a  movement 

--- -- -- 

I 

Bigland and Lippold J1954a) a l s o  - 

t h e  superimposed c o n t r a c t i o n .  P; 

around t h e  ankle j o i h t  -- - varying - i n  " 
- - - 

angular  v e l o c i t y  and t ens ion  from four  d i f f e r e n t  l e v e l s  of 

background su r face  EMG a c t i v i t y .  Their  r e s u l t s  suggested 
- 

t h a t  the  l i n e a r  r e l a t i o n s h i p  between magnitude of in teg ra ted  

EMG and fo rce  produced at '  d i f f e r e n t  angular  v e l o c i t i e s  was 
- - 

t he  same regardless  of t h e  background sur face  EMG act i 'v i ty .  

--- . > --- *# 

As was tIPe problem with t h e  s i n g l e  motor u n i t  s tud ies ,  

theLdynamic  phase of t h e  su r face  EMG a c t i v i t y  can not  be 

q u a n t i f i e d  s e p a r a t e  from t h e  s t e a d y - s t a t e  phase whe%+he_ - 
-- 

f a r - . . t x a e c t o r i e s  do n o t  c o n t a i n  a  s t a t i c  component. 
I _ -- -- -6"- _- _ -- 

I-------_ T h e r e f o r e  it 'is advantageous--&eA_se .- t h e  -ramp-&d-ho~Ti-~rce a - _ -' _ _  - --_ - -- ..." - --- _ _ t r a j e c t o r y  t o  invesbigate  sur face  EMG a c t i v i t y .  ~hTs-'ha?+ad& ---I 

heen done by Lesteinne e t  a l .  (1981) f o r  i s o t o n i c  movements 

about t h e  w r i s t  -and eJbow j o i n t s .  . The ramp consisk-sd,of an 
----CI_ ------- 

angu la r  movement a t  a  p a r t i c u l a r  v e l o c i t y  fol lowed by a  
8 - \ 

-;;-------c 
s t e a d y - s t a t e  component when t h e  a t t a i n 3 d  angle .  was 

maintained. Although t h i s  group only q ~ l a n t i f i e d  t h e  sur face  

EMG during t h e  maintainence of the  f i n a l  limb t h e i r  

f i g u r e s  showed a  peak i n  EPfG a c t i v i t y  coinc ident  with t h e  

maximum angular  ve loc i ty ,  followed by adapta t ion  t o  a  t o n i c  
- - 

a c t i v i t y  l e v e l . - -  Their  d a t a  a l s o  suggested,  q u a l i t a t i v e l y ,  



- 

n - c 

t h a t  t h e  dynamic p h a s e  o f  t h e  ' s u r f a c e  EMG a c t i v i t y  was - 
- - - 

g r e a t e s t  f o r  t h e  f a s t e s t  a n g u l a r  v e l o c i t y .  - '  

Steady-state Phase: The r e l a t  i o n s h f p  between s t e a d y - s t a t e  
- 

- 
- - -- 

surface EMG a c t i v i t y  and i s o m e t r i c  f o r c e  o u t p u t  h a s  n o t  been 
* -. 

- 
-- 

d e t e f m i n e d '  i'n a  manner s i m i l a r  t o  s i n g l e  motor  u n i t  

exper iments ;  t h a t  is ,  mainta inence  -of- inc rements  i n  i so ,metr ic  

f o r c e  f o r  a  p e r i o d  o f  t i m e .  The r e l a t i o n s h i p  between s t a t i c  - - -  - 

* 
EMG a c t i v i t y  and  f o r c e ,  t h e r e f o r e ,  must be  approximated from 

< ' 

t h e  s t u d i e s  o f  Lawrence and  Deluca (1983) ,and ~ i l n e r - ~ r o w n  

and  S t e i n  ( 1 9 7 5 ) .  These s t u d i e s  had a s u b j e c t  t r a c e  a  slow 
e 

i s o m e t r i c  t r i a n g u l a r  waveform ( 2 . 0  a n d  1 0 . 0  s e c o n d s ,  

r e s p e c t i v e l y )  and  showed t h a t  a  l a r g e  muscle  d i s p l a y e d  a  

n o n - l i n e a r  r e l a t i o n s h i p  be tween roo t -mean-square  o f  EMG 

a m p l i t u d e  a n d  i n c r e a s i n g  f o r c e  (Lawrence - a n d  Deluca,  ' l 9 8 3 ) ,  . 
whereas  a  a -  musc le  showed a  q u a s i l i n e a r  r e l a t i o n s h i p  

(Milner-Brown and S t e i n ,  1975; Lawrence and Deluca, 1983) . 

l r  

I i e s t e i n n e  e t  a l .  (1981) had s u b j e c t s  move e i t h e r  t h e i r  . 

elbow or- wr- is t  j o i n t  t h r o u g h  a n  a n g l e  t o  a  - t a r g e t  where 
-- _ 

f i n a l  a n g u l a r  p o s i t i o n  w a s - w i n t a i n e d  f o r  s e v e r a l  seconds .  - 
1 

1. 

S t e a d y - s t a t e  i n t e g r a t e d  EMG a c t i v i t y  w a h a k ~ a t e d  o v e r -  a  . 
- 

- 

2 . 0  second  p e r i o d  b e g i n n i n g  a p p r o x i m a t e l y  1 . 0  second  a f t e r -  
.- - - 

t h e  angtl-bar - movement. A n o n - l i n e a r  r e l a t i o n s h i p  between 
- -- 

s t a t i c  s u r f a c e  EMG ac t ' i v i ty  a& mainta ined  angle '  o f  elbow' and - .. - 

w r i s t  f l e x i o n  w a s  obse rved  f o r  b o t h  b i c e p s  and E3exor c a r p i  

r a d i a l i s  .' 



Single Yotoneuron Firing patterns:' A .  r e v i e w o  qf . t K e  

l i t e r a t u r e  h a s  demonst ra tbd  t h a t  motckeurons are c a p a b l e  o f  a  
* t 9 

v a r i e t y  o f  f i r i n g  p a t t e r n s .  With , t h e  e x c e p t i o n  o f  ' t h e  c a t  

work by B a l d i s s e r a  e t  a l .  (1987) a n d  t h e  monkey work o f  

T a l w e ~  and F e t z  (1985) ,  most s t u d i e s  have  i n v e s t i g a t e d  ei thr&r 

t h e  motorieuron 's  d y n a m i c  o r  s t e a d y - s t a t e  f i r i n g  r a t e  
i 

behav iour ,  n o t  b o t h  t o g e t h e r .  1 n t  r a c e l l u l a r  r e c o r d i n g s  have 
.A 

- 
shown t h a t  t h e  dynamic p h a s e  o f  t h e  c a t  motoneuron d i s c h a g g e  \ 

-- - 

p a t t e r n  v a r i e s  i n  r e l a t i o n  t40 t h e  sa te  of  r i se  ( B a l d i s s e r a  et- 

a l . ,  1982; 1987) and  i n t e n s i t y  (Gsan i t  e t  a l . ,  1963; Ke'rnel l ,  .. 
1965a;  B a l d i s s e r a  e t  a l . ,  1982)  o f  t h e  i n j e c t e d  c u r k n t  

i n p u t .  I n  -human s t u - d i e s ,  t h e  f o r c e  o h t p u t  h a s  been 

c o n t r o l l e d  p r e d o m i n a n t l y  f o r  t h e  r a t e  o f  r i se  o f  i s o m e t r i c  

f o r c e .  These  i n v e s t i g a t i o n s  h a v e  i n d i c a t e d  t h a t  maximal 

i n s t a n t a n e o u s  f i r i n g  - - *ate i n c r e a s e s  (Milner-Brown, 1973;  
-- - 

\ - 
P e r s o n  and  Kudina,  1972; Grimby and Hannerz,  -1977; Desmedt 

> 

and  Godaux, 1977; O i s h i  e t  a l . ,  1988) and  t h a t  a d a p t a t i o n  is  

g r e a t e s k ,  ( T a n j i  and  Kato, 1973; G i l l i e s ,  1972)  d u r i n g  f a s t e r  - 
I 

s p e e d s  of  c o n t r a c t i o n .  - .2 

I - b 

k '--. 
' The r a te  o f  s teady-state d i s c h a r g e  - r e c o r d e d  f rom cat 

motonneurons i s  l i n e a r l y  r e l a t e d  _.Co t h e  i n t e n s i t y  o f  c u r r e n t  

i n p u t  ( K e r n e l l ,  1965a;  1979; Baldissera e t  ax. ,  1987) . The ,-_ _ . F1 

s t e a d y - s t a t e  f i r i n g  r a te  r e c o r d e d  f rom human s u b j e c t s  w a s  

shown, u n d e r  c o n d i t i o n s  b o n t r b l l e d  f o r  m a g n i t u d e  o f  f o r c e  J 

o u t p u t ,  t o  s a t u r a t e  n o n - l i n e a r l y  i n  r e l a t i o n  .to t h e  increment  



4 4 - .  I 
i n  f o r c e  o u t p u t  (Tan j i  'and Kato, 1973; ~ r e & d  - and Budigen, - 

- 
1975; Monster and Chan, 19.77). 

- 
  he e f f e c t  of a c u r r e n t  i n p u t  s u p e r i m p o s e d  upon ' -  

- 

d i f f e r e n t  l e v e l s  o f  background e x c i t a t i o n ' :  h a s  n o t  been 

i n v e s t i g a t e d  i n  t e r m s  of  t h e  o b s e r v e d  motoneuyon d i s c h a r g e  

p a t t e r n .  Grimby a n d  Hannerz?  (1977) d e m o n s t r a t e d  t h a t  t h e  
F* 

- 
i n i t i a l  background a c t i v i t y  l e v e l  of  t h e  human motor u n f t  

c o n t r o l l e d  v i a  t h e  background f o r c e  l e v e l ,  can i n f l u e n c e  t h e  

dynamic phase  of t h e  u n i t ' s  d'ischarge p a t t e r n .  No o t h e r  human' 
. , - - -  

s t u d y  h a s  c o n t r o l l e d  background  e x c i t a t i o n  l e v e l  w h i l e  

measuring'  t h e  dynamic phase  of t h e  f i r i n g  p a t t e r n ,  n o r  has' 

anyone i n v e s t i g a t e d  i ts  e f f e c t  on t h e  s t e a d y - s t a t e  phase .  * 

i 
i 

S e v e r a l  s t u d i e s  have a t t empted  t o  d i s c e r n  d i f f e r e n c e s  i n  

f i r i n g  r a t e  b e h a v i o u r s  t h r o u g h o u t  * a  motoneur.on p o o l .  
. *  

B a l d i s s e r a  et a l .  (1987) showed t h a t  s m a l l  motoneurons i n  t h e  . 
- - 

c a t  r e c o r d e d  i n t r a c e l l u l a r l  d i s p l a y e d  g r e a t e r  dynamic . 8 
s e n s i t i v i t y  t h a n  l a r g e r  motoneurons i n  t h e  cat i n  response  t o  

i n j e c t e d  c u r r e n t  i n p u t s .  In  t h e s e  s t u d i e s '  a l l  cells, w e r e  ' - 
i n j e c t e d  w i t h  c u r r e n t  when t h e y  were i n  a - s t a t e .  

E x p e r i m e n t s  c o n t r o l l i n g  f o r c e  t r a j e c t o r i e s ,  b y  , 

Palmer and F e t z  f 1 9 8 5 ) ,  i n d i c a t e d  t h a t  low t h r e s h o l d  p r i m a t e  
9 - 

motor  u n i t s  c o u l d  o n l y  f i r e  t o n i c ~ l l y  and- d i s p l g e d  ve'ry - 
l i t t l e  dynamic behav iour  compared w i t h  h i g h e r  t h r e s h o l d  motor '  

u n i t s .  Background a c t i v i t y  l e v e l  w a s  n o t  c o n t r o l l e d  i n  t h e i r  

study. ~ n v e s t i g a t i o n s  where s i m u l t a n e o u s l y  f i r i n g  u n i t s  have 



* 

been xecdrded Bavg yie1de.d c o n f T i c t i n g  r e s u l t - s .  Two s e p a r a t e  
-- - - 

- s t u d i e s  showed . - Lbat among u n i t s  r e c r u i t e d  d u r i n g  t h e  f o r c e  . 
t r a j e c t o r y ,  t h e  low t h r e s h o h  u n i t s  d i s p l a y e d e  ggeat'er dynamic 

4, 

a c t i b v i t y  (Person,  1974; Dkluca e t  a l . ,  1982) ,  whereas i f ,  t h e  

u n i , t s  were  a c t i v e  b e f m e  t h e  c o n t r a c t i o n ,  t h e  h i g h ~ r  

J 
~ t h r ~ s h o l d  u n i t s  g e n e r a t e d  a  g r e a t e r  i n c r e a s e  i n  i n s t a n t a n e o u s  

b 
f i r i n g  r a L e s  ( P e r s o n  and Kudina, 1 9 7 4 ) .  T h e r e f o r e ,  it i s  

- .  

d i f f i c J l t  t o  a s c e r t a i n  from t h e  l i t ' e r a t u r e  whether  dynamlc 

f i r i n g  p a t t e r n s  do  d i f f e r  between mokoneurons o f  d i f f e r e n t  

s i z e .  

m ' 

Surf ace blectromyogram - act iv i ty :  S u r f  a c e  EMG a c t i v i t y  . ' 

r e f  h e c t s  t h e  d i s c h a r k  behav iour  of  a  motor u n i t  p o p u l a t i o n .  

Many i n v e s t i g a t i o n s  have  measured e i t h e r  t h e  EMG a c t i v i t y  
+ u .  * , . 

d u r i n g  a dynamic f o r c e  t r a j e c t o r y  o r  j u s t  t h e  s t e a d y - s . t a t e  

ds' phase  of t h e  EMG a c t i v i t y ;  no s t u d y  h a s  r e c o r d e d  EMG a c t i v i t y  
7 .- 

d u r i n g  a f o g c e  t r a j e c t o r y  which p r o v i d e s  a n  o p p o r t u n i t y  t o  
s .  

examine b o t h  t h e  dynamic and s t e a d y - s t a t e  p h a s e s .  A review o f  
. - 

e x i s t i n g  wdrk h a s  spges ted  t h a t  d u r i n g  b a l l i s t i c  
/ ,. 

c o n t r a c t i o n s ,  t h e  dynamics  o f  s u r f a c e  EMG a c t i  
1 

i n f l u e n c e d  by t h e  magni tude  fof t h e  i s o m e t r i c  f o r c e  \ o u t p u t  - 
P 

(Gbrdorl and Ghezl, 1 9 8 7 ) .  During i s o t o n i c  s t u d i e s  G i e l e n  e t  

a l .  ( 1 9 8 5 )  d e m o n s t r a t e d  a l i n e a r  r e l a t i o n s h i p  be tween  F 

I 
v e l o c i t y  o f  arm movement and  s u r f a c e  EMG a c t i v i t y ,  whereas 

B i g l a n d  a n d '  ' ~ i p p o l d  . (1954a) '  f o u n d  l i n e a r  r e l a t i o n s h i p s  

be tween  i n t e g r a t e d  EMG a n d  t e n s i o n  a s  w e l l  as a n g u l a r  

v e l o c i t y  o f  t h e  movement a round  t h e  a n k l e  ' j o i n t .  Brown, and 
a .  



-- - - - 

- - 

. . 
- - 

- 

- 
-- 

- -. - 

- Cooke (1981) a n d  *Mustard and L e e  (19874 s u g g e s t e d  t h a t  t h e  

f i r s t  a g o n i s t  s u r f a c e  EMG b u r s t  was r e l a t e d  t o  t h e  a n g u l a r  
- 

v e l o c i t y  and  t h e  a n g u l a r  d i s t a n c e  o f  t h e  l i m b  movement. 

The s t e a d y - s t a t e  ph>se o f  EMG a c t i v i t y  h a s  n o t  been  
. - 

i n v e s t i g a t e d  d u r i n g  t r u l y  s t a t i c  f o r c e  o u t p u t s .  The paradigms 

used ,  however,  have  s u g g e s t e d  that  s t e a d y - s t a t e  EMG a c t i v i t y  

i s  l i n e a r l y  o r  n o n - l i n e a r l y  r e l a t e d  t o  i s o m e t r i c .  f o r c 5 - o u t p u t  

d e p e n d e n t  on  w h e t h e r  t h e  musc le  i n v e s t i g a t e d  is l a r g e  o r  

1 
s m a l l  ( D e l 6 c a  e t  a l . ,  1982; Milner-Brown and  ' S t e i n ,  1975) . 
T h e r e f o r e ,  s i n c e  t h e  EMG b u r s t  h a s  a l s o  been  re la ted  t o  

m a g n i t u d e  of i s o m e t r i c  f o r c e  (Gordon a n d  Ghez, l 9 8 7 ) ,  
% 

s e p a r a t i o n  o f  t he  dynamic and  s t a t i c  p h a s e  o f  EMG a c t i v i t y  

r e c o r d e d  under  t h e  same c o n d i t i o n  would i n d i c a t e  whether  each  

p h a s e  i s  r e l a t e d  t o  t h e  same o r  d i f f e r e n t  p a r a m e t e r s .  

Only a  s t u d y  by  B i g l a n d  and  L i p p o l d  (1954a)  v a r i e d  t h e  

e x c i t a t i o n  l e v e l  o f  t h e  moto r  u n i t  p o p u l a t i o n  b e f o r e  t h e  

c o m p l e t i o n  o f  'an i s o t o n i c  c o n t r a c t i o n .  They d i d  n o t  ' o b s e r v e  

any  d i f f e r e n c e  between EMG and t e n s i o n  comple ted  d u r i n g  a n k l e  

movements o f  d i f f e r e n t  a n g u l a r  v e l o c i t i e s .  The e f f e c t  o f  

b a c k g r ~ u n d  EMG a c t i v i t y  on the s t e a d y - s t a t e  p h a s e  o f  EMG 

a c t i v i t y  h a s  n o t  been i n v e s t i g a t e d .  

A review of t h e  l ' i t e r a t u r e  s u g g e s t s  t h a t  s e v e r a l  % t u d i e s  
- .  

have  r e c o r d e d  s i n g l e  

s u r f a c e  E a c t i v i t ;  



- 

Chan, 1979) ; however, none have l inked t h e  'two a c t i v i t i e s  

together .  

- - - Freund and Budigen (1979) demonstrated a  constrainment 
___I___---- 

of maximum speed o T E n t r a c t i o n  by t h e  magnitude of t h e  . 
4 

i sometr ic  fo rce  produced; a r e l a t i o n s h i p  ' between two output - 

parameters .  0n t h e  o t h e r  hand, F i t t s  Law ( F i t t s ,  1954)  

e s t a b l i s h e d  t h a t  t h e  s h o r t e s t  p o s s i b l e  movement t ime was 
- -  

i n v e r s e l y  r e l a t e d  t o  t h e  width of t h e  t a r g e t  such t h a t  

th inner  t a r g e t  widths r e su l t ed  i n  longer movement t imes.  T h i s  
-- 

suggests t h a t  perceptual  f a c t o r s  can a l s o  cons t ra in  t h e  force 

output  (Warren, 1,988). I t  maybe p o s s i b l e  t h a t  o t h e r  v i s u a l  

cues constrain t h e  maximurrspeed of cont rac t ion .  



Objectives -- 

TO i n v e s t i g a t e  t h e  f a c t o r s  which inf luence  t h e  dynamic 

and s t e a d y - s t a t e  phases  of t h e  s i n g l e  motoneuron f i r i n g  
- - 

p a t t e r n ,  s i n g l e  motor u n i t  a c t i v i t y  w i l l  be r e c o r ~ d d i i r f n g  

isometric ramp and hold f o r c e  t r a j e c t o r i e s  c o n t r o l l e d  f o r  

r a t e  of r i s e  and s t e a d y - s t a t e  magnitude. In  a d d i t i o n ,  

motoneuronal background f i r i n g  r a t e  w i l l  a l s o  be con t ro l1ed .c  

To a s s e s s  whether dynamic and s teady-state  phases of the  

motoneuronal f i r i n g  p a t t e r n  a r e  d i f f e r e n t  f o r  motor u n i t s  of 

d i f f e r e n t  r e c r u i t m e n t  t h r e s h o l d ,  motor u n i t s ,  f i ~ i n g  

s imul taneous ly ,  w i l l  be recorded d u r i n g  ramp and hold 

i somet r i c  f o r c e  t r a j e c t o r i e s .  The background f i r i n g  r a t e  of 

each concurrent ly a c t i v e  motor un i t  w i l l  a l s o  be cont ro l led .  

To s e p a r a t e  s u r f a c e  EMG a c t i v i t y  i n t o  a dynamicsand 

s t e a d y - s t a t e  phase and t o  i n v e s t i g a t e  t h e  f a c t o r s  which 

i n f l u e n c e  t h e s e  components, s u r f a c e  EMG a c t i v i t y  w i l l  be 

recorded dur ing  ramp and hold i somet r i c  fo rce  t r a j e c t o r i e s  

comple ted  t o  low p e r c e n t a g e s  of  maximum v o l u n t a r y  

con t rac t ion .  These t r a j e c t o r i e s  w i l l  be con t ro l l ed  f o r  r a t e  

of r i s e  and magnitude of f o r c e  ou tpu t  a s  , w e 1 1  a s  f o r  

background force  , l e v e l .  

A q u a l i t i t a t i v e  i n t e r p r e t a t i o n  t o  l i n k  t h e  observed 
i 

- - - - - - - - - - - - -- -- - - - - - -- -- -- -- -- 

s i n g l e  motor u n i t  f i r i n g  p a t t e r n  t o  t h e  sur face  EMG a c t i v i t y  

w i l l  a l s o  be -at tempted.  



T o  investigate whether maximum speed of contraction can 

be constrained by  visual  cues a l te red  i n  t h e  time domain, 

- - - -- - 
subjects w i l l  t r ace  the same force tka jec tory  "as f a s t  as  - - -- - - - - - - -- 
possible"  a t -  d i f f e r e n t  timebase s e t t i n g s  of a  storage 



- Three sets of experiments,  a l l  r e q u i r i n g  s u b j e c t s  t o  

su r face  electromyograms (EMGs)  from t h e  w r i s t  f l e x o r s  were 

recorded s imultaneously from t h e  f l e x o r  c a r p i  r a d i a l i s .  In 

another  s e t  of experiments only su r face  EMG from t h e  wr i s t  

f l e x o r s  was recorded. A small number of experiments was a l s o  

2 - 

d e s h n e d  t o  a s s e s s  t h e  inf luence  of v i s u a l  cues on maximum 
- -- --- - - - - - 

r a t e  of r i s e  of isometr ic  force .  

The same experimental arrangement was used f o r  a l l  t h ree  
x 

experimental designs.  
--7 

Experimental Arrangement 

The sub jec t  sat comfortably i n  a  c h a i r  fac ing  a  s torage  

o s c i l l o s c o p e  with h i s  r i g h t  forearm r e s t i n g  on a  padded, 

hor ikon ta l  p la t fo rm ( f i g u r e  1) . The sub jec t  ' s  metacarparl- 

phalangeal j o i n t s  were taped agains t  a  r i g i d  v e r t i c a l  handle 

t o  ensure t h e r e  was no w r i s t  adduction o r  abduct ion.  W i t h  

f i n g e r s  relaxed,  t h e  sub jec t  exerted i sometr ic  fo rce  agains t  

t h e  handle with t h e  w r i s t  f l e x o r s .  The p o s i t i o n  of t h e  

v e r t i c a l  handle was ad jus ted  f o r  each s u b j e c t ' s  hand and t h e  

d i s t ance  from v e r t i c a l  handle t o  t h e  a x i s  of w r i s t  r o t a t i o n  

was measured. The a x i s  of w r i s t  r o t a t i o n  _was pos i t ioned t o  
---- -- 

be c o a x i a l - w i t T  t h e  Cen t ra l  s % d L i  of-prattUSaj. ___ A 

a d j u s t a b l e  padded s t o p s  were secur  "k d  t o  minimize l a t e r a l  
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RECORDER 

I , RIGID VERTICAL HANDLE 

AXIS OF ROTATION 
0 

PREAMPLIFIERS 

Figure 1 Experimental arrangement used f o r  s i n g l e  motor 
u n i t ,  s u r f a c e  EMG and maximum speed of c o n t r a c t i o n  
experiments. Subject faced a storage osci l loscope w i t h  r ight  
forearm r e s t i n g  on a padded, ho r i zon ta l  p la t form.  W i t h  
f ingers  relaxed, the  subject exerted isometric force w i t h  the  
w r i s t  f lexors  t o  t r ace  d i f f e r en t  t r a j e c t o r i e s .  Surface EMG 
and s ing le  motor uni t  a c t i v i t y  were recorded from the  f lexor 
carpi  r a d i a l i s .  



J - 

r' 
movement o f  t h e  w r i s t .  , Through a l l  c o n d i t i o n s  t h e  

- 

e x p e r i m e n t e r a e n s u r e d  t h a t  t h e r e  was no  l a t e r a l  movement o f  

t h e  fo rea rm and minimal a c t i v i t y  i n  t h e  upper  a r m  muscles  by 

v i s u a l l y  m o n i t o r i n g  t h e  s u b j e c t ' s  p a s t u r e .  A h o r i z o n t a l  b a r  

c o n n e c t i n g  t h e  v e r t i c a l  b a q d h  t o  t h e  c e n t r a l  s h a f t -  was 

t h e  s t r a i n  CaUqes-was---Lo- a  - - =  b r i d g e  ampl i f i&;  mslizy -- 
- - *  _ -_ --- -_ ---"-_ I n s t r u m e n t s )  set f rom DC t o  1KHz band p a s s  f i l t e r .  Before  -- 

- 

d i s p l a y  on t h e  s t o r a g e  o s c i l l o s c o p e ,  on which t h e  , s u b j e c t  

t r a c e d  t h e  f o r c e  t r a j e c t o r i e s ,  f u r t h e r  a m p l i f i c a t i o n  was 

p rov ided  by a c o n d i t i o n i n g  a m p l i f i e r .  
- 

Subjects 

Single Motor Unit Experiments: T h i r t y - s e v e n  e x p e r i m e n t s  
1 

w i t h  e i g h t  h e a l t h y  s u b j e c t s  22-44 y e a r s  o f  a g e  w e r e  completed 

( t h r e e  f e m a l e s ,  f i v e  m a l e s )  . A l l .  s u b j e c t s  s i g n e d  informed 

c o n s e n t  f  orrns b e f o r e  exp&r iments  p roceeded .  The amount o f  

d a t a  c o l l e c t e d  d u r i n g  any  e 'xper iment '  was dependent  on t h e  

s u b j e c t ' s  comfort  and t h e  c l a r i t y  of  t h e  r e c o r d .  

Surface ) Electromyogram Experiments : T w e n t y - t w o  
.z 

s u c c & s s f u l  e x p e r i m e n t ' s  were c o m p l e t e d  i n v o l v i n g  s i x t e e n  

s u b j e c t s  i n  t h e  age  range  o f  22-44 y e a r s  ( f i v e  females  andL 
6 

e l e v e n  m a l e s ) .  Eleven e,xperiments  r e q u i r e d  a  maximum f o r c e  

o u t p u t  o f  a p p r o x i m a t e l y  f i f t e e n -  p e r c e n t  o f  a  s u b j e c t ' s  

maximum v o l u n t a r y  c o n t r a c t i o n  (MVC), w h e r e a s  e l e v e n  

e2perZmerr2s w e r e  c o m p l e t e d  w i t h  a f o r c e  o u t p u t  o f  



- -- - -- - - f3 
-------. 8 

approk imate ly  i k k j y  p e r c e n t  o f  MVC. S u b j e c t s  . comple ted  a t  - - - 
-\ - 
\ 

least thre-e  i s o m e t r i c  f o r c e  t r a j e c t o r y  c z n d i  ' m s - d r d n q  each 
8 e _____c 

e x p e r i m e n t .  f i x  o f  t h e s e  s u b j e c t s  a l s o  p a r t i c i p a t e d  - - i n  t h e  

singlea motor u n i t  - exper iments .  

; Maximum Rate of Rise of Force Experiments: , E l e v e n  

e x p e r i m e n t s  i n v o l v i n g  seven  s u b j e c t s  a g e s  22-44  y e a r s  ( two 

females, s e v e n  males )  w e r e  comple ted .  I n  a d d i t i o n  t o  t h i s  
- - --- - - ---- 

s6S-'aF-exgerim_e_nts, s i x  o f  t h e s e  sub  jects-alga p a r t i c i p a t e d  -- -- - - -- 
I -- 

/ . i n  t h e  s u r f a c e  EMG o r  s i n g l e  motor u n i t  expgrim_ents.i  - _ 

S u r f a c e  f l e x o r  EMG w a s  r ecorded  w i t h  two Ag-AgC1, 

d i a m e t e r  s u r f a c e  e l e c t r o d e s  l o c a t e d  o v e r  t h e  b e l l y  o f  t h e  

f l e x o r  c a r p i  r a d i a l i s .  The e l e c t r o d e s  w e r e  c o n n e c t e d  t o  a 
1 

Grass  P 1 5  A'c pre-lf f i e r  (30Hz - 3KHz bandpass)  . 

- 
S i n g l e  'motor u n i t  a c t i v i t y  was r e c o r d e d  midway between 

* 

two s u r f a c 3  e l e c t r o d e s  w i t h  a b i p o l a r  n e e d l e  e l e c t r o d e .  The 

m i c r o - e l e c t r o d e s  w e r e  composed o f  two t e f l o n  c o a t e d  s t a i n l e ' s s  
/ 

s t e e l  w i r e s  o f  75  p d i a m e t e r  embedded i n  epoxy w i t h i n  t h e  

s h a f t  o f  a 2 5  gauge n e e d l e  ( ~ a l a n c i e  and  Bawa,) 1985) . An AC - 
Gram P 1 5  p r e a m p l i f i e r .  s e t  p redominan t ly  w i t h  a bandpass  of  

lOOHz t o  lOKHz was u s e d  f o r  t h e  f i r s t  s t a g e  f i l t e r i n g  o f  

s i n g l e  motor  u n i t  a c t i v i t y .  High p a s s  f i l t e r i n g  

Wavetek Rockland f i l t e r  w a s  u s e d  t o  . f u r t h e r  enhdqce  t h e  
* 1 

s i n g l e  u n i t  r e c o r d .  S i n g l e  motor u n i t  a c t i v i t y  w a s  d i s p l a y e d  



experiments were recorded a t  a  t ape  speed of 33 /4  inches per 

second ( i p s ) ;  however, t o  improve c l a r i t y  of t h e  s i n g l e  motor 

u n i t  record, higher tape  speeds of 7l/, i p s -  and 15 i p s  were 

used. 

Single Motor Unit Experiments: A per iod  of p r a c t i c e  i n  

r e c r u i t i n g  and maintaining ind iv idua l  notor  u n i t s  d i s t i n c t  

from t h e  background a c t i v i t y  and a t  d i f f e r e n t  l e v e l s  of %. 

t- , 

f o r c e  was provided t o  each s u b j e c t .  Recording ?..-% 

t h e  subjec t  was comfortable with t h e  procedyre of r 

c o n t r o l l i n g  t o n i c  motor u n i t  a c t i v i t y .  A t  t h e  beginning of a  

s e t  of c o n d i t i o n s  each motor u n i t  was i d e n t i f i e d  by 
. . 

e s t a b l i s h i n g  i t s  r rui tment  t h r e s h o l d  through slow ramp 

cont rac t ions .  

2 

Each t r a j e c t o r y  completed by t h e  subjec t  was con t ro l l ed  3 

9 

f o r  t h e  r a t e  of r i s e  and magnitude of t h e  i somet r i c  fo rce  

" @:* t ra jec tor ; .  ( f i g u r e  2A)  a s  well  a s  t h e  background f i r i n g  r a t e  

of t h e  ,motor u n i t .  Single  motor u n i t  a c t i v i t y  was recorded 
P - 

during t h r e e  condi t ions involving d i f f e r e n t  speeds 



0 t i m e  (mi l l i seconds)  

Figure 2 I some t r i c  t o rque  t r a j e c t o r i e s  which d i f f e r e d  i n  t h e  
speed of c o n t r a c t i o n  o r  magnitude. A) t r a j e ~ t o r i e s . ~  t r a c e d  
du r ing  s i n g l e  motor u n i t  experiments.  Background f i r i n g  rate 
of  u n i t  was a l s o  c o n t r o l l e d ;  B) t r a j e c t o r i e s  t r a c e d  du r ing  
s u r f a c e  EMG e x p e r i m e n t s .  Background t o r q u e  was a l s o  
c o n t r o l l e d  a t  e i t h e r  t h e  "1" o r  "0" l e v e l .  



v e r t i c a l  l i n e  on t h e  o s c i l l o s ~ o p e  ( t i m e s a s e  s e t  ' a t -  0 . 5  
L 

- 

s e c o n d s / d i v i s i o n )  . For t h e  slow ramps, S (0-1) , t h e  sub j eq t  - 

t r a c e d ,  i n  one  second,  -one d i a g o n a l  d i v i ; s i o n  _sf t h e  
- - - - - 

- 
--1-_ - - 

--__I__- _ 
o s c i ~ l o s c o p e  --w+A-the t imebase set a L 0 second /d iv i s ion  . --- _ - - 
cond i t i ons  axso va r i edd in  t h e  magnitude of the-foree o u t p u t .  - - - - 

The m a q ~ i t u d e  of t h e  F (0-2) condi t ion  was e s t a b ~ l s k e d - a s t h e  - - --- - 
maximum f o r c e  l e v e l  p o s s i b l e  wi th  ensu red  c l a r i t y  of t h e  

motor u n i t ,  whereas t h e  magnitude of  t h e  F ( 0 - 1 )  cond i t i on  

was one-hal'f of  F (0-2) . Each t r a j e c t o r y  l a s t e d  approximately 

3 - 4  s e c o n d s .  I n  a d d i t i o n  t o  e o n t r o l l i n g  F t h e  f o r c e  - - - -  - - -- - - -  - - -  -- - - - 
t r a j e c t o r i e s ,  t h e  background f i r i n g  r a t e  (s.) of  t h e  motor 

P 

u n i t  (s) w a s  a l s o  c o n t r o l l e d .  The background f i r i n g  r a t e  of 

t h e  u n i t  was e i t h e r  zero,  j u s t  above r ec ru i tmen t  t h re sho ld ,  

o r  w e l l  above recru i tment  t h re sho ld .  

S u b j e c t s  . comple ted  c o n d i t i o n s  which e i t h e r  i nvo lved  

examining' t h e  f i r i n g  r a t e  behaviour  of one u n i t  across a - 

number of cond'itions,.  o r  record ing  two s imul taneously  f i i i n g  

u n i t s  dur ing  one o r  more condi t ions :  ' A t  -least t h i r t y  t r i a l s  
7 
- -%> - - 

of G c h  c o n d i t i o n  y e r e  completed.  Each t r i a l  'cb?yan with  a  -- ..- . '  
v i s u a l  cue d i s p l a y e d  a s  t h e  in i t ia t ion-of-- -sweep on t h e  

s t o r a g e  o s c i l l o s c o p e .  The o s c i l l o s c o p e  .was t r i g g e r e d  b y  a  . . 

Schmitt  t r i g g e r  which rece ived  input  from a  p u l s e  geneyator .  - 

The Schmitt  t r i g g e r  was c o n t r o l l e d  by t h e  exper imenter  who, 

t h e r e f o r e ,  c o n t r ~ l l e d  t h e  i n t e r  t r i a l  t ime .  



---, 

i Z i t - 5 ~  a - given e+erimefit -a t tempts  t o  i n v e s t i g a t e  
- 
- --, 

d i f f e r e n t  motor un?ts- were made by moving t h e  posi-tion of t h e  
. 

elec t rode  i n  t h e  muscle. - 

- -- - 
-. 

- 

Surface Electromyogram Experiments : The f o u r  p o s s i b l e  . . . 

i sometr ic  f o r c e  t r a j e c t o r i e s  t r a c e d  dvr ing  t h e  s u r f a c e  EMG 
- 

experiments va r i ed  i n  background, r a t e  ok r i s e  and magnitude 
, - 

of isometric- f o r c e  ( f i g u r e  2B). For a l l  experiments  a  

subjec t  was completely relaxed a t  t h e  "0" l e v e l .  Level "2"  - 
f o r  e l e v e n  exper imen t s  cor responded t o  a*. comfor tab le  

con t rac t ion  t h a t  t h e  sub jec t  could repeatedxy hold without 

f a t i g u e  (approximately 15% of maximum voluntary  con t rac t ion  
0 1 

(6~); whereas f o r  eleven experiments l e v e l  "2"  corresponded 
- - 

t o  a  force l e v e l  approximately 30% of MVC. Force l e v e l  "1" 

was halfway between l e v e l s  " 0 "  and "2"  . 5n an at tempt  t o  

compare t h e  e f f e c t  of background e x c i t a t i o n  l e v e l  of t h e  

&or unit-  population on t h e  sur face  EMG a c t i v i t y  t h e  F ( 0 - I ) ,  

F(0-2) and S (0-2) condi t ions  began from "zero" ( r e s t )  whereas 7 
the F (1 -2)  t r a  jeceory began from a  f o r c e -  l e v e l  equal  i n  

J/" , 
pagnitude t o  ~ ( 0 4 .  Rate of r i s e  of fo rce  was va r i ed  i n  t h e  

manner descr ibed  f o r  t h e  s i n g l e  motor u n i t  experiments.  The 

beginning of each t r i a l  was con t ro l l ed  by t h e  experimenter a s  , C 

t 
was previoQsly descr ibed.  

t 

The s u b j e c t  c a r r i e d  out  30 t r i i l s  f o ~  each of t h e  four  

poSsib le  t r a j e c t o r i e s  i . e .  f a s t  0  (0 -2 ' )  and 1-2) and ' 
slow ( 0 - 2 ) .  I n  t h e  i n i t i a l  experiments,  s u b j e c t s  a l s o  



completed slow (0-1) and *(1-2) conditions,, but  s i n c e  they  

only bdded f a t i g u e  t o  t h e  experiment and not much information 
+ i 

t d  t h e  r e s u l t s ,  they  .&ere not included i n  t h e  remainder of 
> - - F 

- t h e  experiments.  Since most of t h e  information on sur face  

EMG- a c t i v i t y  was obtained from t h e  f a s t  t r a j e c t o r i e s  these  
.. - i i 

'were t h e  only condi t ions completed to .  30%. of MVC. 
I - 4' 

Maximum .  ate of Rite of   or be Experiments: A t  l e a s t  . 
- . 0. 

f i v e  condi t ions,  of twenty t r i a l s  each, were completed during ' 

each experiment.   he F ( O - 2 )  condi t ion  was completed under 

t h r e e  d i f f e r e n t  osci-lloscope sweep speeds*: 0 . 5  sec /d iv . ,  0.2 
Z ID 

I 

s e c / d i v .  and 0 . 5  s e c / d i v .  The F(O-1) c o n d i t i o n  was 
% 

7 
&ompleted with only t h e  f i r s t  two osc i l loscope  sweep speeds. 

A 

The maximum fo rce  o u t m t  f o r  t h e  F (0-2) condi t ion was kept. t o  I 

approximately f i f t e e n -  pe rcen t  of MVC f o r  seven of t h e  

experiments and about t h i r t y  percent of MVC f o r  an addi t ional  

four  experimenss. The sequence af cond i t ions  w=s var i ed  
0 

b 

between sub jec t s  t o  minimkze an order e f f e c t  i n  t h e  r e s u l t s .  
. . 

- . Analysig 

s t imulus ,  forcq,,  s u r f a c e  EMG and s i n g l e  Motor. u n i t  - .  
. ' 

c ' r ecordings  were a l l  taken f r o g  t h e  HP' 3968A instkuqientation ' - 

" 
; 

t a p e  . recorder  and passed thnough cond i t ion ing  . a m p l i f i e r s  

before d i g i t i z a t i o n .  

The s i n g l e  motor u n i t  compound a c t i o n ' p o t e n t i a l  was 

d iscr iminated  from o t h e r  simultaneously recorded motor u p i t  c 



I a c t i v i t y  by  - a t ime-window d i s c r i m i n a t o r ;  -i - A c c u r a t e  - 

. . - di%c;imination of  a m o t o r  u n i t  was a conf i rmed*  by c o n s t r u c t i n g  . . 
0 

f i r s t  o r d e r  h i s tograms .  
I 

- .  

Force ,  fu l l -wave rect i f ied surfa'ce* EMG, and  s i n g l e  motor 
. - 

O:/- 

A 

u n i t ,  g s t - s t  imulus  a v e r a g e  response ,  h i s t o g r a m s  (ARHs) e r e  
4 

k c o h z t r u c t e d  on  an LSI-11/03 minicdmpute$; w i t h  a v e r a g i n g  - 

9 .  

- 

prbg&s, at a sampl ing  r a t e  of  - 4 0 ~ ~ .  A d e f i n e d  level o n  t h e  - . 

- . .  5 

-. r a t e  o f  r ise 03 the f o r c e  t r a c e  was u s e d  t o  t r i g g e r  t h e  
/ * .  _ .  t 2% .' computer t,o a v e r a g e  f o r c e ,  sur,faee EMG and  s i n g l e  motor  u n i t  

I z 
- 

- * a c k i v i t y .  , - 
C 

6 2 
-. 

' ~ o ' & o r  u n i t s  Jere a c t i i e  b e f o r e  t h e  cor respond ing  trigger 
2 

/ - - - 
- - l e v e l  on t h e  f o r c e  o u t p u t  was a t t a i n e d ,  an% t h e r e f o r e ,  fo;ce, 

, '  

> 
.EMG a n d  single m o t b r -  u n i t  a c t i v i t y  'weke d e l a y e d  b e f o r e  

/ 

, a v e r a ~ i n ~ .  ~ b r c e  2 n d  s u r f a c e  @MG r e c o r d e d  , d m g  L . f o r b e  . 

o u t p u t s  . . o f  a p p r o x i m a t e l y  1 5 %  bf M v C d a y e d  by 130 

m i l l i s e c o n d s  by k d o  i n - s e r i e s  Bak a n a l o g  d e l a y  l i n e s ,  whe'reas 
P 

f o r c e  a.nd. s u ~ f a c e  EMG r e c o r d e d  c o n c u r r e n t l y  w i t h  t h e  s i n g l e  
-P  ' 

C 

mbtor u n i t  a c t i v i t y  a s  w e l l  as d u r i n g  f o r c e  t r a j e c t o r i e s '  t o ,  
-- 

- t h i r t y  p e r c e n t  of MVC w e r e  d e l a y e d  682 m ~ l l i s e c o n c t s  w i t h  an  
a . . 

A l e s i s  Microverb  I1 d i g i t a l  d e l a y  l i n e  b e f o r e  b e i n g s  s e n t  t o  " 

- 
, the .computer. Trie 5.V s q u a r e  p u l s e  e m i t t e d  i rom t h e  l o g i c  . 

c i r c u i t  d u r i n g  motor  u n i t  d i s c r i m i n a t i o n  w a s  d e l a y e d  1325 
i - 

. ni iZ l i seconds  w i t h  t w o  i n - e r i e s  A l e s i s  Mic roverb  1 d e e i a y m  



. - , - 

Diagrammatic ayerage response histograms typical  i n  form 

t o  thos-e constructed f o r  force, r e c t i f i e d  surface EMG and 
i . - \ 

s ing le  motor un i t  a c t i v i t y  i s  shown i n  f igure  3 .  =an . 
background a c t i v i t y  per msec, B, -peak ac t iv i ty  per msec, P, - 

# -. 

' and mean s t a t i c  a c t i v i t y  per msec, S were calculated from 

values obtained from the single motor u n i t  and surface EMG 

average respoqse histograms w i t h  a subprogram O n  the LSI- 

11/03 mini-computer. Mean backaround ac t iv i ty  per millisecond 

was calculated from t,he i n i t i a l  200 milliseconds of the 

sdrface EMG histogram and the i n i t i a l  600 milliseconds of the 

single motor uni t  average response histogram. Peak ac t iv i ty  - 
was ascertained b y  visual  estimate. Adaptation of surface 
r, 

EMG and s ingle  motor u n i t  ac t iv i ty  was c6mplete w i t h i n  1000  

milliseconds a f t e r  peak a c t i v i t y  (Tanji  and Kato, 1973;e 

Le-steinne e t  a l . ,  1981)  ; therefore,  s t a t i c  a c t i v i t y  was -- 
csmputed py averaging !.he a d t i v i t y  between 1400 and 2900  - a 

F 

- -  - -  

- 
milliseconds a f t e r  t h e  peak. Several of the  t r a j e c t o r i e s ,  

2 
completed t o  30% of .  MVC during the surface EMG experiments,, 

were of duratibn shorter  than 3-4 seconds (see f igure 1 8 ) .  
- ---- C! A 

I n  these circumstances steady-state a c t i v i t y  was averaged 

w 
over 1000 msec. 

--/-- 

Backgrpmd-ad -&ximum force levels  for  each condition 

J were a l so  obtained from the minicomputer and converted into  
-- 

- 

torques accuunting for  the  distance from the-axis  of w r i s t  

- rotat ion t o  the s ig id  v e r t i c a l  handle. These values were * 

e4 

expressed as Newton-metres (N-in) . Trajectories were a lso 



A) Torque Average Response-Histogram_- 
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B, S u r f a c e  EMG Average i e s p o n s e  His togram 

I 1. 
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C )  S i n g l e  Motor Un i t  Average Response Hi s tog ram 

INDICES 

S - B  g t a t i c  Sens iv i tg_= - 
- A-T 

Absolute  
Dynamic Index = P - S 

- -- - /- 

- - - - 

Normalized P - S = - 
Dynamic Index 

Figure 3 Diagrammat i c  a v e r a g e  r e s p o n s e  h i s t o g r a m s  f o r  A) - 

i s o m e t r i c  t o r q u e  B) s u r f a c e  EMG a c t i v i t y  a n d  C) s i n g l e  motor  
u n i t  a c t i v i t y .  The dynamic and  s t a t i c  p h a s e s  o f  t h e  s u r f a c e  
EMG a n d  s i n g l e  mot& u n i t  a v e r a g e  r e s p o n s e  h i s t o g r a m s  were 
+ a n t  i f  l e d  w i t h  t h r e e  i n d i c e s  : a b s o l u t e  dynamic,  n o r m a l i z e d  
dynamic a n d  s t a t i c  s e n s i t i v i t y .  The l a t t e r  two i n d i c e  w e r e '  
c a l c u l a t e d  i n  . t e r m s  o f  t h e  t o r q u e  t r a j e c t o r y :  B = mean Y 

background a c t i v i t y  p e r  msec; F = peak a c t i v i t y  p e r  m s e c ;  - 

S = mean s t a t i c  a c t i v i t y  t g k e n  1400 msec a f t e r  p e a k .  



- 
_ -  ----- -- 

- 

-- -- - A 
A- 

- - - - 

> 

d i f f e r e n t i a t e d  t o  o b t a i n  maximum speed o f  c o n t r a c t i o n  

- 
Two i n d i c e s  w e r e  c a l c u l a t e d  f rom t h e  o b t a i n e d  v a l u - y  

/ - 

q u a n t i f y  t h e  d y n a m i c  component  o f  &he-Zverage  r e s p o n s e '  
- --/ 

histograms':  

_,/- 
_/ -------_* 

/ 

-1-- 
__A/- a b s o l u t e  iw T---~-- -~- ,  - --- . -- -- 

---- -. 
----- 

~- -------- 
-- n o r m a l i z e d  dynamic i n d e x  = ( P  -' S) / ( ~ T I & )  

The s t e a d y - s t a t e  component o f  t h e  s u r f a c e  EMG a n d  t h e  

s i n g l e  motor  u n i t  a c t i v i t y  w a s  q u a n t i f i e d  a s  f o l l o w s :  , a+=--- 
- - 

,/- -- -- - 
w - - - - - #-=' 

2 -- -- A _ ^Z -- 
s t 3 ~ b - s e n s i t i r ; i t y  i n d e x  = ( S  - B J ~ A T  - - _ 2- - _! 

- 
- 

- - 
- - 

- - where  AT was t h e  c h a n g e  i n  t3e s t e p  o r  ramp t~-- -The 

s t a t i c  s i n w e  motor u n i t  f i r i h g  p a t t e r n  was a l s o  q u a n t i f i e d  
-- 

- 

w i t h  r e s p e c t  t o  t h e  absolute s t a t i c  f i r i n g  r a t e  p a r t i c u l a r l y  
- -- _ 

f o r  t h o s e  c o n d i t i o n s  .where  t h e  mo to r  u n i t  w a s  x e c r u u i t e d  

d u r i n g  - t h e  t r a j e c t o r y  s i n c e  background e x c i t a t i o n  l e v e l  c o u l d  

n o t  be q u a n t i t a t i v e l y  described. 



&tat i s t i ca l  Analysis 

- - - - - -- - 
/- 

-- - - 
A -- 

A l l  s t a t i s t i c a l  a n e v e  o n  the s o f t w a r e  

-B m t a t s v i e w  512+ f o r  t h e  Macfn tosh  mic rocompute r  

system. 

single Motor U n i t  Experinents: D a t a  w e r e ,  g rouped  from a l l  
- 

-- 
- 4 s u b j e c t s  and dependent  t - t es t s  were u s e d  t o  c~mpars  - * i w  -- 

- - 
- 

- -- 
. ~~- 

- - -  - 
----- - -  -- - - - - -  - 

- - ---- -- - ---- - / m o _ t ~ - ~ t - - ~ b - e h a v l o n r  across p a i r s  o f  6oridi t  ions - --- - 
-~ -- / 

~- /====-- t h e  behav iour  o f  two-d s l m u l t a n e 6 u s l y  under  tkie - -- 

_-- A ~ ~ -  
- 

<-/- - - 4 
same c o n d i t i o n .  M e d s  v a l u e s  w e r e  c o n s i d e r e d  s i g n i f  icast l y  

- - C 

d i f f e r e n t  a t  pSO.05. S tandard  e r ~ o ~ ~ ~ - M x z r t o r -  - 
-___---- -- 

- - _-- - 
of  t h e  v a r i a n c e  a s  it accoun ted  f o r  t h e  sample s i z e  of  t h e  

- - 
- 

-_; -- 
grouped data. T h i s  w a s  imjp3rtant b e c a u s e  Lhe sai@3%s"Lze ' 

___-- - - - - 

v a r i e d  between each st3 o f -  c o n d i t i o n s  c o m p l e t e d  i n  t h e s e  0 
- 

- / 
-- - 

exper iments .  - -- 
- - 

Surface E l e c t r o m y o g r a m  E x p e r i m e n t s :  D u r i n g  a  g i v e n  
- 

- - 

- - e x p e r i m e n t  s u b j e c t s  - comple te& - -- a l l  t h e  f o r c e  E r a  j e c t o r i e s  

r e q u i r e d  (i .e .  F (0-1) , F (0-2) , F (1-2) , and sometimes S (0-2) ) . - 

T h e r e f o r e ,  s t a t i s t i c a l l y  T s i g n i ~ f i c a n t  d i f f e r e n c e s  hetween each ' 

c o n d i t i o n  for a  p a r t i c u l a r '  i ndex  v a l u e  w e r e  de te rmined  u s i n g  ; 

one-way, ~ p e a t e d  measures a n a l y s e s  of v a r i a n c e . .  I f  t h e  ANOVA 
e 

i n d i c a t e d  a s i g n i f i c a n t  d i f f e r e n c e  be tween t h e  mean i n d e x  

d i f f e r e n c e s  between c o n d i t i o n s  were i n v e s t i g a t e d  w i t h  S c h e f f e  
$ -- --- 

- 
m u l t i p l e  comparison tes ts  ( a t  ~ 5 0 . 0 5 )  . 



- 
_- - 

I -- -- - - -- 
- -- _ -  - 

-3 - 
- -- 

- - 
-- 

-- - - s 3 T i T - % r - R Z ~  %E - Xki.ce ~ i 5 n r i & s ~  o n e - w a y ,  - 

repeated r&asures analyses of variance t e s t s  followed by. 
t -  

-A- 

maximum ra te  of r i se  determine d i  gnr F-fant  riiffere . a -- nces ~n the 
I 

of the  F 10-2) t r a j e c t a r y  completed- 
, 

_- - - - - - - - - _ 
<t t h ree  d i f f e r e n t  - -- -2z5 

- - -- - 
set t ings  df the oscilloscope u- 
p p- -- p ~ -  -- - 

- 
~ 

-- , 
- - - - - --- -----<--------- 

- - 
__ -- - - -- - -. 

/ - ,  
- - -  - - - 



- - - -  - - -- - 

The d y n a n i c  a n d  s t e a d y - s t a t e  p h a s e s  o f  m o t o r - u n i t 3 1 F i n ~ - - - -  

- i n v e s t i g a t e  dynamic  and s t e a d y - s t a t e  s u r f a c e  EMG a c t i v i t i e s  

---- - durfnq two d i f f e r e n t  r a n g e s  of f o r e e  o u t p u t .  - 
- - - -  - - - 

- - -- -- - - -  - -  

- - . _ -_ -- _ -  - - - - -  
- Sini ie-Botor T'Ft Discharge Behavlour - 

- 

t r a n s d u c e r  i n  terms of t h e  maximum force  m e a s u r a b l e .  - 

Therefore, t h e  n i n e t y - ~ *  u n i t s  recordec 
- 

i n c r e m e n t s  i n  f o r c e  have  b e e n  c o n s i d e r e d  

motor  u n i t s .  
v 

Dynamic Phase: ~ r o m  t h e  r a w  d a t a ,  max 

as  l o w - t h r e s h o l d  

mum i n s t a n t a n e o u s  
- - - - 

f i r i n g  ra tes  o b s e r v a b l e  d u r i n g  t h e  dynamic p h a s e  w e r e  - u s u & l l y  
A - - 

- - - 
-L  

- 

- -- 
l e s s  than 4 0  pps although - -it w' gossible t ~ - - ~ e r i o d i c a l l ~  -' * - 

- - - I 

o b s e r v e  f i r i n g  r a t e s  of 70 - 80 pps. 



- - f o r c e  w a s  i n v e s t i g a t e d  .by r e c o r d i n g  t h e s a m e h a t o r  unrt  
- - - - - --- -- -- 

- > -- ---- - --- - - - - - 
Y -& - - -- 7;- - - - ~~--i~:&-riiiij ; h w ( OL---mrd t he--S-F&--l j c Q A- 

- 
' io&iand/or 

-- - 

M - n g  t h e  F ( 0 - 1 )  a n d  F W - 2 )  c o n d i t i o n s .  Subiects w-re --- - 
--I_x_------ --- - - 

-- 

- ___ -- k t m x c t e d  T c ~ ~ e p b a c k g r o u n d  f g r i n g  r a te  c o n s t a n t  be tween  

t h e  p a i r s  o f  c o n d i t i o n s .  

- - 
Twenty-nine motor  u n i t s  w e r e  r e c o r d e d  from s i x  s u b j e c t s  

- - - - -  - - - - 
- - 

- - -- -- -- 
- -- - -- d u r i n g  the F (0-1) a n d  S ((3-1) c o n d i t i o n s .  T y p i c a l  a v e r a q e  

- - 
-- 

-- 
-- - -- ---- - 

- - -  
_L---- 

- 
r e s p o n s e  h i s t o g r a m s  c o n s t r u c t e d  from t h e  f i r i n g  a c t i v i t y  of 

- 

t h e  same moto r  u n i t  d u r i n g  t h e  F ( 0 - 1 )  a n d  S(0-1) c o n d i t i o n s  
- -- 

t h e  t w e n t  y-n ine  motor u n i t s - r e c o r d e d .  
- . - 

o b s e r v a t i o n s  m a d e  f rom f i g a r e  4 .  I t  gas s i g n i f i c a n t l y  greater 
- - 

f o r  t h e  F ( 0 - 1 )  c o n d i t i o n  t h a n  f o r  t h e  S4O-11 C W - ~ ~ Z M  
- - - - - - - 

n o r m a l i z e d  t+ - t h e  rate of rise of i s o m e t r i c  f o r c e , - _ i L  w a s  - 
- - -- 

-- -- - - -- - -- _ _ 
y- -- 

m a r k e d l y  less  f o r  the fast c o n d i t i o n  t h a n  f o r  t h e  s l o w  - 
- 

c o n d i t i o n  (pS.0001) ( f i g u r e  6 )  . The a b s o l u t e  dynamic i n d e x  - 
> 

- / -- - 
a n d  t h e  n o r m a l i z e d  dynamic i n d e x  v a l u e s  showed eke same t r e n d  

- 
when t h e  u n i t  +as r e c r u i t e d  d u r i n g  t h e  c o n t r a c t i o n .  The 



Figure 
torque 
for &j 



r e l a f  i v e l y  low inc rement  i n  f i r i n g  rate d u r i n g  the F(0-1)  - _ - ---_ - .- - - 
- - -- . 

c o n d i t i o n  y a s - ~ l s o  ~ v i d e n C  a t /  even  faZer  s p e e d s  o f  - -- 
- 

c o n t r a c t  i o n .  T h i r t e e n  u n i t s  ~ e c o r d e d  from e v e  s u b j e c t s  
- - 

- - ---.=-- -- - 2-fl and  from a  - --- -- 

t o n i c  background f i r i n g  ra te .  ~ h e l s ~ e e d  of  c o n t r a c t i o n  of  
3 i 

- -- - - 

- t h e  -F - f8 -2 t  a m  k ~ j e c t o r y  was much g r e a t e r  --- t h a n  t h e  speed  
/ 

o f  t h e  F(3-1)  . c o n d i t i o n  . when t h e  " a s  f a s t  a s  p o s s i b l e "  
- -- 

-- i n s t - r u c t i q r r _  w a s  g i v e n  f o r  b o t h  c o n d i t i o n s  ( F r e u n d  and  
- - 

- ~ i d i ~ e n ,  1979).. T h e r e f o r e ,  although- t h g  = s o l u t e  -dyna&- - 
-- _ _  

- i n d i c e s  d id  n o t  d i f  f e f  between t h e  F ( 0 - 1 )  a n d  F (0-T) 
- - - 

c o n d i t i o n s  ( f i g u r e  5,  p1 .  5 6 ) ,  t h e ,  n ~ r r n a l i z ~ d  dynamic i n d e x  
-- - 
- 

w a s  s i g n i f i c a n t l y  - grea f  er f o r  t h e  F  (0-1) c o n # i t i o n  t h a n  f o r  
- 

t h e  F ( 0 - 2 )  _ c o n d i t i o n  ( p ~ . G 3 ) - ( f i g u - r e  -- - - 6). T h e s e  r e s u l t s  - 
--- - 

- - - - 
- - 

rrs between t h e  F(G-1) and %?%rl~-- 
- -- 

s u p p o r t  e o m e r v a t m  

t 5 r a j e c t o r i e s  i m p l y i n g  t h a t  t h e  r e l a t i v e  i n c r e m e n t  i n  t h e  
- - "i -- 

-- -- 

dynamic a c t i v i t y  d e c r e a s e s ,  i n  a  non- i n e a r  manner,  w i t h  

% - - - - - - - - A -  _----- -- - _ __ - - - >  

T b  ~ l a t i o n s 6 i p  - between -- t h e  b a c k g r o u n d - e x c i t a t i o n  l e v e l  
,-- 

of t h e  motor u n i t  and  t h e  dynamic phase  of  i t s  f i r i n g  p a t t e r n  

was a l s o  i n v e s t i g a t e d .  T h i s  was accompl ished by c o n t r o l l i n g  

t h e  u n i t ' s  background  e x c i t a t i o n  l e v e l  be tween  p a i r s  .of 

c o n d i t i o n s .  I n  one set  o f  c o n d i t i o n s  t h e  F(O-1)  t r a j e c t o r y  

was comple ted  once  when t h e  * n i t  was r e c r u i t e d  d u r i n g  t h e  
.D 

t r a j e c t o r y  and a g a i n  when it b v a n  from a  minimal ,  t o n i c  

f i r i n g  r a t e .  N i n e t e e n  motor  u n i t s  f rom s e v e n  s u b j e c t s  

completed t h e s e  c o n d i t i o n s .  + a n o t h e r  set  of  c o n d i t i o n s ,  11 
0 



- - F (0-1) and W0-2) c o n d i t i o n s  ( ~ 1 0 . 1 6 )  when background f i r i n g  
I 

o f  t h e  s i n g l e  moto r  u n i t  w a s  a low t o n i c  rate.  Number o f  
s u b j e c t s ,  ns=6, number of motor  % u n i t s ,  nu=29 f o r  F (0-1) and  
SfO-1) . Number o f  s u b j e c t s ,  n,=5, number o f  motor un> t s ,  n,=13 
f o r  F (0-1) and  F443-2) t r a j e c t ~ ~ i e s .  - 

Coadition Condition 

- - Figure 6 Mean and  s t a n d a r d  & r o r  o f  n o r m a l i z e d  dynamic index - 

for t h e  F(O-2)  and S(O-3) e & L i m  -CgxSB,(rO€ll) - a n d  t)te 
- 

F (0-1) and  F (0-2) c o n d i t i o n s  (pS0 .€I231 when background firing - - 

of s i n g l e  motor- unit was a &ow t o n i c  rate. Number o f  - 

s u b j e c t s ,  ns=6, number o f  motor  u n i t s ,  nu=- for F (O-1)-' a n d  
S (0-1) . Number o f  s u b j e c t s ,  n,=5, number o f  motor u n i t s ,  nu=13 
for F (0-1) and  F (0-2s t r a j e c t o r i e s  . 

- 

* 



-- 

- t a u n i t s  w e r e  r e c o r d e d  from s i x  s u b j e c t s  who completed t h e  - -_ , 
-: - 

---- _i 

F(O-1) conai-where-fi2- - - -_ from a  &Ti1 f i r i n g -  -- _ 
-. \ - 

r a t e  and  t h e n  f r o m  a considerably'fa~st~nic~ba~eund ---- 
1.- 

Gate.  The e f f e c t  o f  t h e  backgrpund  oxci tad&r-+.e  - 

- 
, __-_-- - 1. 

1- . -. 
on the dyxamic phase  of t h e  f i r i n g  p a t t e r n s  was de te rmined  

- - - -- -- - 
- - - - 

- -- 

w i t h  t h e  no&txalized d y a 8 m i c - i n d ~ % - ~ ~ u s e  it accoun ted  ' f o r  . ' 

- -- - -- 
- d i f f e r e n c e s  i n -  t h e  rates o f  r i se  Xf- t h e  c o  l e t Z d - - f o m e  - F 
t r a j e c t o r i e s  which, t h e o r e t i c a l l y ,  w e r e  c o n s t r a i n e d  _ t o  be - - 

- -  - 
- 

s i m i l a r  under  b a t h  c ~ n d i t ~ o n s .  The normal ized  dyna-&c i n d e x  
s7 

. --. 
1 

t 

v a l u e  o b t a i n e d  when t h e  u n i t  began from a  minimal  r h y t h ~ i c  ' . 

f i r i n g  r a t e  or when it was r e c r u i t e d  d u r i n g  t h e  t r a j e c t o r y  
- - - 

d i d  not-  d i f f e r  s i g n i f i c a n t l y .  I n  a n  a t t e m p t  t o  de te rmine  i f :  

t h e r e  was a r e l a t i o n s h i p  b e t w e e n t h e  :mount o f  change i n  
- - 

- 
- - - - - - 

background f i r i n g  r a t e  and  t h e  u n i t ' s  dynamic f i r i n g  p a t t e r n ,  
- -- 

t h e  d i f f e r e n c e  i n  background f i r i n g  r a t e  was p l o t t e d - a g a i n s t  f 

v - - 
- 

- . 
-- -- - 

The d f f f e r e r e e  i ~ - - n a r n T a A 2 z e d  dynamic  i n d e x  v d h e s  -a-Kd-- ---- 

background  f i r i n g  t e s  a n d  t h e  c o ~ r e s p o n d l n g  normaLized "e 
- -- - - dynamic inderr &ues -bee always s u k r a c t e d  from t h e  v a l u e s  

3 
i - - -  -- 

- g b t ~ n e d  ~he*&& *-began- f F i K  a  k ighek background f i r i n g  - 
- - 

- - 

r a t e .  - The L trend of Lhbs pht  s w s t s  th& at  a highex,, 
a - - -- - 

- 

t o n i c  background f i r i n g  r a t e  t h e  normal ized  dynamic index was 
- 

less t h a n  t h e  normal ized  ctynamic i n d e x  v a l u e  when the u n i t  
-- 

began f r o  " z e r o " ,  The s c a t t e r  i n  t h i s  p l o t  may3e due t o  the i - 

I n d e f i n a b l e  " z e r o n  background a c t i v i t y  a s  it c o u l d  r e p r e s e n t  

a n  e x c i t a t i o n  l e v e l  anywhere from w e i l  below rheobase  t o  just 

s u b - r e c r u i t m e n t  t h r e s h o l d .  When the u n i t  began f rom a  h igh  



- 

v e r s u s  a h w  t o n i c  background f i r i n g  r a t e  t h e  n o r m a l i z e d  ---- --  -- 

dynamic i n d e x  v a l u e  was s i g n i f i c a n t l y  less (pL0.039) . T h i s  '?- -- 

n o n - l i n e a r  b e h a v i o u r  may s u g g e s t  a  s a t u r a t i o n  phenomenon i n  
- 

. t h e  motor!$euronls - dynamic f i r i n g  p a t t e r n .  The open circles i n  

f i g u r e  7 r e p r e s e n t  t& d i f f e r e n c e  i n  t o n i c  background a g a i n s t  
* \  

t h e  d i f f e r e n c e  i n  normal '  ed dynamic i n d e x  between t h e s e  two .f" 
c o n d i t i o n s .  The o b s e r v a b l e  l i n e a r  t r e n d  i n  t h i s  p l o t  i s  

d i f f i c u l t  t o  e y ~ l a i n  p h y s i o l o g i c a l l y  and  t h e r e f o r e ,  ~ i l l  n o t  -- -- 

be i n t e r p r e t e d .  
63 

Steady-state Phase:  iring ' r a t e s  d u r i n g  t h e  s t e a d y - s t a t e  

phase  ranged from approx imate ly  7 - 18 pps ,  b u t  t h e  m a j o r i t y  
I 

of  s t a t i c  f i r i n g  rates w e r e  c o n s i s t e n t l y  between 9 - 13 pps .  

-- - 

The s t a t i c  phase  o f  t h e  motor  y n i t  f i r i n g  p a t t e r n  was 

- - 
anaIysed b o t h  i n  t e r n  o f  t h e  a b s o l u t e  s t a t i c  f i r i n g  r a t e  and 

- 

> 
-7-  - - - _  _ - -- - 

-- 

t h e  s t a t i c  s e n s i t i v i t y  i n d e x .  ALthough t h e  d e i i n i t i o n  o f  t h e  
-r - - 

s t a t i c  s e n s i t i v i t y  index  r e q u i r e d  d e f i n a b i e  background f i r i n g '  

a c t i v i t y ,  i n  o r d e r  t o  e n s u r e  c o n s i s t e n c y  i n  compar i sons  
-- -3 

-across a l l  c o n d i t i o n s ,  it was a l s o  c a l c u l a t e d  f o r  c o n d i t i o n s  

t 
when the u n i t  was r e c r u i t e d  d u r i n g  t h e  t r a j e c t o r y  a n d  - 

- 

t h e r e f o r e ,  B a d  "ze ron  background a c t i v i t y .  

The. rate o f  r i se  o f  i s o m e t r i c  force d o e s  noE i n f l u e n c e  

the s ta t ic  firing b e h a v i o u r  o f  t h e  u n i t  s i n c e  beieher t h e  

s t a t i c  f i r i n g  r a t e s  n o r  t h e  s t a t i c  s e n s i t i v i t y  v a l u e s  , 
- - 
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Figure 7 Each p o i n t  r e p r e s e n t s  t h e  d i f f e r e n c e  i n  background 
f i r i n g  ra te  v e r s u s  t h e  d i f f e r e n c e  i n  normal ized  dynamic index  
fo+  s i n g l e  motor  u n i t s  r e c o r d e d  d u r i n g  . the F (0-1) .condi,t i o n .  
U n f i l l e d  circ,les (0) are d i f f e r e n c e s  between a h i g h  and l o w ,  
t o n i c  background f i r i n g  rate,  whereas t h e  f i l l e d  circles (e) 
r e p r e s e n t  d i f f e r e n c e s  be tween  a z g r o  a n d  a low, t o n i c  
background f i r i n g  r a t e .  Values  o b t a i n e d  a t  t h e  lower  f i r i n g  
r a t e  w e r e  a lways  s u b t r a c t e d  from v a l u e s  o b t a i n e d  when t h e  
u n i t  f i r e d  a t  t h e  h i g h e r  background f i r i n g  rate. U n f i l l e d  
c i rc les ,  numb- o r  s u b j e c t s  nS=6*, number o f  motor  u n i t s ,  
n , = l l .  F i l l e d  circles,  nrimber o r  s u b j e c t s  ns=7, number of  
motor u n i t s ,  n,=19. 
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st&e f i r2 -ng ,gxoper t i e s  .was - i n v e s t i g a t e d  by h a v i n g  . 
i - A I A ---_ __- - % 

comple te -  tBe F-61-11 a n d  F (0-2) c o n d i t i o n s .  ~ a c k ~ r o u n ~  f i r i n g  - 
- - 

- 
l - r a t e -  was k e p t  const,ant_: WSlerr ave raged  a c r o s s  t h e  t h i r t e e n  _-- --- - 

/ - - / 

4 - 
/ ' - -  / 

8 .  
/ _ /-- 

u n i t s  recorded,  t h e  steady-sL&e f i r i n g  r a t e  durin-g -- the 
- 

F 0 - 2 )  t r a j e c t o r y  ( 1 2 . 1  p g s b  w a s  h i g h e r ,  b u t  n o t  _- - / 

- - k - 
- -- 

s i g n i f i c a n t l y  d i f f e r e n t  f r& _the F (0-1) c o n d i t i o a  (10.9- bps) - - - 
-- _/ - * - -- 

4 f i g u r e  9A).  Therefore ,_s incre  background S i r i n g  r a t e  was 
/ 

* 
e s s e n t i a l l y  c o n s t a n t  b e t w e e n  b o t h  c o n d i t i o n s ,  s t a t i c  

A / 

s e n s i t i v i t y  value 's  w e r e  s i g n i f i c a n t l y  less , f o r  t h e  F(O-2) 
- - -- 

l t h a n  t h e  F(0-1)  c o n d i t i o q  ( p ~ 0 . @ 1 8 ~ ( f i g J r e  9B) .  To-determi%e 
9 - 

/ 

/ 7- 
/ 

_+ - -/ 
whether  t h e  d e g r e e  of a d a p t a t i o n ,  o b s e r v a b l e  -'fn t h d f l 5 m i c  - 

0 d 
/- 

_,- 
// - pha.se o f  t h e  firing p a t t e r n ,  in f luenced-  t h e  s t e a d y  s 

/- /- 
-- 

3 ?/ - A  

/ 
-- Z 

A- 

, - / 
B, phase, Tour u n i t s  -- wpre r ~ o T d e d  from 3 s w 4 i n g  S.(O-1) 

// 9 :- 

and&D-2)- c o n d i t i o n s .  AS -w iGge f a s t  c o n d i t i o n s ,  s t a t i c  
/ - /-- x * / 

f i r i n g  w e r e  s l i g h t l y  h i g h e r  d u r i n g  t h e  s (0-2) " c -  , 
- - - 

r ~ 

//'- ---- 
/ 

t r a j e c t o r y  ( r a n g e  1 0 . 0  - 1 9 . 1  p p s )  v e r s u s  t h e  S ( 0 - 1 )  
/ 

-- - .  
c o n d i t i o n  ( 9 . 9  - 1 7 . 9  p p s )  . F u r t h e r m r e ,  threeupof €2ie -four 

- 

-- - -- 
0 

_ -- 
u n i t s  showed markedly h i g h e r  s t a t i c  s e n s i t i v i t y  v a l u e s  d u r i n g  

. . 
r t h e  S (0-1) c o n d i t i o n  t h a n  t h e  S (0-2)  c o n d i t i o n ,  T h i s  i m p l i e s  

/ - 
t h a t  t h e  s a t u r a t i o n  i n  s t a t i c  f i r i n g  r a t e  ' observed  -during t h e  

F (0-2) c o n d i t i o n  was n o t  , r e l a t e &  t o  t h e  t r a  j e c t o r y V s  f a s t e r  
m 



- --- 
Figure 8 Mean a n d  s t a n d a r d  error o f  A) s t a ~ i c  f i r i n g  r a t e  

/ 

(pSO.16) a n d  3) s t a t i c  s e n s i t i v i t y  i n d e x  ( p ~ ~  ."82) f o r  _the " - 
F (0-1) and  S (0-1) c o n d i t i o n s  when b a c k g r o u d - f i r 5 n g  ra te  was 

- a low, t o n i c  r a t e .  Number o f  s u m ,  ns=6, number o f  mote---> 
u n i t s ,  n=22. c >---- 

_/- / 

1 

Fi-% 9Mean a n d  s t a n d a r d  e r r o r  o f  $) s t a t i c  f i r i n g  r a t e  
(p40 .19)  and  B) s t a t i c  s e n s i t i v i t y  (p50.018)  f o r  t h e  F (0 -1 )  
and  F (0 -2 )  c o n d i t i o n s  when background f i r i n g  rate  was a l o w ,  
t o n i c  r a t e .  Number of s u b j e c t s ,  ns=5, number of motor  u n i t s ,  
n=13. 

I 
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I ra&6f rise, b u t  r a t h e r  it w a e e l a t e d  tcfit-'s cJrk.ter f o r c e  . - 

. -- .r.. +P - - t- ' . 

F (6-1) t r a j e c t o r y  as a l r e a d y  d e s c r i b e d - f o r  t h e  d d p x r t i c  p h a s e .  
- 

/ 

/ 

N i n e t e e n  - units, r e c r u i t e d  during t h e  t r a j e c t o r y  f i r e d  
- 

s i g n i f i c a n t l y  -- l o w e r  s t a ~ i c  f i r i n g  rates (pS0 .01 )  t h a n  when 
, 

4 

t h e y  began t h e  c o n t r a c t i o n  f rom a  min imal  - - a c - I  ' r i n g  
+ 

r a t e ;  however,  t h e  l a r g e  d i f f e r e n c e  i n  b a c k g r o u n d  a c t i v i t y  
A -- 

-v r e s u l t e d  i n  t h ~ S - i t i v l t y  i n d e x  b e i n g  s i g n i f i c a n t l y  
- - --- - - --- g r e a t e r ,  when t h e  u n i t  began  f rom " z e r o "  t h a n  when it  began  

/ 
- 

/ 
f rom a  t o n i c  f i r i n g  ra te  ( p 5 0 . 0 0 0 1 ) .  I f  t h e  u n i t  began  d fzm- 

- - __-- 
L- _ - - _ 

a  h i g h  v e r s u s  a  l o w  t o n i c  r a t e ,  i t s  
/'- 

- / 
/ 

a b s - o l u t a  static f i r i n g  gite'r;& s i g n i f i c a n t l y  g r e a t e r  
I _- 

/- - 

( p 1 0 . 0 2 ) ,  b u t  its Telakivc i n c r e a s e  i n  - static--f-ir iT~g r a t e  
, 

psrx,iacrement i n  f o r c e ,  W e p r e s e n t e d  by t h e  s t a t i c  s e n s i t i v i t y  
/ 

/ 

-/- 
/ 

_---ifiaex, was l e s s  (p lO .0065)  t h a n  when t h e  u n i t  began  f rom a 
r 

l o w e r  Background  f i r i n g  r a t e .  A p l o t  o f  t h e  c h a n g e  ir! 

b a c k g r o u n d  f i r i n g  r a t e  v e r s u s  t h e  c h a n g e  i n  s t a t i c  
-- - -- -- 

s e n s i t i v i t y  v a l u - s , - s e ~  ie-Pi;qure - 173, e x p a n d s  on  t h e s e  

o b s e r v e d  r e l a t i o n s h i p s .  T h i s  f i g u r e  shows a weak t r e n d  

amongst t h e  f i l l e d  sq;ares i n d i c a t i n g  t h a t  t h e  d i f f e r e n c e  in 
b 

s t a t i c  s e n s i t i v i t y  v a l u e s  is more marked  when t h e  t o n i c  

b a c k g r o u n d  f i r i n g  r a t e  i s  h i g h  c o m p a r e d  t o  2 " z e r o "  

background - a c t i v i t y .  Al though t h e  s t a t i c  s e n s i t i v i t y -  _uaLues 

become p r o g r e s s i v e l y  smaller when t h e  u n i t  b e g i n s  f rom h i g h e r  



- ABackground Fir ing R a t e  (pps) 

-- -- Figure 10  Each  p o i n t  represents the Mference ~ ' E Z c k g r o u n d  

-- 
f ~ r t t t e - - v c i r z u s  t h e  d i f f e r e n c e  i n  s t a t i c  s e n s i t i v i t y  i n d e x  

/- 

- 
/ 

/ 

- - - - f o r  s i n g l e  motor u n i t s  recorded d u r i n g  t h e  F (0-1)  c o n d i t i o n .  
?.Infilled s q u a r e s  ( 0 )  r e p r e s e n t  d i f f e r e n c e s  be tween  a high  and  
low, t o n i c  backg round  f i r i n g  rate,  wliereas t h e  f i l l e d  s q u a r e s  
( 8 )  mark d i f f e r e n c e s  b e t w e e n  a z e r o  a n d  a low,  t o n i c  

- 

b a c k g r o u n d  f i r i n g  ra te .  V a l u e s  o b t a i n e d  a t  t h e  lower f i r i n g  
r a t e  w e r e  a l w a y s  s u b t r 3 c t e d  f r o m  v a l u e s  o b t a i n e d  when t h e  
u n i t  f i r e d  a t  t h e  h i g h e r  b a c k g r o u n d  f i r i n g  r a t e .  U n f i l l e d  

' circles, number  o r  s u b j e c t s  n,=6, number  o f  m o t o r ,  u n i t s ,  
n u = l l ,  F i l l e d  c i rc les ,  number o r  s u b j e c t s  n,=7, number o f  
mo to r  u n i t s ,  nu=19 .  



d e m o n s t r a t e  t h a t  t h e  magn i tude  o f  t h e  d i f f e r e n c e  i n  t o n i c ,  

b a c k g r o u n d  f i r i n g  r a t e  be tween  t h e  two  c o n d i t i o n s  w a s  n o t  ' 

related t o  t h e  observed change i n  s t a t i c  f i r i n g  h e h a v i o u r .  

J . -- 
Interdependexice of bpamsiZ and Steady-state Phases: 

>-2 / 
--- 

r - __ 1-- -- - 
___/--- The dynamic p h a s e  o f  The s i ~ g l e  m t o n e u r o n  f i r i n g  - p a t t e r n  i s  

-- 

related t o  t h e  ra te  of r i se  of  f o r c e  whereas  t h e  s t a t i c  phase- 
/ 

- - -- 
- - - _ 

-- -- --- 
- 

' 'is r e l a t e d  _magai te~k-~~F-- the  force o u t p u t .  To c o n f i r m  t h a t  
--- -- _ - - 

- ~ 
- -  - ~ 

- 
- 

t h e  dynamic a n d  s t a t i c  p h a s e s  w e r e  not in ter-&ependent ,  s t a t i c  

s e n s i t i v i t y  a n d  n o r m a l i z e d  dynamic i n d e x  v a l u e s ,  o b t a i n e d  

d u r i n g  t h e  F ( 0 - 1 )  c o n d i t i o n ,  w e r e  p l o t t e d  a g a i n s t  e a c h  o t h e r  

(5 f g u r e  11) . The p o o r  c o r r e l a t i o n  ( r = 0 . 4 1 )  o b s e r v e d  between 
a 

- -  - 
t h e s e  two ~icees[~rseerr-*---ploLLed, 

s u g g e s t s  t h a t  dynamic a n d  s t e a d y - s t a t e  f i r i n g  p a t t e r n s  - - maybe- 
- -- - -- 

-- 
--- 

- 

w v e r r t e d  andL6r g e n e r a t e d  by  s e p a r a t e  p r o c e s s e s .  

. Simultaneously Fir ing Motor Units  
. - 

P a i r s  o f  u n i t s  f i r i n g  s i m u l t a n e o u s l y  w e r e  r e c o r d e d  

m o t o n e u r o n ' s  f i r i n g  p a t t e r n  was p r e d i c t a b l e  b a s e d  on  i t s  
- -- -- -- 

- - 

r e c r u i t m e n t  t h r e s h o l d .  The b a c k g r m n d  f i r i n g  rates o f  t h e  
- - 

u n i t  p a i r s  were c o n t r o l l e d .  I n  o n e  c o n d i t i o n  t h e  low 

/- 

/ 

- 
a t h r e s h o l d  u n i t  began  from a t o n i c  background f i r i n g  ra te  a n d  

t h e  h i g h  t h r e s h o l d  u n i t  w a s ,  r e c r u i t e d  d u r i n g  t h e  r a p p  p h a s e .  

U n i t  p a i r s  were . .  o n l y  a c c e p t e d  i f  t h e  h i g h  t h r e s h o l d  u n i t ,  

o n c e  r e c r u i t e d ,  m a i n t a i n e d  a  t o n i c  f i r i n g  ra te  d u r i n g  t h e  
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Figure 11 S t a t i c  s e n s i t i v i t y  a n d  n o r m a l i z e d  dypamic index' 
v a l u e s  f o r  u n i t s  r e c o r d e d  d u r i n g  the F (0-1) c o n d i t i o n .  The 

f a c t o r s .  Number of s u b j e c t s ,  n,=6, m m b e r  o f  moto r  u n i t s ,  
n,=2 9 .  

d 0 
C 



______--- 
- ---- 

~ ' E a t - i c - ~ o r ~ i o n  o f  t h e  t r a j e c t o r y .  I n  a s e c o n d x o n d i t i o n  b o t h -  
- 

- - -- - 

/ 
--- 

/- 

-- /- - Qpaackc-PIiase: Only t h e  a b s o l u t e  dynamic i n d e x  w a s  u s e d  t o  
/ 

compare t h e  dynamic f i r i n g  b e h a v i o u r  between t w o  u n i t s  s i n c e  

b o t h  u n i t s  w e r e  r e c o r d e d  d u r i n g  t h e  same t r a j e c t o r y .  

T h e r e f o r e ,  t h e  n o r m a l i z e d  dynamic i n d e x  would  p r o v i d e  t h e  

same i n f o r m a t i o n .  F i f t e e n  p a i r s  o f  u n i t s  w e r e  r e c o r d e d  f r o m  

s e v e n  s u b j e c t s  when o n l y  t h e  low t h r e s h o l d  u n i t  f i r e d  

t o n i c a l l y  i n  the b a c k g r o u n d .  The a b s o l u t e  dyrlami 
2 - ' I  

v a l u e s  d i d  n o t  * & i f f e r  s i g n i f i c a n t l y  be tween  t h e  _ r - 

n o r  w a s  t h e r e  a n y  o b s e r v a b l e  r e l a t i o n s h i p s  b e t w e e n  t h e i r  
* 

d i f f e r e n c e  i n  background f i r i n g  r a t e  v e r s u s  t h e i r  ' d i f f e r e n c e  

i n  a b s o l u t ?  dynamic  i n d e x  ( c l o s e d  t r i a n g l e s ,  f i g u r e  1 2 ) .  
-- 

These  r e l a t i o n s h i p s  d id  n o t  change  i n  t h e  s e c o n d  c o n d i t i o n  
- - -= 

when b o t h  u n i t s  f i r e d  t o n i c a l l y  i n  t h e  b a c k g r o u n d  (open  

t r i a n g l e s ,  f i g u r e  1 2 )  . The scatter i n ,  f i g u r e  1 2 ,  s e e n  f o r  

9 b o t h  c o n d i t i o n s ,  may have  b e e n  due  t o  the r e l a t i v e l y  s m a l l  

u n i t s .  T h i s  p l o t  does s u g g e s t  t h a t ,  among t h e s e  'low 
- - - - 

t h r e s h o l d  m o t o r  u n i t s ,  r e c r u i t m e n t  t h r e s h o l d  -c_auld n o t  Be- ' - - 
T 

u s e d  a s  a  d e t e r m i n a n t  o f  a  u n i t ' s  dynamic f i r i n g  ~ r o p e r t i g s .  
'F 

\ 

T h i s  p o s i t i o n  i s  s t r e n g t h e n e d  i n  f i g u r e  13 b e c a u s e  t h e  

d i f f e r e n c e  i n  r e c r u i t m e n t  t h r e s h o l d  be tween  t h e  u n i t  p a i r s  - -  

i I; 

was n o t  correlated w i t h  t h e i r  d i f f e r e n c e  i n  a b s o l u t e  dynamic - 
- 

i n d e x .  
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Figure 12  Each  p o i n t  i s  t h e  d i f f e r e n c e  be tween  background  " 

f i r i n g  ra te  a n d  t h e  a b s o l u t e  d y n a m i c  i n d e x  o f  t w o  I 

s i m u l t a n e o u s l y  f i r i n g  u n i t s .  E i t h e r  b o t h  u n i t s  had  @red i n  
' t h e  background ( u n f i l l e d  t r ' i a n g l e s )  o r  o n l y  t h e  low t h r e s h o l d  % 

u n i t  f i r e d  i n  t h e  background a n d  t h e  h i g h  t h r e s h o l d  u n i t  w a s  
r e c r u i t e d  d u r i n g b t h e  ramp ( f i l l e d  t r i a n g l e s ) %  High t h r e s h o l d  
m o t o r  u n i t  v a l u e s  were s u b t r a c t e d  f rom t h e  l o w  t h r e s h o l d  
m o t o r  u n i t  v a l u e s .  U n f i l l e d  t r i a n g l e s ,  number o f  s u b j e c t s ,  
n,=6, number o f  mo to r  u n i t  p a i r s ,  n,=10. F i l l e d  t r i a n g l e s ,  : 

- number o f  s u b j e c t s ,  n,=7, number o f  motor u n i t  p a i r s ,  ~ 1 3 1 5 ,  
z 

-g Figure  13 Each p o i n t  i s  t6e d i f f e r e n c e  be tween  t h e  a b s o l u t e  

f"- dynamic i n d e x  a n d  r e c r u i t m e n t  th reshoJ ld  o f  t w o  s i m u l t a n e o u s l y  
f i r i n g  u n i t s  f o r  t h e  same c o n d i t i o n s  as s t a t e d  f o r  f i 'gure  '12. 
Low t h r e s h o l d  v a l u e s  w e r e  s u b t r a c t e d  f r o m  h i g h  t h r e s h o l d  
V a l u e s .  U n f i l l e d  s q u a r e s ,  number o f  s u b j e c t s ,  ns=5, number o f  

, motor  u n i t  p a i r s ,  n,=8. F i l l e d  t r i a n g l e s ,  number of  s u b j e c t s ,  
ns=7, number of  motor u n i t  pa i rs ,  n,=10. - - - - - - - - -  - - 

- 
- 

- - - - 

A - - - 

- - - - 

- 

- 

F 

P- 
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F i g u r e  15 Each p o i n t  i s  t h e  ' d i f f e r e n c e -  be tween-  t h e  %taGc 
s e n s i t i v i t y  i n d e x  a n d  r e c r u i t m e n t  t h r e s h 0 1 3  OF t w o  
s i m u l t a n e o u s l y  f i r  
f o r  f i g u r e  1 4 .  Low t h r e  
t h r e s h o z d  values .- 

-DL- - - 
- 

- irTWeof =tor-unit pa 
subjects, n,=7; number o f  motor u n i t  p a i r s ;  nu=lO. 

+ - & -r ABackgreund Firihg Rate (pps) 
8 - L 

@ 

r , F i g u r e - 8  Each p o h t  i s  t h e  ' d i f f e r e n c e ' b e t w e e n  background 
ky , , f i r f n g  r a t e  a n d  t h e  . s t a t i c  s e n s i t i v i t y  "ndex o f  two 

1 s i m u l k a n e o ~ s 3 y  f i r i n g  u n i t % .  E i t h e r  b o t h  u n i t s  f i r e d  i n  t h e  , 
a d g r & n d  (gpgn t r i a n g l e s )  o r  o n l y  Lhe low t h r e s h o l d  G n i t  

-,- 3 ' , f i r i d  i h  t h e  background and  t h e  h i g h  t h r e s h o l d  u n i t  was 

+:- -z 
r g c r u i t e d  d u r i n g  t h e  ramp ( f i l l e d g t r i a n g l e s ) .  High t h r e s h o l d  

- =* 5 , , -m6tor  .uni t  v a l u &  wege s u b t r a c t e d  f rom.  t h e  low t h r e s h o l d  
.Ur i %,motor u n i t  v a l u e s .  ~ n f i l l g d  t r i a n g l e s ,  number o f  s u b j e c t s ,  

*n,=6, number' o f  motor u i i t  pale-rs, mu=lO.  F i l l e d  t r i a n g l e s ,  
number of  subTects ,  n,=Z, -number of motor u n i t  p a i r s ,  nu=15. 
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+ Steady-state Phase: The s t e a d y - s t a t e  p h a s e  o f  t h e  f i r i n g  

p a t t e r n  w a s  a l so  compared be tween  t w o  s i m u l t a n e o u s l y  f i r i n g  

u n i t s .  The l o w e r  t h r e s h o l d  u n i t  g e n e r a t e d  s i g n i f i c a n t l y  ,. - - - - -- -- 

h i g h e r  a b s o l u t e  s t a t i c  f i r i n g  rates (pS0.02)  compared t o  t h e  
'-4 

h i g h e r  t h r e s h o l d  u n i t  when it w a s  r e c r u i t e d  d u r i n g  t h e  

t r a j e c t o r y ;  however ,  s i m i l a r  t o  t h e  t r e n d  o b s e r v e d  w i t h  

s i n g l e  motor  u n i t s  a t  d i f f e r e n t  e x c i t a t i o n  l e v e l s ,  t h e  s t a t i c  

s e n s i t i v i t y  i n d e x  w a s  g r e a t e r  (pSO.0003)  f o r  t h e  h i g h e r  

t h r e s h o l d  u n i t  when it was r e c r u i t e d  d u r i n g  t h e  t r a j e c t  r y .  f - ? .  
The s t a t . 1 ~  s e n s i t i v i t y  v a l u e s ,  however,  compared when b o t h  

% u n i t s  began  front v e r y  s i m i l a r  background  f i r i n g  r a t e s ,  d i d  s 

n o t  d i f T e r .  The d i f f e r e n c e  i n  background f i r i n g  +rate p l o t t e d  

+* 
a g a i n s t  t h e  d i f f e r e n c e  i n  s t a t i c  s e n s i t i v i t y  v a l u e s  between - 
the u n i t  p a i r s  is  shown i n  f i g u r e  14. T h i s  p l o t  h a s  a  v e r y  -- - - 

# - - 

- -- s i m i l ' a r  t r e n d  t o  f i g u r e  1 0  ( a l t h o u g h  w i t h  more s c a t t e r )  
4 

, s ' u g g e s t i n g  t h a t  t h e  s t e a d y - s t a t e  b e h a v i o u r  o f  t h e  u n i t  was ' 
- - 
1 - - 

1 

* -- ' 2- 

*, 
I I .C 

not z e l a t e d  t o  i t s  r e c r u i t m e n t  t h r e s h o l d ,  b u t  r a t h e r  t o  i t s  
1 _ _- -- - - 
background  e x c _ ~ t i x L i ~ - h v e l .  T h i s  i s  s u p p o r t e d  by  f i g u r e  15 

which d i s p l a y s  t h e  v e r y  p o o r  r e l a t i o n s h i p  be tween  d i f f e r e n c e  - - - - -- 

i n  r e c r u i t m e n t  t h r e s h o l d  a n d  d i f f e r e n c e  i n  s t a t i c  

s e n s i t i v i t y .  

o f  r ise s f  f o r c e  t o  p r o v i d e  s u f f i c i e n t  i n f o r m a t i o n  on s u r f a c e  

EMG a c t i v i t y .  T h e r e f o r e ,  i n  o r d e r  t o  i n v e s t i g a t e  s u r f a c e  EMG 



- 

a c t l i v t t y  d u r i n g  a number o f  d i f f e r e n t  c o n d i t i o n s ,  t h e s e  
- -  - - - -  - -  

- -- 

exper iments  were completed separa t< ly  i n  two d i f f e r e n t  f o r c e  

r a n g e s .  Due t o  l i m i t a t i o n s  o f  t h e  e x p e r i m e n t a l  a r rsngement ,  

&ximum v o l u n t a r y  c o n t r a c t i o n s  c o u l d  o n l y  b e  o b t a i n e d  from 
- 

t h r e e  s u b j e c t s  who g e n e r a t e d  r e l a t i v e l y  s m a l l  maximum 

v o l u n t a r y  c o n t r a c t i o n s .  From t h e i r  maximum v o l u n t a r y  

c o n t r a c t i o n  v a l u e s ,  one f o r c e  range ,was  a p p r o x i m a t e l y  15% o f  

MVC and t h e  o t h e r  forc 'e  r ange  was approx imate ly  30% of  MVC. 

Dynamic Phase - Low Force Range: The f i r s t  se t  o f  
-- - - -  - 

- 

r e s u l t s  w a r e  o b t a i n e d  wlren s u b j e c t s  p r o d u c e d  ' f o r c e  

t r a j e c t o r i e s  t o  a p p r o x i m a t e l y  15% o f  MVC. The r e l a t i o n s h i p  - 

between t h e  dynamic phase  o f  t h e  s u r f a c e  EMG a c t i b i t y  a n d  t h e  
- 

r a t e  of  r i se  o f  i s o m e t r i c  f o r c e  w a s  i n v e s t i g a t e d  by hav ing  
- 

A s u b j e c t s  c o m p l e t e  f o r c e  t r a j e c t o r i e s  a t  t h r e e  d i f f e r e n t  - 
- 

speeds  +of c o n t r a c t i o n .  T y p i c a l  a v e r a g e  response  ---- hist09w-s-&--- 
-2- ---ye 

- _-- ------- 
I__ ~ ~ - S T E T ~ ~ ~  EMG and f o r c e  f o r  a l l  f o u r  t r g j e c t o r i e s  a r e  

shown icy f i g u r e  16. It  i s  e v i d e n t  from t h i s ,  f i g u r e  t h a t  t h e  

dynamic p h a s e  o f .  t h e  EMG a c t i v i t y  w a s  g r e a t e s t  d u r i n g  t h e  
- 

- f a s t e s t  r a t e  o f  r i se  o f  f o r c e  (p1 .05)  and  w a s  l e a s t  a t  t h e  
-- - 

i 

s l d w e s t  r a t e  o f  r i se  o f  force. me a b s o l u t e  dynamic i n d e x  
- 

-- - 

u s e d  to q u a n t i f y  t h e  avekage  r e s p o n s e  h i e o g r a m  acti-Vkty---- -L-u 

- 

The r a t e s  o f  r i s e  o f  f o r c e  g e n e r a t e d  d u r i n g  t h e s e  

t r a j e c t o r i e s  w e r e  f a s t e s t  f o r  t h e  F (0-2) c o n d i t i o n  (pS. 002) 
- -- 

and approximate ly  seven t i m e s  s lower  i n  t h e  S ( O - 2 )  c o n d i t i o n .  
- - -  - -- 

- - - - 
- 
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Figure 1 6  Typical average response histograms f o r  A) F (0-1) 
B) F(0-2) C)  F (1 -21  D) StO-2) t r a j e c t o r i e s - .  The f ~ r c e  
outputs  were approximately 15% of MVC. Isometr ic  torque i s  
d i sp layed  on t o p  a n d  s u r f a c e  EMG on t h e  bottom for-  
condi t ion .  Number of sweeps = 30. 

- 
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each 
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F i g u r e  17 Mean, and standard e26r of A) a b s d l ~ e  dynarnlc, * s e  

i e E x  B) speed of contraction of t r a j e&twy and C )  . 
norma,lized f ndex .for fouy ,dTf fexeat _ isometfIc force 

t o  approximately 15% of MVC. Number of , 
of expefiments, -i n,  = ZII e 2 f 



. - 
Consequen t ly ,  when t h e  a b s o l u t e  dynamic i n d e x  w a s  n o r m a l i z e d  

> . 
t o  t h e  s p e e d  o f  c o n t r a c t i o n  ( F i g .  17B) t h e r e  w a s  no  

s i g n i f i c a n t  d i f f e r e n c e  be tween  t h e  n o r m a l i z e d  dynamic i n d e x  
w 

v a l u e s  c W g t e d  f o r  a n y  o f  t h e  c o n d i t i o n s  ( f i g u r e  
-- 

- 

- - *:r &=+, 17C) (pS .90 )  . T h i s  s u g g e s t e d  t h a t  t h e  dynqmic p h a s e  o f  t h e a  - 

EMG w a s  l i n e a r l y  r e l a t e d  t o  t h e  speed of  c o n t r a c t ' i o n  a t -  low 

f o r c e  o u t p u t s .  \\ 
\ 

W i t h i n  t h i s  f o r c e  r a n g e  t h e  i n f l u e n c e  o f  b a c k g r o u n  
I 

m o t o n e u r o n a l  a c t i v i t y  o n  t h e  dynamic  p h a s e  ' of t h h  E M G ~  . 
u 

a c t i v i t y  w a s  i n v e s t i - g a t e d  by  c o n t r o l l i n g  t h e  backg.20und f o r c e  - 
. l e v e l .  The a b s o l u t e  dynamic i n d e x -  v a l u e s  be tween  F (0-1) and  

t F (1-2)  i p s .  90)  d i d  n o t  d i f f e r  s i g n i f i c a n t l y ,  n o r  d i d  t h e  

n o r m a l i z e d  dynamic  i n d i c e s  ( p s .  90)  ( f i g u r e s  1 7 A  a'nd 17C) . 

These  r e s u l t s ' y p u l d  c o n f i r m  t h a t  s p e e d  o f  c o n t r a c t i o n  i s  t h e  

s o n l y  . p a r a i n e t e r  related t o  t h e  dypamic p h a s e  *of t h e  s u r f a c a  . . 
 EM^ a c t i v i t y .  

Higher Force Range - The r e l a t i o n s h i p  b.ectween s p e e d  of 
I 

c o n t r a c t  i o n  a n d  dynamic EMG a c t i v i t y  w a s  a l s o  i n v e s t i g a t e d  a t  

l a r g e r  f o r c e  o u t p u t s .  F o r  t h e s e  e x p e r i m e n t s  it w a s  assumed 

' t h a t  t h e  dynamic b e h a v i o u r  o b s e r v e d  d u r i n g  t ,he  - s l o w -  c o n d i t i o n  

. was n o t  u n i q u e  t o  s m a ' i l  f o r c e  o u t p u t s  and ,  k h e r e f o r e ,  would - s . - . 
a l s o  be o b s e r v e d  a t  l a r g e r  f o r c e  o u t p u t s .  T h e r e f o r e ,  t h i s *  

< - 

c a n d i t i o n  w a s  o m i t t e d .  23 , 
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Figure 18 Typical average Fesponse his tograms f o r  A) F ( 6 - I )  
B) F (0-2) C )  ' F ( 1-2) t r a j e c t o r i e s .  The f o r c e  o a t p u t s  were 
approximately 30% of MVC. I some t r i c  t o r q u e  i s  d i s p l a y e d  on 
t o p  and s u r f a c e  E K  o n  t h e  bottom for each c o n d i t i o n .  Number 

, of sweeps- = 2 0 .  



C o n d i t i o n  

Figure 19 Mean and standard error of A) absolute dynamic, 
index B) speed of contraction and C) normalized d y n a ~ i c  

i 
,' 1 

index for chree different isometric Sorce trajectories 
completed ,to approximately 30% of W e .  Number of subjects, 
n,=10, number of experiments,. n, = 11. 

B 



-- 
T y p i c a l  ave-rage - r e s p o n s e  h i s t o g r a m s  c o n s t r u c t e d  f w  t h e  

- - -- - 
F (0-1)  , F  (0-2) a n d  F (1-2) c o n d i t i o n s  - are shown i n  f i g u r e  1 8 .  

AS w a s  c o n f i r m e d  by  t h e  a b s o l u t e  dynamic i n d e x  v a l 6 e s  ( f i g u r e  - - 
19AI , t h i s  f i g u r e  i n d i c a t e s  t h a t  t h e r e  w a s - n o - m a r k e d  

d i f f e r e n c e  in t h e  dynamic  EMG a c t i v i t y '  b e t w e e n  t h e  t h r e e  ' 

c o n d i t i o n s  ( ~ 5 . 9 0 ) ;  however, t h e  s p e e d s  o f  c o n t r a c t i o n s  were 

n e a r l y  t k o  t i m e s  f a s t e r  d u r i n g  t h e  F  (0-2) t r a j e c t o r y  (p1 .01 )  

t h a n  e i t h e r  t h e  F  (0-1)  o r  F  (1-2)  c o n d i t i o n s  ( f i g u r e  q19B) . 
T h e r e f o r e ,  when t h e  a b s o l u t e  dynamic i n d e x  w a s  n o r m a l i z e d  t o  

t h e  s p e e d  df  c o n t r a c t i o n ,  t h e  r e - l a t i v e  i n c r e m e n t  i n  t h e  

dynamic  i n d e x  v a l u e  was m a r k e d l y  less d u r i n g .  t h e  F ( 0 - 2 )  

( p 1 . 0 4 )  t h a n  d u r i n g  t h e  o t h e r  t w o  c o n d i t i o n s  ( F i g .  1 9 ~ ) .  The 

F  (0-1)  a n d  F  (1-2)  c o n d i t i o n s  d i d  n o t  s i g n i f i c a n t l y  d i f f e r  

from one  a n o t h e r  ( p 1 . 9 0 ) .  From' t h e s e  r e s u l t s  t h e r e  a p p e a r s  t o  

be a n o n - l i n e a r  r e l a t i o n s h i p  be tween  t h e  r a t e  o f  r i s e  o f  " 

i s o m e t r i c  f o r c e  a n d  t h e  dynamic EMG a c t i v i t y  d u r i n g  f a s t e r  

ra tes  o f  r i se  o f  f o r c e  g e n e r a t e d  i n  t h i s  f o r c e  range.-i The 

n o n - s i g n i f i c a n t  d i f f e r e n c e  be tween  t h e  dynamic i n d e x  v a l u e s  

o f  t h e  F ( 0 - 1 )  a n d  F ( 1 - 2 )  c o n d i t i o n s  would  s u g g e s t ,  t h a t  

w i t h i n  t h i s  , f o r c e  r a n g e ,  t h e  background  e x c i t a t i o n  l e v e l  o f  

t h e  motor  u n i t  p o p u l a t i o n  d i d  n o t  i n f l u e n c e  t h e  dynamic p h a s e  

o f  t h e  s u r f a c e  EMG a c t i v i t y  when t h e  same ra te  o f  rise an$''.- 

m a g n i t u d e  o f  f o r c e  w e r e  c o m p l e t e d .  However, s i n c e &  t h e s e  

t r a j e c t o r i e s  w e r e  n o t  comple t ed  a t  t h e  same t i m e  as  t h o s e  i n c  
< 

t h e  f i f t e e n  p e r c e n t  o f  MVC f o r c e  r a n g e  t h e  two se t s  o f  
* 

r e s u l t s  c a n  n o t  b e  compared. 



Changes i n  t h e  d u r a t i o n  o f  ,the dynamic 'phase  o f  t h e  EMG 
2 

- 

a c t i v i t y  between t h e  F ('0-2) and F  (0-1)  c o n d i t i o n s  completed 

- 
t o  30% of W C ,  w e r e  a . lso examined t o  de te rmine  i f  d u r a t i o n  of 

t h e  dynamic p h a s e  d u r i n g  t h e  F (0 -2 )  d h p d i t i o n  i n c r e a s e d  t o  

compensate f o r  the s a t u r a t i o n  o b s e r v a b l e  Sn t h e  ampl i tude  of  

t h e  dynamic p h a s e .  T h i s  was a c h i e v e d  by c a l c u l a t i n g  t h e  

, . r a t i o  o f  t h e  a b s o l u t e  ampl i tude  of  t h e  dynamic phase  between - - 
' t h e  F  (0-2)  and  t h e  F (0-1)  c o n d i t i o n  a g a i n s t  t h e  r a t i o  of t h e  

' a r e a  ok the_dynamj/b phase  between t h e  same two c o n d i t i o n s .  

S i n c e  t h e  dynamic index  d i d  n o t  s i g ~ i f i c a n t l y  d i f f e r  
t 

between completed i n  t h i s  f o r c e  range ,  
2 

- 

B 

-, t h e  r a t i o  was p p r o x i m a t e l y  1. ' T h e r e f o r e ,  a  r a t i o  v a l u e  
- ,  

' P . . ' g rea te r  t h a n  d t h e  v a l u e s  of  t h e  i n t e g r a t e d  dynamic-  
I J phase  wou1d;i;- g g e s t  t h a t  $he a r e a  of  t h e  dynamic phase  was 

1 

l a r g e r  d u r i n q  t h e  F  (0 -2)  , t r a j e c t o r y ,  p o s s i b l y  due t o  i t s  
f i  

g r e a t e r  d u r a t i o n .  F i g u r e  20 does  n o t  d e m o n s t r a t e  any c l e a r  

r e l a t i o n s h i p  between t h e  r a t i o  of  t h e  EMG a m p l i t u d e s  and t h e  

r a t i o  o f  t h e  a r e a s  o f  t h e  dynamic phase  between t h e  F ( 0 - 2 )  

and F ( 0 - 1 )  t r a j e c t o r i e s .  I f  d u r a t i o n  of  t h e  dynamic p h a s e ,  
+ 

was n o t  g r e a t 5 r  d u r i n g  t h e  F ( 0 - 2 )  t h a n  t h e  ~ ( 0 ~ 1 )  c o n d i t i o n ,  1 

t h e  r e l a t i o n s h i p  i n  f i g u r e  20  would y i e l d  a  r e g r e s s i o n  w i t h  a  
. . 

s l o p e  a p p r o a c h i n g  1. I n  compar ing  t h e  a b s o l u t e . - ~ a l u e s  
C -.z - r +  _ 

a -  

" between t h e  two t r a j e c t o r i e s ,  however, it was- & s e r v e d  t h a t  
. +. F 

f o r  f i v e  o f  n i n e  s u b j e c t s , ,  t h e  dynamic phase  o f  t h e  s u r f a c e  
B -L 
EMG a c t i v i t y  w a s f l e a t e r  d u r i n g  t h e  F (0 -2 )  ' cond i t ion .  
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Figure 20 The r a t i o  o f  t h e  a b s o l u t e  dynamic index ,  
r e p r e s e n t i n g  t h e  ampli tude of t h e  EMG dynamic phase ,  of t h e  
F  (0 -2)  t o  FIB-1) cond i t i ons  p l o t t e d  a g a i n s t  t h e  r a t i o  of t h e  
a r e a  of  t h e  EMG dynamic phase  o f  t h e  F ( 0 - 2 )  t o  F ( 0 - 1 )  
c o n d i t i o n s .  T h i s  was done f o r  t h e  f o r c e  t r a j e c t o r i e s  t aken  
t o  30% of MVC. Number of experiments, n,=10. 



Condi t ion  

F (0-1) F (0-2) F (1-2) 

Condi t ion  

a n d  s t a n d a r d  e r r o r  f o r  A) s t a t i c  s e n s i t i v i t v  Figure 21  Mean 
i n d e x  f r o m  s u r f a c e  EEG a c t i v j t y  r e c o r d e d  d u r i n g  fou; 
d i f f e r e n t  isometric f o r c e  t r a j e c t o r i e s  c o m p l e t e d  t o  15% of  
MVC. ~umbzr o f  s u b j e c t s ,  ns=9, number o f  e x p e r i m e n t s ,  n e = l l .  
B) s t a t i c  s e n s i t i v i t y  i n d e x   fro^ s u r f a c e  EMG a c t i v i t y  

. r e c o r d e d  d u r i n g  t h r e e  d i f f e r e n t  i s o m e t r i c  f o r c e  t r a j e c t o r i e s  
comple t ed  t o  30% o f  MVC. Number o f  s u b j e c t s ,  ns=lO, 'number-of  
e x p e r i m e n t s ,  n e = l l .  - 



Steady-state Phase:. The s t e a d y - s t a t e  p h a s e  d f  t h e  s u r i a c e  

EMG a c t i v i t y  w a s  a l s o  i n v e s t i g a t e d  f o r  t r a j e c t o r i e s  comple ted  

t o  s m a l l .  a n d  l a r g e  f o r c e  magn i tudes  a n d  w a s  q u a n t i f i e d  w i t h  

t h e  s t a t i c  s e n s i t i v i t y  i n d e x .  

The s t a t i c  s e n s i t i v i t y  i n d e x  igdicates t h e  i n c r e m e n t  i n  
*'- 

s t a t i c  EMG p e r  desired i n c r e m e n t  i n  force .  No s i g n i f i c a n t  

d i f f e r e n c e  i n  t h e  s t a t i c  s e n s i t i v i t y  i n d e x  w a s  o b s e r v e d  
. * .  . 

between any  o f  t h e  t r a j e c t o r y  c o n d i t i o n s  a t  e i t h e r  l o w  (pS.90) 

o r  h i g h  f o r c e  o u t p u t s  (pS .04 )  ( f i g u r e s  21A a n d  2 1 B )  .   his 

s < r o n g l y  s u g g e s t s  t ha t  stataic EMG a c t i v i t y  i s  related o n l y  t o  

t h e  magn i tude  o f  t h e  f o r c e '  o u t p u t  a n d  i s  n o t  i n f l u . e n c e d  by  

t h e  ra te  o f  r i se  o f  f g r c e  which p r e c e d e s  t h e  a t t a i n e d  f o r c e  

l e v e l ,  n o r  i s  it i n f l u e n c e d  by  t h e  background a c t i v i t y  l e v e l .  C 

. C o n s t r a i n t s  on Maximum Rate of R i s e  of Force 

Freund a n d  Budigen (1979)  showed t h a t  when a s u b j e c t  was 
a _ -- 

i n s t r u c t e d  t o  c o n t r a c t  "as f a s t  as  p o s s i b l e " ,  maximum s p e e d  

o f  c o n t r a c t i o n  w a s  c o n s t r a i n e d  b y  t h e  m a g n i t u d e  o f  . t h e  
I 

i s o m e t r i c  f o r c e  t r a j e c t o r y .  T h i s  w a s  c o n f i r m e d  i n  t h i s  

s t u d y ;  however,  v i s u a l  c u e s  c a p  a l s o  c o n s t r a i n  t h e  maximum 

s p e e d  o f  c o n t r a c t i o n  ( F i t t s ,  1 9 5 4 )  . T h e r e f o r e ,  - n i n e ,  s u b j e c t s  

were i n s t r u c t e d  t o  p roduce  t h e  same f o r c e  t r a j e c t o r y  "as f a s t  

a s  p o s s i b l e "  d u r i n g  t h r e e  c o n d i t i o n s  i n  which .  t h e  t i m e  s c a l e  
/ 

- a n  t h e  o s c i l l o s c o p e  was , u sed  t o  a l t e r  t h e  v i s u a l  f e e d b a c k .  

The r e s u l t s  showed t h a t  when 

s e c / d i v )  t h e  s u b j e c t  w a s '  a b l e  
- A 

t h e  t i m e b a s e  was v e r y  f a s t  ( 0 . 1  

t o  p roduce  s i g n i f i c a n t l y  faster  

73 

-d 



V '  I I I - -. 
-d 

Q) 
a 0 . 5  0 .2  . 0 . 1  
a S w e e p  Speed 
(A (seconds/diviskon) 

Figure 22 Mean a n d  s t a n d a r d  e r r o r  o f  maximum s p e e d  o f  
c o n t r a c t i o n  f o r  the F ( 0 - 2 )  t r a j e c t o r y  t r a c e d  " a s  f a s t  a s  
p o s s i b l e "  d u r i n g  t h r e e  d i f f e r e n t  s e t t i n g s  o f  t h e  o s c i l l o s c o p e  
timebase: 0 . 5  s e c / d i v f  0 . 2  s e c / d i v  a n d  0 . 1  s e c / d i v .  Number o f  

, s u b j e c t  s f  n,=5, number o f  expe r imen t s ,  n,=7. 



maximum speeds  o f  c o n t r a c t i o n  (pS.002) t h a n  when he  completed 

t h e  e x a c t  same t r a j e c t o r y  w i t h  t h e  t i m e b a s e  se t  a t  0 . 5  

s e c / d i v  ( f i g u r e  22) . 



DISCUSSION - \ 

The r e s u l t s  o f  t h i s  s t u d y  i n d i c a t e d  t h a t  t h e  dynamics o f  

l o w  t h r e s h o l d  m o t o n e u r o n  f i r i n g  p a t t e r n s  were n o t  o n l y  

s e n s i t i v e ~ t o  c h a n g e s  i n  t r a j e c t o r y  p a r a m e t e r s ,  b u t  w e r e  a l s o  

i n f l u e f i c e d  by  c h a n g e s  i n  t h e  m o t o n e u r o n ' s  b a c k g r o u n d  

e x c i t a t i o n  leve l .  S u r f a c e  EMG a c t i v i t y  w a s  a l so  re la ted t o  
f + 

t r a - j e c t o r y  p a r a m e t e r s  a l t h o u g h  d i f f e r e n t  l e v e l s  o f  background 

* e x c i t a t - i o n  l e v e l  o f  t he  motog u n i t  p o p p l a t i o n  d i d  n o t  a f f e c t  

t h e  . & e l a t i v e  '9ynEUni.c o r  s t a t i c  EMG b e h a v i o u r .  Fu r the rmore ,  
A% &-- . -  
u n l ' k e  s j r i g l e  mo to r  u n i t  a c t i v i t y ,  a t  low f o r c e  o u t p u t s ,  EMG h .  

I- f - t 

a ' c t i v i ' t y - w a s  l ,&nea r ly ,  r e l a t e d  t o  cornPorents  o f  the-  f o r c e  

outp,ut',< a l t h o u g h  s a t u r a t i o n  n o n - l i n e a r i t y  w a s  o b s e r v a b l e  
i 

duringim dynamic  p h a s e  a t  f a s t e r  ra tes  o f  r i se  o f  f o r c e  
, 

w i t h i n .  t h e  t h i r t y  p e r c e n t  o f  MVC f o r c e  r a n g e .  The f o l l o w i n g  

d i s c u s s i o n  w i l l  c o n c e r n  t h e  p o s s i b l e  mechanisms c o n t r i b u t i n g '  

to, a n d  t h e  f u n c t i o n a l  i l n p l i c a t i o n s  o f ,  t h e  o b s e r v e d  dynamic 
" I .  

a n d  s t e a d y - s t a t e  p h a s e s  of t h e  s i n g l e  mo to r  u n i t  a n d  s u r f a c e  I 
EMG a c t i v i t i e s .  The r e s u l t s  w i l l  t h e n  b e  a d d r e s s e d  i n  t e r m s  

o f  s p e c u l a t e d  c e n t r a l  i n p u t  p a t t e r n s  t o  t h e  motoneuron p o o l  

o r  t h e  s y n e r g i s t i c  motoneuron p o o l s .  

Single Motor Unit Discharge Behaviour 

~ h f s  w o ~ k  h a s  shown t h a t  low t h r e s h o l d  s i n g l e  motor  

u n i t s  a r e  . c a p a b l e  o f  a  r a n g e  o f  f i r i n g  p a t t e r n  d u r i n g  - 

c o n t r o l l e d  ramp- and-hold  f o r c e  t r a j e c t o r i e s .  The motoneuron 

f i r i n g  p a t t e r n s  o b s e r v e d  d u r i n g  t h e s e  t rajectories  i n c l u d e d  a 
B 



dynamic and  s t e a d y - s t a t e  phase,  each  o f  which was i n f l u e n c e &  
0 

by d i f f e r e n t  f a c t o r s  i n  a  non- l ineaf  manner. 

Dynamic Phase: The a b s o l u t e  dynamic p h a s e  o f  t h e  s i n g l e  

motor u n i t  p a t t e r n  was shown t o  i n c r e a s e  d u r i n g  f a s t e ;  rates 

of  rise o f  i s o m e t r i c  f o r c e .  T h i s  a c t i v i t y  w a s  q u a n t i f i e d  by 

t h e  d i f f e r e n c e  between t h e  maximal i n s t a n t a n e o u s  f i r i n g  r a t e  

and t h e  mean s t a t i c  f i r i n g '  r a t e .  T h e r e f o r e ,  ,changes i n  the 

a b s o l u t e  dynamic index would ref lect  changes i n  e i t h e r  one o r  

b o t h  of  t h e s e  v a l u e s .  Mean s t a t i c  f i r i n g  r a t e  w a s  shown t o  

be  unaffe 'c ted  by speed  of  c o n t r a c t i o n  ( f i g u r e  8)  ; t h e r e f o r e ,  

a n  i n c r e a s e  i n  t h e  a b s o l u t e  dynamic i n d e x  v a l u e  would a 

i n d i c a t e  an  i n c r e a s e  i n  maximum i n s t a n t a n e o u s  f i r i n g  r a t e . '  

Motor u n i t s  w e r e  r e c o r d e d  o v e r  t h r e e  d i f f e r e n t  s p e e d s  

c o n t r a c t i o n :  t w o  f a s t  c o n d i t i o n s  , one, of  which was t w i c e  

f a s t  a s  t h e  o t h e r  and a  s low c o n d i t i o n .  The. d i f f e r e n c e  
. - 

a b s o l u t e  dynamic index  v a l u e s  between t h e  F(0-2)  and  t h e  

F (0-1) t r a j e c t o r i e s ,  was n o t  a s  marked a$  t h e  d i f f e r e n c e  

t h i s  index  between t h e  F(0-1)  and the S(0-1) c o n d i t i o n s . ,  The 

t r e n d s  o f  t h e s e  r e s u l t s  map s u g g e s t  t h a t  o n l y  r . e l a t i v e l y  

s m a l l  i n c r e a s e s  i b t h e  maximum i n s t a n t a n e o u s  f i r i n g  r a t e  a r e  
< - 

n e c e s s a r y  t o  produce  l a r g e  changes i n  t h e  r a t e  o f  rise o f  t h e  

f o r c e  o u t p u t .  I f  t h i s  was t h e  c a s e ,  it c o u l d  e x p l a i n <  why . 

o n l y  c l e a r  d i f f e r e n c e s  i n  ' t h e  a b s o l u t e  dynam2c i n d e x .  w e r e  

s e e n  w h e n - t h e r e  was a  s i x - f o l d  d i f f e r e n c e  i n  s p e e d  o f  

c o n t r a c t i o n  s u c h  a s  between F  (0-1) a n d  S  (0-1) . A two-fold  

d i f f e r e n c e  i n  t h e  speed of  c o n t r a c t i o n  betwee;; t h e  F(0-1)  and ' 



F ( 0 - 2 )  t ra jec tor ies  may a o t  have been l a r g e  enough t o  d e t e c t  

s i g n i f i c a n t  d i f f e r e n c e s .  Desmedt and  Godaux (1977) and  O i s h i  

e t  a l .  (1988)  showed a l a r g e  i n c r e a s e  i n  t - L b i a l i s  a n t e r i o r  
\ - - 

and a d d u c t o r  p o l l i c u 3  motor u n i t  i n i t i a l  i n s t a n t a n e o u s  f i r i n g  

r a t e s ,  r e s p e c t i v e l y ,  @er a  r ange  o f  s low t o  v e r y  f a s t  r a t e s  

o f  r i s e  o f  f o r c e  such  t h a t  between any  two s u c c e s s i v e  f o r c e  

t r a j e c t o r i e s  a n  i n c r e m e n t  i n  f i r i n g  r a t e  b e t w e e n  

a p p r o x i m a t e l y  5 t o  1 5  p p s  w a s  o b s e r v e d .  T h e s e  l a r g e r  

i n c r e m e n t s  i n  i n s t a n t a n e o u s  f i r i n g  r a t e  as  compared t o  t h o s e  

s e e n  i n  t h i s  s t u d y  maybe a t t r i b u t a b l e  t o  t h e  f a s t e r  r a t e s  of  

r i se  o f  f o r c e .  comple ted  b y  t h e i r  s u b j e c t s  a n d / o r  t h e  motor .- 

u n i t  p o p u l a t i o n  s t u d i e d .  

~ - - ~  

P o s s i b l e  C o n t r o l s  over Dynamic P h a s e : T h e  c h a n g e s  i n  

i n s t a n t a n e o u s  f i r i n g  r a t e s  c a n  b e  a f f e c t e d  b y '  r a t e  o f  

s y n a p t i c  i n p u t ,  a c c o b m o d a t i o n ,  a f t e r - h y p e r p o l a r i z a t i o n ,  

Renshaw c e l l  i n h i b i t i o n  as  w e l l  a s  o t h e r  f a c t o r s .  I n  human 

work t h e  c o n t r i b u t i o n  o f  t h e s e  v a r i o u s  f a c t o r s  cafi o n l y '  he 

s p e c u l a t e d .  

Accommodation ( B r a d l e y  a n d  Somjen, 1961.; Burke  a n d  , 

Nelson,  1969) may have  i n f l u e n c e d  t h e  dynamic p h a s e  o f  t h e  - f i r i n g  p a t t e r n  d u r i n g - t h e  s low f o r c e  t r a j e c t o r y .  I n  c a t ,  

accommodation hss>een shown t o  have t h e  g r e a t e s t  i n f l u e n c e  -- 
-- -- -- 

- - - -  

- -- 
0; F t y p e  m o t o r  u n i t s  (Burke  a n d  d l s o n ,  1 9 7 1 ) .  

1 

=. The 

p o p u l a t i o n  i n v e s t i g a t e d  i n  t h i s  s t u d y  , w e r e  low t h r e s h o l d  - .  

u n i t s  presumably  i n n e r y a t e d  by  small motoneurons;  t h e r e f o r e ,  
' .  

C 
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it i s  p i s s i b l e  t h a t  accopmodation may n o t  h a J e  had a 
-\ f 

e f f e c t  on t h e  dynamics o f  t h e  motoneuron f i r i n g  p a t t e r n .  -It *, 

, i s  a l s o  poss i l? le  tha t~accomrnoda t ion  may have a g r e a t e r  e f f e c t  , 
/ > % 

d u r i n g  ramp p h a s e s  much s l o w e r  t h a w t h o s e  
, 

i n v e s t i $ i t e d  i n  + 

t h i s  s t u d y  and  t h e r e f o r e ,  i t s  i n f l u e n c e  on t h e s e  mtor &its 
- * 

4- 

was no t  p a r t i a i l a r l y  e v i d e n t .  

A f t e r - h y p e r p o l a r i z a t i o n  (AHP) conduc tance  w a s  proposed 

by Kernel1  (1969) and B a l d i s s e r a  and G u s t a f s s o n  (1974a;b)  t o  
, , 

r e g u l a t e  r e p e t i t i v e  f i r i n g  b e h a v l o u r  . F o r  i n s t a n c e ,  t h e  

minimal rhythmic f i r i n g  r a t e  o f  a motoneuron was s u g g e s t e W ,  A 

t 
be t h e  i n v e r s e  o f  t h e  t i m e  c o u r s e  o f  a f t e r h y p e r p o l a r i z a t i o n  

, 
( K e r n e l l ,  1 9 6 5 ~ ) .  F u r t h e r ,  a d a p t a t i o n  i n  f i r i n g  r a t e  was 

~ - - - ~ - ~  ---- 

a t t r i b u t e d  t o  t h e  s u n h a t i o n  o f  a f t e r - h y p e r p o l a r i z a t i o n  

conduc tance  when s u c c e s s i v e  sp2kes  impinged on t h e  a f t e r -  

h y p e r p o l a r i z a t i o n  t i m e  c o u r s e  o f  t h e  p r e c e d i n g  s p i k e  

( B a l d i s s e r a  a n d  G u s t a f s s o n ,  1971 ;1974) .  These  p r o p o s a l s ,  

however, came from r e s u l t s  o b t a i n e d  w i t h  . c u r r e n t  i n j e c t i o n s  

i n t o  t h e  .motoneurons o f  anes the t i ' zed  o r  d e c e r e b r a t e d  c a t s :  

no% p a r t i c u l a r l y  i d e a l  p h y s i o l o g i c a l  models .  More r e c e n t l y ,  

c a t  and human i n v e s t i g a t o r s  (Busse l  and P i e r r o t - D e s e i l l i g n y ,  

1977; H u l t b o r n  e t  a l . ,  1979)  have  r e l e g a t e d  t h e  a f t e r -  
- 

h y p e r p o l a r i z a t i o n  conductance changes t o  - a  more minor r o l e  i n  

t h e  c o n t r o l  o f  motoneuronal  f i r i n g  and s h i f t e d  t h e  emphasis  

t o  s y n a p t i c  q o n t r o l s .  
b 



- 
... 
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, f li 

Imp ing ing  on  t h g  motoneuron a r e  many d i f f e r e n t  s o u r ~ e s ~ ~  
1 * 0 

5 % 

of  e x c i t a t o r y  a n d  i n h i b i t o r y  s y n a p t i c  i n p u t .  Renshaw cells, " , ,  

, k 

a r e  i n h i b i t o r y  i n t e r n e u r o n s  which are e x c i t e d  by  motoneuron 

c o l l a t e r a l s  a n d ,  f e e d B a c k  o n t o  _. mot0 ,neu rons .  The . c l o s e  
7 

.5 - 
p r o x i m i t y  o f  the t h e s e  i n t e r n e u r o n s  a n d  t h e i r  i mono synaptic 

r e c u r r e n t  i n h i b i t i o n  o n t o .  t h e  motoneuron son-@ ( B a l d i s s e r a  e t  
- - - 

a l . ,  1981)  would s u g g e s t  t h a t  t h e i r  r e s p 9 g s e  c o u l d  b e  f a s t  
9 a 

enough  t o  c o n t r o l  a l l  p h a s e s a o f  ' t h e  m o t o n e u r o n a l  f i r i n g  

p a t t e r n  (Eccles e t  a l . ,  1961)  . a Fur the rmore ,  work witl-i huma,i 

s u b j e c t s  h a s  d e l i n e a t e 0  a  d i f f e r e n c e "  i n  t h e  p o t e n c y  o f  

Renshaw c e l l  i n h i b i t i o n  d u r i n g  weak a n d  s t r o n g e r  f o r c e  * j  i 

o u t p u t s .  k u l t b o r n  an5d p i e r r o t - ~ e s e i ~ l i g n ~  (1979)  o b s e r v e d  . 
t h a t  r e c u r r e n t  i n h i b i t i o n  w a s  . ' g r e a t e s t *  d u r i n g  w e a k  % " 

a 

c o n t r a c t i o n s  o f  t h e  s o l e u s  m u s c l e .  ' T h e r e f o ~ e ,  s j n c e  t h e  - 0 

m a j o r i t y  o f  t h e  force  t r a j ec to r i e s  completed d u r i n g  t h e  . 
' # >  

s i n g l e  m o t o r  u n i t  r e c o r d i n g s  $ f o r  t h i s  t h e s i s  " w e r e  
". 

' tippro&ximate?y 5 ,  t o  1 0 %  o f  MVC, it i s  p o s s i b l e  t h a t  ~ens lhaw-  
I 

c e l l  a c t i v i t y '  c o u l d  have  b e e n  a f a c t o r  i n  c o n t r o l l ? n g  f i r i w  

ra te .  I n  a d d j t i o n  t o  ~ e n : h a w  c e l l  i n h i b i t i o n ,  I b  a f  f e r e n t s  

are a l s o 1  i n h i b i t o r y  t o  human mot.oneuxons ( P i e r r o t - D e s e i l l i , g n y  ' 
% 

e k  a l . ,  ,1979) ; however,  t h e  l a t e n c y  t i m e  f o r  t h i s  feedbQck 

on  c h a n g e s  i n  f o r c e  i s  e s t i m a t e d ' a t  1 7  msecs ( P i e r r o t -  
-- 

~ e s e i l l i g n y  e t  a l . ,  1979)  . T h i s  t i m e  c o u r s e  may b e  t o o  l o n g  
' , 

t o  e f f e c t  t h e  i n t e r s p i k e  i n t e r v a l s  b e t w e e n ,  p e r h a p s ,  t h e  

f i r s t  3 o r  4 s p i k e s .  The2 ~ o t e n t q a l  i n f l w n c e  o f  Ib a f f e r e n t s  
c. -- 

* - 

' w i l l  b e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  



' The i n i t i a l  e x c i t a t i o n  l e v e l  o f  t h e  motoneuron w a s  -also 

shown t o  i n f l u e n c e  t h e  dynamic p h a s e  o f  t h e  f i r i n g  p a t t e r n  i n  

a n o n - l i n e a r  manner .  Dynamic f i r i n g  rate  b e h a v i o u r  was n o t  

s i g n i f i c a n t l y  d i f f e r e n t  Y e g a r d l e s s  o f  w h e t h e r  t h e  u n i t  was 

r e c r u i t e d  d u r i n g  t h e  f o r c e  t r a j e c t o r y  o r  f i r e d  ak a  minimal  

r h y t h m i c  f i r i n g  r a t e  ' p r g c e d i n g  t h e  c o n t r a c t i o n .  However, a t  

b a c k g r o u n d  f i r i n g  r a tes  g r e a t e r  t h a n  t h e  u n i t ' s  min ima l  

d i s c h a r g e  r a t e  dynamic  i n d e x  v a l u e s  w e r e  much l e s s .  These 

= e s u l t s  may s u g g e s t  t h a t  t h e  P a c t o r ~ s p i n f  l u ~ n c i n g  t h e  dynamic 

f i r i n g  p a t t e r n  g e n e r a t e d  f rom a min ima l  background  f i r i n g  

r a te  v e r s u s  f r o m '  a " z e r o "  backg-round a c t i v i t y  were s i m i l a r .  

P o s s i b l y ,  t h e  i n f l u e n c e .  of AHP summation ( B a l d i s s e r a  a n d  

G u s t a f f s o n ,  1974a )  a n d  Ib musc le  a f f e r e > t  i n h i b i t i o n  (Grimby 

a n d  Hannerz ,  1 9 7 9 ) ,  g e n e r a \ t e d  d u r i n g  t h e  p e r i o d  o f  low t o n i c  
f 

b a c k g r o u n d  ' f i r i n g  r a t e ,  d o e s  n o t  h a v e  a  p a r t i c u l a s l y  

s i g n i f i c a n t  effect  on t h e  dynamic f i r i n g  p a t t e r n  a s  compared 

t o  when t h e  u n i t  b e g i n s  f rom res t .  T h i s  c o u l d  ' s u g g e s t  t h a t  
, , .. - 

r e c u r r e n t  i n h i b i t i o n  may h a v e  t h e  p r e d o m i n a n t  e f f e c t  when . c 

, 
b a c k g r o u n d  & e x c i t a t i o n  l e v e l  i s  low. However, t h e  f i l l e d  

c ircles  i n  f i g u r e  7 i n d i c a t e  t h a t  a t  h i g h e r ,  t o n i c  background 

f i r i n g  ra tes ,  compared t o  " z e r o "  backgrounud a c t i v i t y ,  t h e  

dynamic  . f i r i n g  b e h a v i o u r  decreased, p o s s i b l y  s u g g e s t i n g  a  

greate; i n f l u e n c e  o f  AHP a c c u m u l a t i o n  a n d  I b  musc le  a f f e r e n t  

i n h i b i t i o n .  T h i s  i s  s u p p o r t e d  by  t h e  c o n s i s t e n t l y  l ower  
m 

dynamic f i r i f i g  h h a v i o u r  o b s e r v e d  a f t e r  t h e  u n i t  began from a  

much h i g h e r  background  f i r i n g  r a t e .  T h e r e f o r e ,  t h e  f a c t o r s  

/'- a l r e a d y  c o n s i d e r e d  may have  a n  even  g r e a t e r  h y p e r p o l a r i z i n g  
8 

81 



e f f e c t  -on t h e  mQt,bneuron r e s u l t i n g  i n  l o w e r  maximum 
I 

ra tes .  F o r  i n g p a n c e ,  d y r i n g  t h e  h i g h  b a c k g r o u n d *  
J ,  

f i r i n g  

f i r i n g  

rates,  AHP c o n d j c t a n c e s  may sum t o  h y p e r p o l a r i z e  t h e  ce l l  
I :  -- 

b e f o r e  t h e  supe;f;imposed c o n t r a c t  ... i o n .  I n  a d d i t  ion, '  d u r i n g  t h e  

i n c r e a s 6 d  f o r c k  g e n e r a t e d  d u g i n g  t h e  h i g h e r  background f i r i n g  

r a t e s ,  I b  i n h i b i t o r y  f e e d b a c k  f r o m  t h e  homonymous a n d  _ -- - 

/ - 
s y n e r g i s t i c  m u s c l e t s f  may a l s o  be greater  ( P i e r r o t -  . 

*? ..* 

D e s ~ i l l i g n y  e t  a l . ,  1979; Grimby and Hannerz ,  1 9 7 9 )  . The 

i n h i b i t o r y  e f f e c t  o f  t h e s e  i n p u t s ,  as  a l r e a d y  a l l u d e d  t o ,  

c o u l d  r e s u l t  i n  l o n g e r  i n t e r s p i k e  i n t e r v a l s .  F u r t h e r ,  c a t  

e x p e r i m e n t s  ( H u l t b o r a  a n d  P i e r r o t - D e s e i l l i g n y ,  1 9 7 9 )  

d e m o n s t r a t e d  t h a t  t o n i c ,  d i s c h a r g e s  f rhm t h e ,  motoneuron  c a n  
*' 

f a c i l i t a t e  Renshay ce l ls  s u c h  c h a t  YQe . g a i n  0% t h e  r e c u r r e n t  
3 

i n h i b i t i o n  pathway i s  i n c r e a s e d .   heref fore, it i s  p o s s i b l e  
D '  

t h a t  when t h e  t r a j e c t o r y  w a s  p r e c e d e d  b y  h i g h  b a c k g r o u n d  

f i r i n g  rates,  Renshaw c e l l  i n h i b i d n  was g r e a t e r  t h a n  when 

t h e  u n i t  began from low f i r i n g  rates o r  "zero" .  

\ 
-- 

Functional Implications \of Dynamic Phase : The c 

f u n c t i o n a l  i m p l i c a t i o n s  o f  t h e  motonehron  '"s a d a p t i n g  f i r i n g  
4 

b e h a v i o u r  w a s  a d d r e s s e d  by n o r m a l i z i n g  t h e  a b s o l u t e  dynamic 

i n d e x  v a l u e  t o  t h e  r a t , e  o f  r i se  o f  isometric f o r c e .  The 

n o r m a l i z e d  dynamic i n d e x  i n d i c a t e d  t h a t  a l t h o u g h  t h e  a b s o l u t e  

i n s t a n t a n e o u s  f i r i n g  ra te  i n c r e a s e d  d u r i n g  f as te r  spe.eds of 
- -  

c o n t r a c t i o n  t h e  a c t u a l  f i r i n g  - rate i n c r e m e n t s  w e r e  less, T h i s  

same s a t u r a t i o n  n o n - l i n e a r i t y  c o u l d  a l s o  be s e e n  when - t h e  

i n s t a n t a n e o u s  f i r i n g  r a t e s  o f  human t i b i a l i s  a n t e r i o r  a n d  
7 

- 8 2  



_- a d d u c t o r  p o l l i c u s  mo to r  u n i t s  were n o r m a l i z e d  t o  s p e e d  o f  
- - 

c o n t r a c t i o n  ( D e s m e d t  a n d  Godaux, 1977; O i s h i  e t  a l . ,  1988)  . _ -- - 
- - 

, The i n s e r t i o n  o f  a  s h o r t - i n t e r s p i k e  i n t e r v a l  i n t o  a n .  

e x p e r i m e n t a l l y  generated s t i m u l a t i o n  t r a i n  h a s  been  shown i n  - 

cats (Burke et a l . ,  1976; S t e i n  and  P a r m i a g g i n i ,  1979; Z a j a c  

a n d  Young, 1980)  a n d  humans ( G u r f i n k e l  a n d  Lev ik ,  1972)  t o  

f . p r o d u c e  a f a s t ,  n o n - l i n e a r  i n c r e a s e  i n  force o u t p u t .  T h i s  

e f f ec t  i s  o p t i m a l  i n  cat  motor u n i t s  i f  t h e  i n t e r s p i k e  

i n t e r v a l  i s  a r o u n d  10 m i l l i s e c o n d s  (Burke e t  a l . ,  1976; Z a j a c  % 

a n d  Young, 1980)  a n d  a p p r o x i m a t e l y  20 m i l l i s e c o n d s  f o r  human ' 

musc le  ( G u r f i n k e l  a n d  ~ e v i k ;  1 9 7 2 ) .  Zajac a n d  Young (1'9.80) * 

d e m o n s t y t e d  t h a t  m o d u l a t i o n  o f  o n l y  t h e  f i r s t  i n t e r s p i k e  
' r '  

i n t e r v a l  w a s  n e c . e s s a r y  t o  p r o d u c e  maximal r a t e  o f  r ise o f  

f o r c e '  f rom S t y p e  cat  g a s t r o c n e m i u s  mo to r  u n i t s .  T h i s  was 
+J 

u n l i k e  t h e  F t y p e  moto r  u n i t s  which r e q u i r e d  a t  l eas t  t h e  

i n i t i a l  t w o  i n t e r v a l s  t o  be of p a r t i c u l a r  l e n g t h s  f o r  f a s t ,  

r a tes  o f  r ise o f  force. T h e r e f o r e ,  i f  t h e  same b e h a v i o u r  was 

a l s o  t r u e  f o r  human l o w  t h r e s h o l d  motor  u n i t s ,  s m a l l  changes  

i n  t h e  dynamic p h a s e  o f  t h e  motoneuron f i r i n g  p a t t e r n  ma? b e  

s u f f i c i e n t  t o  p r o d u c e  n o n - l i n e a r  i n c r e a s e s  i n  t h e  s p e e d . o f  

c o n t r a c t  i o n .  

Steady-state Phase: T h e - a a d y - s t a t e  f i r i n g  b e h a v i o u r  o f  

l o w  t h r e s h o l d  s i n g l e  m o t o r  u n i t s  showed s a t u r a t i o n  non- 
i 3  

l i n e a r i t y  d u r i n g  l a r g e r  f o r c e  o u t p u t s  or  when t h e  un i t .  began 

f rom h i g h  background e x c i t a t i o n  l e v e l s .  The r e 1 , a t i v e l y  lower 

i n c r e m e n t  i n  s t a t i c  f i r i n g  r a t e  d u r i n g  t h e  F (0 -2 )  c o n d i r i o n  



__ _. -- - 
___I -- 

P - ( O -  c o n d i t i o n  was n o t  due  t o  t h e  f a s t e r  speed  

o f  c o n t r a c t i o n  d u r i n g  t h e  F ( 0 - 2 )  t r a j e c t o r y .  T h i s  was 

conf i rmed  when s t a t i c  - s e n s i t i v i t y  v a l u e s  w e r e ,  less d u r i n g  a  

S ( 0 - 2 )  v e r s u s  a  S (0-1) c o n d i t i o n .  Bigland and Lippold  (1954b) 

obse rved  a s i m i l a r  t r e n d ,  buk over a  l a r g e r  r a n g e  o f  f o r c e  

', 
o u t p u t s .  They r e c o r d i d  a  ' v e r y  s m a l l  t o t a l  i n c r e a s e  

~ - 

(apPproximately 10  p p s )  i n  t h e  a b d u c t o r  d i g i t i  minimi motor . 
--- --- - - - -- 

u n i t  f i r i n g  r a t e  a c r o s s  s t e a d y - s t a t e  isometric f o r c e  o u t p u t s  

r a n g i n g  between 15 a n d  75% o f  MVC. T h e r e f o r e ,  i f  t h e y  had 

normalized.mean f i r i n g  r a t e  t o  t h e  cor respond ing  s t a t i c  f o r c e  

o u t p u t  t h e y  would have  o b s e r v e d  a  n o n - l i n e a t i t y  i n  t h e  
-- 

r e l a t i v e  s t a t i c  f i r i n g  behav iour .  

Minimum a n d  maximum f i r i n g  r a t e s  w e r e  n o t  d e t e r m i n e d  

dur1r-anp-&the t h i r t y - s e v e n  s i n g l e  motor  u n i t  exper iments ;  

however,' t w o  a d d i t i o n a l  e x p e r i m e n t s  w e r e  c o n d u c t e d  on two 
1 

s u b j e c t s  t o  o b t a i n  a rough gauge o f  the f i r i n g  rate range  of  
-. 1 

1 

low t h r e s h o l d  FCR motor  u n i t s .  F i v e  motor u n i t s  r e c o r d e d  

d u r i n g  s low i n c r e a s e s  i n  f o r c e  c o n s i S t e n t l y  f i r e d  from a  

minimum f i r i n g  r a t e  o f  8 p p s  t o  a  maximum o f  20 p p s .  T h i s  

f i r i n g  r a t e  r a n g e  d u r i n g '  s l o w  i n c r e a s e s  i n  f o r c e  i s  

comparable  ' t o  t h a t  s e e n ,  by ~ l i l n e r - ~ r o w n  e t  a 1  . (1973) from 

f i r s t  d o r s a l  i n t e r o s s e u s  low t h r e s h o l d  &its. These r e s u l t s  

may s u g g e s t  t h a t  s t a t i c  f i r i n g  r a t e s  appioaching n e a r  maximum 

would have been seen i f  s u b j e c t s  had produced g r e a t e r  t o r q u e  

o u t p u t s .  



Possible Controls over Steady-state ' Phase : T h e  t i m e  

be tween t h e  i n i t i a t i o n  of  t h e  c o n t r a c t i o n  a n d  t h e  s t e a d y -  

s t a t e  p h a s e  o f  t h e  t r a j e c t o r y  w a s  & p p r o x i m a t e l y  300 

m i l l i s e c o n d s  . d u r i n g  t h e  f a s t e s t  s p e e d s -  o f  c o n t r a c t i o n .  * .  
. . 

> '  There fo re ,  p e r i p h e r a l  'feedbqck, pe rhaps  conveyed by  I b  muscle 

a f f e r e n t s  ( ~ i e T r o t - ~ e s e i l l i g n y  e t  a l . ,  1 9 7 9 ) ,  c o u l d  
. I 

c o n t r i b u t e  i n  t h e  k o n t r o L  o f  %he  s t a t i c  fa i r ing  rate o f  t h e  

u n i t  (Grimby a n d  Hannerz,  1 9 7 9 ) .  The i n h i b i t o r y  i n f l u e n c e  o f  

t h e  I b  m u s c l e  a f f e ' r e n t s  c o u l d  b e g i n  a t  t h e  o n s e t  o f  

c o n t r a c t i o n  s u c h  t h a t  it could haye  a n  e v e n  g r e a t e r  e f f e c t  
I 

when t h e  u n i t  f i r e d  t o n i c a l l y  b e f o r e  t h e  super imposed  ramp- 

a n d - h o l d  t r a j e c t o r y ,  p o s s i b l y  r e s u l t i n g  . i n  t h e  s m a l l  

increment i n  s t a t i c  f i r i n g  ra te .  
. . 

Functional Implications of Steady-state Phase: The 

f u n c t i o n a l  s i g n i f i c a n c e  o f  t h e  s t e a d y - s t a t e  f i r i n g  behav iour  

o b s e r v e d  be tween  t h e  FfO-1) a n d  F ( 0 - 2 )  c o n d i t i o n s  maybe * - 

, l l u d e d  t o  i n  r a t e  - t e n s i o n  c u r v e s  c o n s t r u c t e d  f o r  an ima l  

. (Rack a n d  Westbury,  1969; Bot te rman e t  a1 ,1988)  a n d  human 
5 

musc les  ( B i g l a n d  and  L ippo ld ,  1954b; B e l l e m a r e  e t  a l . ,  1983) . 
B o t t e r m a n  e t  al. ( 1 9 8 8 )  s t i m u l a t e d  v e n t r a l  r o o t s '  - - a t  

7a 

d i f f e r e n t  r a tes  a n d  p l o t t e d  them ' a g a i n s t  p e r c e n t a g e  o f  

maximum i n t e g r a t e d  t e n s i o n  f o r  t y p e  F and t y p e  S c a t  f l e x o r  

c a r p i  r a d i a l i s  musc le  u n i t s .  Al though t h e  c u r v e s  f o r  t h e  

t y p e  S musc le  u n i t s  were s h i f t e d  t o  t h e  l e f t  compared t o  t h e  

F t y p e  musc le  u n i t s ,  t h e  r e l a t i o n s h i p  was s i g m o i d  f o r  a l l  

m u s c l e  u n i t  t y p e s .  Rack and Westbury  ( W 9 )  o b s e r v e d  a  



- 

similar shape  i n  the  rate - t e n s i o n  c u r v e  o b t a i n e d  from cat  

.- s o l e u s  muscle . .  I n  human a b d u c t o r  d i g i ' t i  minimi muscle  B ig land  

and  L ippo ld  (1954b) d e m o n s t r a t e d  a l i n e a r  i n c r e a s e  i n  f o r c e  
I 

o u t p u t  a t  s t i m u l a t i o n  rates be tween 8 a n d  30 p p s  w i t h  a 

p l a t e a u  a t  s t i m u l a t i o n  rates g r e a t e r  t h a n  4 5  p p s .  - A s i m i l a r  

r a t e - t e n s i o n  - p l o t  has a lqo b e e n  c o n s t r u c t e d  fo r  a d d u c t o r  

p o l l i c u s  . { B e l l e m a r e  e t  a l . ,  1983) . Both  a n i m a l  a n d  human 

r a t e - t e n s i o n  c u r v e s  d i s p l a y e d  a s t e e p ,  l i n e a r  p o r t i o n  
f 

i n d i c a t i n g  t h a t  smll i n c r e m e n t s  i n  s t i m u l a t i o n  r a t e  g e n e r a t e  
I 

l a r g e  i n c r e a s e s  i n  f o r c e  o u t p u t .  Fur the rmore ,  the  FCR t y p e  s ' 

* c a t  motor u n i t s  a p p e a r e d  t o  g e n e r a t e  even  greater i n c r e m e n t s  
- 

i n  f o r c e  p e r  increase i n  f i r i n g  rate t h a n  t y p e  F motor  u n i t s  a 

( ~ b t t e r m a n  e t  a l . ,  1988) . Bel l emare  e t  a l .  (1983) s p e c u l a t e d  

from t h e  ra te  - t e n s i o n  c u r v e  o f  t h e  a d d u c t o r  p o l l i c u s  and 

i t s  much h i g h e r  mean f i r i n g  rates as compared t o  t h e  s o l e u s ,  

t h a t  t h e  r a t e  - t e n s i o n  c u r v e  o f  t h e  s o l e u s ,  which  i s  , 

-- K 

composed o f  t y p e  S moto r  u n i t s ,  would b e  s h i f t e d  t o w a r d s  

l o w e r  s t i m u l a t i o n  rates a n d  would d i s p l a y  a much s t e e p e r  

- s l o p e .  T h e r e f o r e ,  o u r  r e s u l t s ,  o b t a i n e d .  f rom l o w  t h r e s h o l d  

human FCR motor. u n i t s  ' d u r i n g  t h e  F (0-1) a n d  F ( 0 - 2 )  

c o n d i t i o n s ,  may s u g g e s t  t h a t  d u r i n g  the  force i n c r e m e n t s  

g e n e r a t e d  by o u r  subjects, o n l y  s m a l l  i n c r e m e n t s  i n  s t e a d y -  

s ta te  f i r i n g  rate were r e q u i r e d  t o  a c h i e v e  k g e  i n c r e a s e s  i n  

f o r c e  o u t p u t .  fi 

  he same i f ic rement  i n  f o r c e  r e q u i r e d  smaller r e l a t i v e  

increments i n  f i r i n g  rate when t h e  u n i t  began  . f r o m  a t o n i c  



f i r i n g  rate p a r t i c u l a r l y  a h i g h  background f i r i n g  rate. Burke - - 

e t  a l .  ( 1 9 7 6 )  demonst;ated. :hat . t h e  same p a t t e r n  o f  

e x p e r i m e n t a l l y  ge&rated d e p o l a r i z i n g  phlses i n j e c t e d  i n t o  

cat g a s t r o c n e m i u s  motoneurons, y i e l d e d  g r e a t e r  f o r c e  o u t p u t s  
\ 

when a p p l i e d  after a series of  d e p o l a r i z i n g  s t i m u l i  t h a n  when 

a p p l i e d  t o  a motoneuron which bad been q u i e s c e n t .  When a 

motoneuron fires before a superimposed c o n t r a c t i o n  i t s  muscle 

u n i t  c o n t r a c t s  such  t h a t  the J ~ e r t i a l  effects of a c t i v a t i n g  
. , 

muscle  f i b e r s  a r e  overcome b e f o r e  g r e a t e r  f o r c e  o u t p u t s  a r e  

r e q u i r e d  .- I n  a d d i t i o n ,  ca lc ium r e l e a s e  w i l l -  have a l r e a d y  bqen 

i n i t i a t e d  (Burke  e t  a l . ,  1976;  Za jac a n d  Young, 1980)  . 
T h e r e f o r e ,  .small i n c r e a s e s  i n  f i r i n g  r a t e  from a n  a l r e a d y  

a c t i v e  state may be s u f f i c i e n t  t o  produce  desired i n c r e a s e s  

i n  f o r c e  o u t p u t  from the muscle u n i t ,  v e r s u s  when t h e  u n i t  

must beg in  from rest .  

Human versus Cat Studies:  B a l d i s s e r a  e t  a l .  ( 1 9 8 7 )  ', 
i n j e c t e d  ramp-and-hold p a t t e r n s  o f  c u r r e n t  i n p u t  i n t o  

a n e s t h e t i z e d  c a t  g a s t r o c n e m i u s  m o t o n e u r o n s  a n d  

i n t r a c e l l u l a r l y  r e c o r d e d  t h e  r e s u l t i n g  d i s c h a r g e  p a t t e r n s .  

C u r r e n t s  w e r e  a p p l i e d  t o  q u i e s c e n t  n e u r o n s  a n d  t h e  o u t p u t s  
w 

w e r e  q u a n t i f i e d  i n  t e r m s  o f  t h e  i n p u t .  T h i s  group found, t h a t  

under  t h e s e  c o n d i t i o n s ,  e a c h  of  t h e  dynamic and s t a t i c  phases  

could be described by a s i n g l e  v a l u e  t a k e n  a s  the slope o f  - 

t h e  l i n e a r  r e la t  ioriship between c u r r e n t  input and motoneuron 

o u t p u t .  



/ 

-- - - -  - 
-- 

I n  t h i s  human scudy w i t h n Z C r  c a y p i  r a d i a l i s  motor  -- 

cc'nits, ramp-and-hold p a t t e r n s  o f  i s o m e t r i c  c o n t r a c t i o n  . w e r e  

c o n t r o l l e d  and t h e  motoneuron f i r i n g  

T h e r e f o r e ,  u n l i k e  t h e  Baldissera e t  

t h e  i n p u t ,  i .e .  t h e  motoneuron 

q u a n t i f i e d  i n  t e r m s  o f  t h e  t o r q u e  

p a t t e r n s  w e r e  r e c o r d e d .  

a l .  (1987) exper iments ,  

f i r i n g  p a t t e r n s ,  .were 

o u k p u t s  . O u r  , r e s u l t s  

i n d i c a t e  t h a t  motoneuron f i r i n g  p a t t e r n s  change i n  a non- 

l i n e a r  manner w i t h  respect t o  b o t h  t h e  o u t p u t  p a r a m e t e r s  and  

t h e  u n i t ' s  e x c i t a t o r y  l e v e l  b e f o r e  t h e  s u p e r i m p o s e d  

c o n t r a c t i o n .  

The l i n e a r i t y  s e e n  i n  t h e  dynamic a n d  s t e a d y - s t a t e  
*,7+ 

compo&ents - o f  t h e  cat motoneuron f i r i n g  p a t t e r n  i n  r e l a t i o n  
A 

- t o  c u r r e n t  i n & t  p a r a m e t e r s  may reflect  t h e  p r e d o m i n a t e  

i n f l u e n c e  o f  a f t e r h y p e r p o l a r i z a t i o n  on  t h e  m o t o n e u r o n ' s  

r e p e t i t i v e  f i r i n g  p r o p e r t i e s .  , I n  t h e i r  e x p e r i m e n t s  

a f t e r h y p e r p o l a r i z a t i o n  would  p r o b a b l y  be t h e  p r i m a r y  

,, c o n t r o l l i n g  f a c t o r  a s  compared t o  Ib  m u s c l e  a f f e ~ e n t  o r  

Renshaw ce l l  i n h i b i t i o n  because  t h e s e  t w o  i n p u t s  are known t o  

be compromised d u r i n g  a n a e s t h e s i i e d  & p a r 6 t i o n s .  I n  

a d d i t i o n ,  o n l y  t h e  d c t i v i t y  o f  a  s i n g l e ,  f u n c t i o n a l l y  

i s o l a t e d ,  motor u n i t  w a s  i n v e s t i g a t e d  w h i c h  would l i m i t  t h e  

i n t e n s i t y  of  Ib muscle a f f e r e n t  i n p u t .  T h i s  i s  u n l i k e  t h e  
-. 

human model where t h e  .m,otor u n i t  a c t i v i t y  w a s  i n v e s t i g a t e d -  

w i t h  t h e  c u n t r o l f e d  o u t p u t  of n o t  o n l y  t h e  f l e x o r  carpi 

r a d i a l i s ,  b u t  i t s  s y n e r g i s t s  d u r i n g  w r i s t  f l e x i o n  , 

T h e r e f o r e ,  i n  t h e s e  s t u d i e s ,  I b ' m u s c l e  a f f e r e n t  a n d  Renshaw 

ce l l  i n h i b i t i o n  may have had a  l a r g e  role i n  c o n t r o l l i n g  t h e  



motoneuron f i r i n g  p a t t e r n  b e c a u s e  Ib muscle afferents from 
d 

T th roughou t  t h e  muscle,  a s  w e l l  as from s y n e r g i s t s ,  have wide 

s y n a p t i c  c o n n e c t i o n  w i t h i n  a motoneuron p o o l  ( B a l d i s s e r a  e t  

a l . ,  1981) . I n  a d d i t i o n ,  Renshaw cel ls  are f a c i f  i t a t e d  b y  

c o l l a t e r a l s  o f  o t h e r  motoneurons w i t h i n  a motoneuron p o o l  a s  

w e l l  a s  by t h e  c o l l a t e r a l s  of the motoneuron it feedbacks  

o n t o '  (Baldissera e t  a l . ,  1981) . The s a t u r a t i o n  obse rved  i n  

t h e  dynamic a n d  s t e a d y - s t a t e  f i r i n g  p a t t e r n  of t h e  s i n g l e  
5 

motor u n i t  s t u d i e d  i n  t h e s e  e x p e r i m e n t s  map, t h e r e f o r e ,  rbe . 
due t o  i n h i b i t i o n  f r o m  Ib muscle a f f e r e n t s  and Renshaw cel ls  ' 

a s  w e l l  as a f t e r h y p e r p o l a r i z a t i o n .  

~imuit&eou6-ly Firing Motor Units 

Dynamic and s t e a d y - s t a t e  phages  o f  t h e  f i r i n g  p a t t e r n s  

o f  s i m u l t a n e o u s l y  recorded motor u n i t  p a i r s  w e r e  compared i n  

t e r m s  o f  t h e i r  background e x c i t a t i o n  l e v e l s  a-nd t h e i r  

r e c r u i t m e n t .  t h r e s h o l d s .  

Dynamic Phase: W i t h i n  t h e  l'ow t h r e s h o l d  p o p u l a t i o n  

i n v e s t i g a t e d  no s i g h i f  i b a n t  d i f f e r e n c e s  were obse rved  i n  t h e  

dynamic phase  o f  motor- u n i t  f i r i n g  p a t t e r n s  r e g a r d l e s s  o f  
.J 

w h e t h e r  b o t h  u n i t s  o r  o n l y -  t h e  low t h r e s h o l d  u n i t  f i r e d  

t o n i c a l l y  i n  t h e  background.  D i f f e r e n c e s  between r e c r u i t m e n t  

t h r e s h o l d  was a l s o  u n a b l e  t o  e x p l a i n  t h e  scatter o b s e r v a b l e  

i n  t h e  d a t a .  W i t h i n  t h e  p o p u ~ a t i o n  o f  c a t  gastrocnemi;s  . 
motoneurons i n v e s t i g a t e d  by B a l d i s s e r a  e t  a l .  (19871, smaller 

motoneurons  h a d  g r e a t e r  dynamic s e n s i t i v i t y  v a l u e s  t h a n  

larger motoneurons: however, Palmer and  F e t z  (1985) i n d i c a t e d  



t h a t  low t h r e s h o l d  rhesus  macaque motor u n i t s  d i sp l ayed  l e s s  

dynamic f i r i n g  rate behaviour  t han  h l g h e r  t h r e s h o l d  motor 
.* 

u n i t s .  Observed d i s t r i b u t i o n s -  o f  -dynamic f i r i n g  r g t e  

behav iou r s  a c r o s s  a motoneuron p o o l S m a y ,  however, b e  an . 

- a r t e f a c t  because motoneuronal background e x c i t a t i o n  l e v e l  w a s  

n o t  c o n t r o i l e d  i n  e i t h e r  - s tudy .  Two examples w i l l  b e  

p r e s e n t e d  t o  emphas ize  t h e  i m p o r t a n c e  o f  background  
- - - 

e x c i t a t i o n  l e v e l  on motoneuron f i r i n g  r a t e  behaviour  . These . . 
@ 

examples may a l s o  e x p l a i n  t h e  d i s c r e p a n c y  between t h e  

B a l d i s s e r a  e t  a l .  and t h e  P a l m e r  and  F e t z  s t u d i e s .  Large 
- 

- A -  
- 

-- 

motoneurons have s m a l l  i npu t  r e s i s t a n c e s  . (Kerne l l ,  1 9 6 6 )  and, 

t h e r e f o r e ,  r e q u i r e  g r e a t e r  c u r r e n t  i n p u t s  t o  r e a c h  t h e i r  
t 

rhythmic t h r e s h o l d  than  s m a l l  motoneurons . If  t h e  dynamic 
- . .  

f i r i n g  rate ' behaGiour of a l a r g e =  and  small motoneuron are 

i n v e s t i g a t e d  w i t 2  i d e n t i c a l  c u r r e n t  i n p u t s ,  o f  a moderate 

r a t e  o f  r i s e  and i n t e n s i t y ,  t h e  s m a l l e r  motoneuron would 

r each  r h y t h m i c  t h r e s h o l d  q u i c k e r  and d i s p l a y  much s h o r t e r  

i n t e r s p i k e  i n t e r v a l s  , t h a n  t h e  l a r g e r  moto'neuron. This  may 

e x p l a i n  t h e  o b s e r v a t i o n s  o f -  B a l d i s s e r a  e t  a1. (1987)  better 

t h a n  t h e i r  s u g g e s t i o n  o f  "neurona l  i n t r i n s i c  p r o p e r t i e s "  

graded across t h e  motoneuron pool .  On t h e  o t h e r  hand, i f  t h e  
+ 

i n p u t  had a ve ry  fas t  rate o f  r i s e  t o  a l a r g e  i n t e n s i t y  t h e  

f i r i n g  p r o p e r t i e s  of t h e  sma l l e r  ron may s z t u r a t e  and 
I 

no t  display any dynamic phase  p a t t e r n .   his 

c o u l d  have been t h e  type of behav ion r  obse rved  from low 

t h r e s h o l d  units by Palmer and Fe t z  (1985) .  .Therefore,  un l e s s  

e x c i t a t i o n  l e v e l  of t h e  motoneuron i s  c o n t r o l l e d  p reced ing  
- 



-\- ---___ 2- 
.-a 

; t h e  a p p l i c a t i o n  o f  a c u r & . n t  o r  a  s y n a p t i c  i n p u t  it may n o t  

be v a l i d  or  p h y s i o l o g i c a l l y  a c c u r a t e  t o  s u g g e s t  t h g t  dynamic ' 
* 

C - 

f i r i n g  rate b e h a v i o u r  can b e  p r e d i c t e d  =from j u s t  r e c r u i t m e n t  

t h n e s h o l d .  . -  

steady-ztate Phgse : S t e a d y - . s t a t e  f i r i n g  ' p r & e r t i e s  

compared between c o n c u r r e n t l y  a c t i v e  motor u n i t s  were a l s d :  

n o t  found  t o  b e  c o r r e l a t e d  w i t h  motor  u n i t  r e c r u i t m e n t  

t h r e s h o l d ,  I n s t e a d ,  t h e s e  e x p e r i m e n t s  s u p p o r t e d  t h e  
-- 

- o u r v a t i o n s  made when t h e  s i n g l e  motor u n i t  behav iour  was 

r e c o r d e d  from d i f f e r e n t  l e v e l s  o f  background f i r i n g  r a t e  

( f i g u r e  10)  . The h i g h e r  t h r e s h o l d  u n i t ,  i f  r e c r u i t e d  d u r i n g  

t h e  t r a j e c t o r y ,  d i s p l a y e d  a s t a t i c  s e n s i t i v i t y  v a l u e  

t h a n  t h e  l o w e r  t h r e s h o l d  u n i t ;  however,  t h e r e  was no 

d i f f e r e n c e  i n  t h e  s t a t i c  s e n s i t i v i t y  v a l u e s  of t h e  u n i t s  i f  

. t h e y  b o t h  p r e c e d e d  t h e  super imposed c o n t r a c t i o n  w i t h  t o n i c  

b a c k g r o u n d  f i r i n g  ra tes .  . T h i s  would s u g g e s t  t h a t ,  e a c h .  

motoneuron r e c o r d e d  i n  t h i s  i n v e s t i g a k i o n  w a s  capab-le  o f  a  

s i m i l a r  r ange  o f  s t a t i c  s e n s i t i v i t y  b e h a v i o u r s  and have  had 

s i m i l a r  r a t e - t e n s i o n  c u r v e s .  

The f u n c t i o n a l  i m p l i c a t i o n s  o f  c o n c u r r e n t l y  a c t i v e  motor 

u n i t s  w i l l  be d i s c u s s e d  w i t h  t h e  s u r f a c e  EMG d a t a .  

k 

A c t i v i t y  o f  a rnotsr unit p o p u l a t i o n  can b e  measured v i a  

s u r f a c e  EMGs f ~ i l n g r - ~ r o w n  a n d  S t e i n ,  1 9 7 5 )  . Although 



- 
surface EMGs were recorded from over the b e l I y - s f  t h c f l e x o r  --_ 

-\ 

- -. 
carp i  r ad ia l i s ,  it was recognized t h a t  other  w r i s t  f lexor 

* 

muscles ' p a r t i c u l a r l y  palmaris longus, f l exor  digitorum . 
- 

supe; f ic ia l i s  and f l exor  c a r p i  @ n a r i s  - may A a l s o  have 
-- - - 

contri,buted t o  the surface EMG a c t i v i t y .  I f  t h i s  did accu-r, - 
i 

- - 
the surface EMG ac t iv i ty  observed would not have necessarily 

reflected the behaviour of flexor carpi  rad ia l i s ;  however, a 

-- study by Gielen e t  a l .  (1985), recorded simultaneously from 

, brach ia l i s ,  biceps' b racha i i  and b r a c h i o r a d i a l i s  during ' 
. s .  

i sotonic  movements about the  elbow. They found t h a t  the  .., 

integrated EMG ac t iv i ty  from each muscle was l inear ly  related - . 

t o  velocity of mgvernent. Therefore, any contamination of the 

surface EMG record due t o  contr ibut ions by other  w r i s t  

f lexors  may not have obscured the  t r u e  behaviour -of the  

flexor carpi rad ia l i s  muscle. 
.- 

As with- the  s ingle  motor u n i t  data,  the  surface EMG 

ac t iv i ty  was investigated i n  terms of a dynamic and steady- 

s t a t e  phase of a c t i v i t y .  Each component was re la ted  t o  a 

d i f f e r e n t  fo rce  parameter' which suggested func t iona l  

differences between the dynamic and steady-state phases. 

D y n a m i c  Phase: Surface EMG. act-ivity recorded during force 

outputs t o  approximately 15% of maximum voluntary contract im 

CMVCf s l i nea r ly  re fa ted  t o  only * the  r a t e  of rise- of 

isometric force .  This r e l a t ionsh ip  d id  not change when 

background su,rface EMG a c t i v i t y  was a l t e r e d .  This was 



- 
u n l i k e  t h e  s i n g l e  motor  . u n i t  dynamic f i r i n g  b e h a v i o u r  which 

changed i n  a n o n - l i n e a r  manner i n c  r e l a t i o n  t o  b o t h  speed of  
I -- 

\-. c o n t r a c t  i o n  a n d  background--  e x c i t a t i o n  l e v e l .  ~ h e  dynamic 
I 

8 & - >  

phase  o f  t h e  s u r f a c e  EMG a c t i v i t y ,  however, d i d  r e f l e c t  t h e  
i . - t  

? - 
s i n g l e  1 motor u n i t  behav iour  d u r i n g  t h e  f a s t e s t  rates o f  -.rise 

1 
o f  f o r c e  completed t o  approx imate ly  t h i r t y  p e r c e n t  of  f.IVC by 

. 
- d i s p l a y i n g  s a t u r a t i o n  n o n - l i n e a r i t y .  The dynamic i n d e y  

v a l u e s  w e r e ' n o t  d i f f e r e n t - w h e n  t h e  s u b j e c t  completed t h e  samAe 

f o r c e  t r a j e c t o r y  from two d i f f e r e n t  l e v e l s  +of backg'round EMG 

a c t i v i t y .  ~ h e r e f o i e ,  u n l i k e  t h e f  s i n g l e  . m o t o r -  u n i t  t h e  
* 

dynamic p h a s e  o f  t h e  t o t a l  mots r  u n i t  p o p u l a t i o n  a c t i v i t y  

a p p e a r e d  t o  be related o n l y  t o  t h e  speed  of  ont traction and 

n o t  t h e  p o p u l a t i o n ' s  a c t i v i t y  p r e c e d i n g '  t h e  

superimposed c o n t r a c t i o n .  

I 

B 
a 

L i n e a r i t y  i n  t h e  dynamic s u r r a c e  EMG a c t i v i t y  i s  most 

. l i k e l y  main ta ined  a t  m o d e r a t e l p  f a s t  speeds  of  c o n t r a c t i o n  b$ 

M're wide range  o f  f i r i n g  p a t t g r n s  d i s p l a y e d  by mot,or u n i t s .  

Motor u n i t  f i r i n g  behav iour  i n  t h i s  study w a s  q u a n t i f i e d  on ly  
a 

f o r  t h o s e  u n i t s  w h i c h  d i s p l a y e d  s t e a d y - s t a t e  f i r i n g  2 

b e h a v i o u r ;  however, d u r i n g  t h e  r a t e  o f  r i se  of  t h e  f o r c e  
', 

t r a j e c t o k y  motor  u n i t s  ' w e r e  ~ o n s l s t e i t l ~  o b s e r v e d  to. be 
I 

r e c r u i t e d ,  f i r e  a  s h o r t  serdes of  s p i k e s  at r e l a t i v e l y  , f a s t  - 
9 

i n s t a n t a n e o u s  f i r i n g  r a t e s  and tLhen dyop,  o u t  when t h e  ramp* . z- 
> -  _ . - 

p o r t  i o n  o f  t h e  t r g  j e c t o r y  was comple ted .  S imi f  ar - b6!havLonr 

b a s  been  o b s e r v e d  from a d d u c t o r  p o l l i d u s  ( G i l l i e s ,  1-972), 
, - 

41 f i r s t  d o r s a l  i n t e r o s s e u s  (Freund e t  a l , . ,  1975;  Deluca e t  a l . ,  . 



1 9 8 2 )  a n d  r e c t u s  fernoris ( P e r s o n  a n d  Kudina ,  1973) moto r  

u n i t s .  T h e r e f o r e ,  assumi'ng e a c h  motoneuron  i s  c a p a b l e  o f  a  

r a n g e  o f  dynamic f i r i n g  p a t t e r n s ,  (where o n e  e n d  of t h e  r a n g e  

, i n c l u d e s  t h e  v e r y  p h a s i c  a c t i v i t y  j u s t  described a n d  t h e  

o t h e r  erid a p p r o a c h e s  s a t u r a t i o n ) ,  t h e  s u r f a c e  EMG r e c o r d e d  

d u r i n g  m o d e r a t e l y  f a s t  s p e e d s  of c o n t r a c t i o n  w i l l  n o t  d i s p l a y  

s a t u r a t i o n  as l o n g  a s  h i g h e r  t h r e s h o l d  m o t o r  u n i t s  c a n  be 

r e c r u i t e d  t o  c o n t r i b u t e  v e r y  p h a s i c  f i r i n g  p a t t e r n s .  * 

It h a s  been  s u g g e s t e d  t h a t  t h e  l i n e a r i t y  be tween  dynamic 

s u r f a c e  EMG a c t i v i t y  a n d  s p e e d  o f  c o n t r a c t i o n  maybe dependent  

on t h e  u n d e r l y i n g  r e c r u i t m e n t  'and d i s c h a r g e  p r o p e r t i e s  o f  t h e  

mo to r  u n i t  p o p u l a t i o n .  D u r i n g  t h e  dynamyc p h a s e  o f  t h e  

_ t r a j e c t o r y  t o  e v e n  v e r y  s m a l l  i n c r e m e n t s  i n  force,  it was 

o b s e r v e d  tha ' t  s e v e r a l  mo to r  u n i t s  w e r e  r e c r u i t e d  a n d  a c t i v e  

e v e n  t h o u g h  t h e  s u b j e c t  w a s  w e l l  practised i n  i s o l a t i n g  a  
D 

s i n g l e  u n i t  a t  a  p a r t i ~ u l ~ r  b a c k g r o u n d  f i r i n g  g a t e .  
I 

~ h e r e f d r e ,  i f  t h e  m a j o r i t y  o f  FCR motoneurons  are r e c r u i t e d  

d u r i n g  low f o r c e  o u t p u t s  t h e n  it would be e x p e c t e d  t h a t  t h e  

p r i m a r y  c o n t r i b u t i o n  t o  t h e  dynamic p h a s e  o f  EMG would s h i f t  

f rom t h e  r e c r u i t m e n t  o f  a d d i t i o n a l  motoneurons t o  f i r i n g  r a t e  

modu la t ion  d u r i n g  &eater f o r c e  o u t p u t s .  The r e s u l t  would b e  

t h a t  t h e  dynamic p h a s e  o f  EMG would n o t  - c o n t i n u e  t o  i n c r e a s e  

p r o p o r t i o n a l l y  d u r i n g  f a s t e r  S p e e d s  o f  c o n t r a c t i o n  b e c a u s e  

t h e  m a j o r i t y  o f  t h e  r e c r u i t e d  u n i t s  c o u l d  a c h i e v e  l a r g e  

B 
i n c r e m e n t s  i n  ra te  o f  r ise o f  f o r c e  w i t h  s m a l l  i n c r e a s e s  i n  

i n s t a n t a n e o u s  f i r i n g  r a t e .  T h a t  i s ,  it i s  p q s s i b l e  t h a t  . .  - 



a l t h o u g h  t h e  maxinum . i n s k a n t a n e o u s  f i r i n g  r a t e s  i n c r e a s e s  

r e l a t i v e l y  l i t t l e  d u r i n g  f a s t e r  ra tes  o f  r i se  of f o r c e ,  t h e  - 
? 

m u s c l e  u n i t  has n o t  a c h i e v e d  f u s e d  t e t a n u s  a n d  i s  s e n s i t i v e  

t o  s m a l l  c h a n g e s t  i n  i n p u t .  
0 

4 

Steady-state Phase: The i n c r e m e n t  i n  s t e a d y - s t a t e  s u r f a c e  

EMG a c t i v i t y  w a s  p r o p o r t i o n a l  t o  t h e  magn i tude  o f  t h e  f o r c e  
\ 

t r a j e c t o r y ,  w h e r e a s  the ' r e l a t i v e  i n c r e m e n t  i n  s i n g l e  mo to r  

u n i t  s t a t i c  f i r i n g  r a t e  p e r  N-m of  t o r q u e  was:extremely non- 

l i n e a r .  The m a i n t a i n e d  l i n e a r i t y  be tween  s t a t i c  EMG a c t i v i t y  

a n d  t o r q u e  m a g n i t u d e s  o f  u p t o  30% o f  MVC c a n  be b e s t  
. 

e x p l a i n e d  b y  t h e  r e c r u i t m e n t  o f  a d d i t i o n a l  motor  u n i t s .  Motor 

u n i t s -  r e c r u - i t e d  d u r i n g  t h e  ra te  o f  r i s e  o f  f o r c e  w i l l  

c o n t i n u e  t o  f i r e  i f  t h e  magn i tude  o f  t h e  t r a j e c t o r y ' s  s t a t i c  

component i s  equal t o  or g r e a t e r  t h a n  t h e  u n i t ' s  r e c r u i t m e n t  

t h r e s h o l d  ( G i l l i e s ,  1972;  F r e u n d  a n d  ~ u l d i g e n ,  1975)  . I n  t h i s  ' 

s t u d y ,  u n i t s  r e c r u i t e d  d u r i n & ~ & ~  t r a j e c t o r y  d i s p l a y e d  t h e  

g r e a t e s t  s t a t i c  s e n s i t i v i t y  v a l u e s .  T h e r e f o r e ,  e v e n  t h o u g h  

m o t o r  u n i t s  a l r e a d y  a c t i v e  b e f o r e  t h e  c o n t r a c t i o n  would have  

c o n t r i b u t e d  r e l a t i v e l y  l i t t l e r  t o .  t h e  s t a t i c  EMG a c t i v i t y ,  

m o t o r  u n i t s  r e c r u i t e d  d u r i n g  t h e  t r a j e c t o r y  which  c o n t i n u e d  

t o  f i r e  d u r i n g  t h e  s t a t i c  p h a s e ,  wou ld  h a v e  p r o v i d e d  a n  

i n c r e a s e  i n  t h e  s t a t i c  EMG a c t i v i t y .  P r e sumab ly .  non-  

l i n q a r i t i e s  i n  t h e  s t a t i c  p h a s e  o f  E W  a c t i v i t y  m a y % c c u r  
h 

d u r i n g  f o r c e  o u t p u t s  t o  l a r g e  p e r c e n t a g e s  o f  MVC: however,  

B i g l a n d  a n d  L i p p o l d  (1954b)  d e m o n s t r a t e d  t h a t  d u r i n g  f o r c e  . 

o u t p u t s  o f  80 t o  100% o f  MVC, a b d u c t o r  d i g i t i  m in imi  motor 

i 
9 5  
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4 

-w y 
%.k 

u n i t s  p r o d u c e d  l a r g e r  i n c r e m e n t s  i n  f i r i n g  ra te  t h a n  when 
f?' 

P is; 

f o r c e  o u t p u t s  r a n g e d  f rom 15 t o  75% o f  MVC. T h i s  t y p e  o f  . 

b e h a v i o u r  may a lso be p o s s i b l e  f rom human FCR motoneurons ,  

a l t h o u g h  t h e  l o w  t h r e s h o l d  motor  u n i t s  i n v e s t i g a t e d  d i d  n o t  

d i s p l a y  a l a r g e  r ange  of s t e a d y - s t a t e  f i r i n g  rates.. 

1 

The s a g g e s t i o n  t h a t  s i g n i f i c a n t  i n c r e m e n t s  i n  s t e a d y -  
+ -  

s t a t e  s u r f a c e  Em a c t i v i t y  may f e s u l t  f rom t h e  r e c r u i t m e n t  o f  

a d d i t i o n a l  m o t o r  u n i t s  i s  s u p p o r t e d  b y  t h e  c o m p a r a t i v e  

b e h a v i o u r  o f  - s i m u l t a n e o u s l y  r e c o r d e d  ' u n i t s .  The s t a t i c  

s e n s i t i v i t y  i n d e x  b e t y e e n  two  motor u n i t s  of d i f f e r e n t  

r e c r u i t m e n t  t h r e s h o l d  d i d  n o t  d i f f e r  when b o t h  t h e s e  u n i t s  

b e g a n  f rom a t o n i c  b a c k g r o u n d  f i r i n g  r a te ;  however ,  t h e  
4 

D 

s t a t i c  s e n s i t i v i t y  i n d e x  w a s  s i g n i f i c a n t l y  when t h e  

h i g h e r  t h r e s h o l d  u n i t  w a s  r e c r u i t e d  d u r i n g  t h e  c o n t r a c t i o n .  

? B i g l a n d  a n d  L i p p o l d  (1954b)  f u r t h e r  s u p p o r t  t P i s  p o s t u l a t i o n  

"y 4 1  b y  s u g g e s t i n g  . t h a t  t h e  r e c r u i t m e n t  o f  a d d i t i o n a l  motoneurons 

i s  more m e t a b o l i c a l l y  e f f i c i e n t  f o r  a b d u c t o r  d i g i t i  min imi  

m o t o r  u n i t s  t h a n  r a t e - c o d i n g  f o r  g r a d i n g  m u s c l e  Q r c e  
i - .  

o u t p u t s .  T h i s  may, however,  o n l y  b e  v a l i d  d u r i n g  low : f o r c e  > 

o u t p u t s .  
1 .  



Central Inputs t o  Motoneutons 

F r e u n d  a n d  Bud igen  f 1979) d e m o n s t r a t e d  t h a t  for  t h e  

fastest  f o r c e  i m p u l s e s  o r  movements t h e  l~.aximum s p e e d  o f  

c o n t r a c t i o n  w a s  c o n s t r a i n e d  i n  a  l i n e a r  m a n n e r ,  t o ' t h e  
# 

magn i tude  o r  t h e  d i s t a n c e  o f  t h e  c o n t r a c t i o n .  T h i s  w a s  a l s o  

s p p p o r t e d  b y  M i l n e r  ( 1 9 8 6 )  f o r  i s o t o n i c  movements.  Sma l l  
4 

motor  u n i t s ,  which h a v e  s l o w e r  c o n t r a c t i o n  t i m e s  a n d  s m a l l e r  

t w i t c h  t e n s i o n s ,  are  r e c r u i t e d  b e f o r e  l a r g e r  mo to r  u n i t s .  

T h e r e f o r e ,  t h e  maximum s p e e d  of c o n t r a c t i o n  a t t a i n a b l e  f o r  a 

s m a l l  f o r c e  o u t p u t  w i l l  be l o w e r  t h a n  f o r  l a r g e r  f o r c e  
IC 

o u t p u t s  b e c a u s e  t h e  l o w e r  t h r e s h o l d  motor  u n i t s ,  c o n t r i b u t i n g  . 

t o  t h e  s m a l l  f o r c e  o u t p u t ,  g e n e r a t e  l o w e r  maximum rates o f  

r i se  o f  f o r c e . .  T h i s  r e l a t i o n s h i p  e s t a b l i s h e d  by  Freund  a n d  . 

Budigen ,  however ,  describes a  c o n s t r a i n t  be tween  two o u t p u t  

p a r a m e t e r s .  Movement t i m e  was shown by  F i t t s  
s- 

c o n s t r a i n e d  by  t a r g e t  w i d t h .  T h i s  t h e s i s  h a s  

t h a t  maximum s p e e d  o f  c o n t r a c t i o n  w a s  l i m i t e d  by 

t h e  v i s u a l  c u e .  Both of  e v i d e n c e  s u g g e s t  

demonst r a t e d  . 
t h e  s p e e d  o f  

t h a t  c e n t r a l  

i n p u t s  t o  t h e  m o t o n e u r o n ' p o o l  c a n  b e  i n f l u e n c e d  by  p e r c e p t u a l  

c o n s t r a i n t s  (War ren ,  1 9 8 8 )  ; h o w e v e r ,  t h e  f o r m  o f  t h o s e  

c e n t r a l  i n p u t s  h a s  y e t  t o  b e  d e t e r m i n e d .  The f o l l o w i n g  

d i s c u s s i o n  w i l l  s p e c u l a t e  on t h e  p a t t e r n  o f  c e n t r a l  i n p u t s  t o  

t h e  motoneuron pool based on t h e  r e s u l t s  o f  t h i s  s t u d y .  

The .  d i s t i n c t i o n  of two p h a s e s  i n  t h e  s u r f a c e  EMG 

a c t i v i t y  r e c o r d e d  d u r i n g  ramp a n d  h o l d  f o r c e  t r a j e c t o r i e s  

[ a l s o  o b s e r v e d  d u r i n g .  i s o t o n i c  movements by L e s t e i n n e  e t  a l .  
5 



( 1 9 8 1 )  I s u g g e s t s  t h a t  t h e  u n d e r l y i n g  s i n g l e  motor u n i t  

a c t i v i t y  i s  a l s o  c o n s t r a i n e d  t o  t w o  d i s t i n c t  p h a s e s .  

T h e r e f o r e ,  it i s  s u g g e s t e d  t h a t  t h e  p a t t e r n  o f  c e n t r a l  i n p u t s  

a p p l i e d  t o  t h &  motoneuron  p o o l  o c c u r  i n  t w o  componen t s :  a s 
> 

p u l s e  a n d  a s t e p .  I t  s h o u l d  b e  e m p h a s i z e d  t h a t  it i s  

u n c e r t a i n  w h a t  p a r a m e t e r s  ( s u c h  as l e n g t h ,  v e l o c i t y ,  

s t i f f n e s s  ( S t e i n ,  1 9 8 2 ) )  a6e c o n t a i n e d  i n  t h e  c e n t r a l  i n p u t s .  

T h e r e f o r e ,  t h e  f o l l o w i n g  d i s c u s s i o n  w i l l  be b a s e d  s o l e l y  on 

t h e  a s s u m p t i o n  t h a t  c e n t r a l  i n p u t s  t o  ' t h e  motoneuron  p o o l  

i n f l u e n c e  motor  u n i t  r e c r u i t m e n t  and  r a t e - c o d i n g  t o  p r o d u c e  

f o r t e  o u t p u t s  o f  p a r t i c u l a r  rates o f  r i s e  a n d  m a g n i t u d e s .  

The m a j o r i t y  o f  t h e  l i t e r a t u r e  p r e s e n t  c e n t r a l  i n p u t  

models f o r  v e r y  f a s t  ( b a l l i s t i c )  c o n t r a c t i o n s .  The f o l l o w i n g  

a r e  s e v e r a l  examples  o f  t h e s e  t y p e s  o f  models. A p u l s e - s t e p  

model  w a s  p r o p o s e d  b y  Ghez a n d  Vicario ( 1 9 7 8 )  f rom EMG 

r e c o r d i n g s  o b t a i n e d  when ca ts  c o m p l e t e d  ramp a n d  h o l d  

i s o m e t r i c  t r a j e c t o r i e s .  I n  t h i s  model  t h e  p u l s e  w a s  o f  

c o n s t a n t  d u r a t i o n  a n d  m o d u l a t e d  i n  i n t e n s i t y  t o  g o v e r n  t h e  

'r r e c r u i m e n t  a n d  dynaniic f i r i n g  p a t t e r n s  o f  m o t o n e u r o n s n d  

u l t i m a t e l y ,  t h e  r a t e  o f  r i s e  of  i s o m e t r i c  f o r c e .  
i 

I n e x t r i c a b l y  l i n k e d  t o  t h e  p l s e  w a s  a step, which  v a r i e d  i n  

d u r a t i o n  a n d  was a l s o  m o d u l a t a b l e  i n  i n t e n s i t y  t o  c o n t r o l  

i n c r e m e n t s  i n  t h e  s t a t i c  f i r i n g  ra te  a n d  t h e r e b y  g o v e r n  t h e  

s t e a d y - s t a t e  'magn i tude  of t h e  c o n t r a c t i o n .  F r e u n d  a n d  

Budigen (1979)  d i s c u s s e d  a  pulse-model b a s e d  on t h e i r  r e s u l t s  

f rom human subjects  who c o m p l e t e d  i sometr ic  a n d  i s o t o n i c  



i m p u l s e  c o n t r a c t i o n s .  T h i s  p u l s e  w a s  a l s o  c o n s i d e r e d  c o n s t a n t  

i n  d u r a t i o n  a n d  v a r i a b l e  i n  i n t e n s i t y  t o  c o n t r o l  motoneuron 

a c t i v i t y .  T h e i r  p u l s e  component w a s  modelled t o  c o n t r o l  b o t h  

t h e  ra te  o f  rise a n d  t h e  magni tude  of t h e  c o n t r a c t i o n .  T h i s  4 

k i n d  o f  model h a s  also been  s u g g e s t e d  by  L e s t e i n n e  (1979)  and 

~ r o w n  a n d  Cooke (1981)  . R e c e n t l y  G o t t l i e b  'et a l .  ( 1 9 8 9 )  
, 

s u g g e s t e d  a p u l s e  model where  b o t h  t h e  p u l s e  a m p l i t u d e  and  

d u r a t i o n  v a r i e d  depending on whether  v e l o c i t y  o f  movement or 

movement d i s t a n c e  was Phe c o n t r o l l e d  p a r a m e t e r .  

The p u l s e - s t e p  model  p r o p o s e d  i n  t h e  p r e s e n t  s t u d y  i s  

d i f f e r e n t  f rom t h o s e  p r e s e n t e d  above i n  a number o f  r e s p e c t s .  

T o  s t a r t ,  it addresses a r a n g e  o f  c o n t r a c t i o n  s p e e d s ,  n o t  
6 

j u s t  b a l l i s t i c - t y p e  c o n f r a c t i o n s .  A p u l s e - s t e p  model which 

c a n  i n c l u d e  a w i d e  r a n g e  of c o n t r a c t i o n  s p e e d s  seems v a l i d  

f o r  two r e a s o n s :  (1) b a l l i s t i c  c o n t r a c t i o n s  mark t h e  ex t r eme  

e n d  of ,a c o n t i n u u m  of c o n t r a c t i o n  s p e e d s  a n d  h a v e  been  

d e m o n s t r a t e d  t o  v a r y  d e p e n d e n t  on a  number o f  c o n s t r a i n i n g  

f a c t o r s ;  ( 2 )  t3-x o b s e r v a t i o n s  of  t h i s  t h e s i s  d e m o n s t r a t e  t w o .  

p h a s e s  i n  t h e  EMG a c t i v i t y  t h r o u g h o u t  a n  e i g h t - f o l d  r a n g e  i n .  

t h e  r a t e  o f  rise o f  force. T h i s  model a lso W f e r s  f rom m o s t  

o f  t h e  o t h e r s  b y  i n c l u d i n g  two componen t s :  a p u l s e  a n d  a  

step.  The p u l s e  a n d  s t e p  a r e  n e t  c o n s i d e r e d  t o  b e  dependent  

on  epch o t h e r :  The p u l s e  i s  t o  have  a Htadula tab le  i n t e n s i t y  

f o r  c o n t r o l l i n a ;  t h e  r e c r u i t m e n t  a n d  f i r i n g  p a t t e r n s  o f  t h e  

motoneurons  d u r i n g  the dynamic p h a s e .  T h e r e f o r e ,  t h e  l a r g e r  

t h e  i n t e n s i t y  cf t h e  p u l s e ,  t h e  more motoneurons  r e c r u i t e d  



and  t h e  s h o r t e r  t h e  i n t e r s p i k e  i n t e r v a l s  in 

p a t t e r n .  A p u l s e  sf c o n s t a n t  d u r a t i o n  w a s  

t h e  kit - ls f i r i n g  

f i r s t  p roposed  by  

Ghez a n d  V i c a r i o  (1978)  a n d  a t e r  s u p p o r t e d  b y  F reund  a n d  

Budigen (19793, L e s t i e n n e  (1979) and  Brown a n d  - Cooke (2981) 
- -- 

b a s e d  on a n  EMG b u r s t  o f  c o n s t a n t  d u r a t i o n  d u r i n g  i s o m e t r i c  

and  i s o t m i c  a m t r a c t i o n s  o f  d i f f e r e n t  rates o f  rise. F i v e  

o f  n i n e  o f  o u r  expe r imen t s  demons t ra t ed  a g r e a t e r  d u r a t i o n - i n  

t h e  dynamic p h a s e  d u r i n g  t h e  F (0-2) c o n d i t i o n .  T h e r e f o r e ,  it 

i s  s u g g e s t e d  t h a t  d u r a t i o n  o f  t h e  p u l s e  as we l l ' a s  t h e  s t e p  
- 

may a l s o  b e  m o d u l a t a b l e .  A p u l s e  o f  g r e a t e r  d u r a t i o n  c o u l d  

y i e l d  a s e r i e s  of v e r y  s h o r t  i n t e r s p i k e  i n t e r v a l s  r e s u k i n g  

i n  t h e  p r o d u c t i o n  o f  g r e a t e r  ra tes  o f  ochange  o f  f o r c e .  T h i s  

maybe p a r t i c u l a r l y  e f - f e c t i v e  f o r  h i g h e r  t h r e s h o l d  'motor u n i t s  

( Z a j a c  and  Young, 1 9 8 0 ) .  ,An example w i l l  be p r e s e n t e d  t o  

d e s c r i b e  t h e  workings o f  o u r  c e n t r a l  i n p u t s  model i n  t e r m s  o f  
i 

f o r c e  o u t p u t  parameters. 

p hi's example  f o c u s e s  on two f o r c e  t ra jec tor ies  b o t h  
. = 

e q u a l  i n  m a g n i t u d e  o f  t h e  steady-state f o r c e  o u t p u t , .  b u t  . '- 

v a r i e d  i n  r a t e  o f  r i s e  o f  f o r c e  ( o u r  F ( 0 - 1 )  a n d  S(0-1) 

c o n d i t i o n s ) .  I n  t h i s  s i t u a t i o n  o n l y  the  p u l s e  would b e  

modula ted ,  l i n k e d  t o  a s t e p  o f '  constant , lmagngitude.  F o r  t h e  

S ( 0 - 1 )  t r a j e c t o r y  t h e  i n t e n s i t y  o f  t h e  p u l s e  would be small, 

a n d  t h e r c f  ore  recruit f e w  nrbtoneurons,  ' each c b n t r i b u t  i n g  
I 

r e l a t i v e l y  f e w  s p i k e s  w i t h  l o n g  i n t e r s p i k e  i n t e r v a l s  d u r i n g  

t h e  dynamic  p h a s e  s u c h  t h a t  t h e  i n p u t  o f  p r e d o m i n a t e  

i n f l u e n c e  would be t h e  s t e p  component. T h i s  would r e s u l t  i n  , 

100 
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'-< D 
a s l o w  rate of rise of force. The speed o f  c o n t r a c t i o n  i n  

t h e  F(0-1)  c o n d i t i o n  would t h e n  b e  i n c r e a s e d  b y  a p u l s e  of 
9 

g r e a t e r  i n t e n s i t y  a n d / o r  g r e a t e r  d u r a t i o n  which would r e c r u i t  

m o r e  m o t o n e u r o n s ,  e a c h  g e n e r a t i n g  s h o r t e r  i n t e r s p ' i k e  

i n t e r v a l s  w i t h i n  t he  dynamic p h a s e .  The c o n s t a n t  magnitude 

o f  t h e . s t e p  y o u l d  y i e l d  t h e  same s t a t i c  f i r i n g  rates i n  b o t h  
.-4 

t h e  S(0-1) and F(0-1) c o n d i t i o n s .  

- 
Presumably  t h e s e  p r o p o s e d  c e n t r a l  i n p u t s  would be.. the 

o u t p u t  o f  a s y s t e m  working  w i t h i n  t h e  c o n s t r a i n t s  a l r e a d y  

d i s c u s s e d  (i. e .  t h e  i n f l u e n c e  o f  v i s u a l  c u e s )  . P u l s e  

a m p l i t u d e  a n d  d u r a t i o n  may a l s o  b e  c o n s t r a i n e d  t o  a  maximum 

dependen t  on t h e  magni tude  o f  t h e  c o n t r a c t i o n  t o  be produced 

(Freund and  Budigen, 1979) . 
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W l e  1: Background. f i r i n g  r a t e *  a b s o f n &  d y n a m i a  a n d  
norrnal izgd dynarniC i n d i c e s  (DI) f o r  motor  u n i t s  r e k r d e d  
during F (0-1) ant? ,S f 0-1) force t r a j e c t o r i e s  h e n  sub$%ts 
w e r e  i n s t r u c t e d  t& keep  background f i r i n g  rate c o n s t a n t .  
Means a n d  standard ' e r r o r s .  are giveri a t  bot tom of t a b l e ,  The 
b v k g r o u n d  f i r i n b  rates, t h e  a b s o l u t e  dynamic i n d e x  v a l u e s  
aAd t h e  n o r m a l i z e d  dynamic i n d e x  v a l u e s  w e r e  s r i g n i f i c a n t l y  
d i f f e r e n t  (pS0.003, pS0.0002 and pS.0001 k e s p e c t i v e l y ) .  

- 

i 
0 

1 
- 

9- 

1 0 3 -.+ 
3- 

_f 

Subject Background 
fPPS) 

f P (0-1) f ~'(0-1) 

Absolute DI 
(PPS 

Normalized DI 
ipps/N-m/s) 

B (0-1) S (0-1) I F  (0-1 IS  (0-1) 
TP 16/03/89 
i78/183 
TP 05/04/89 
199/207 

lo.? 

19.2 

7.7 .57 13.66 

1.34 

1.11 

2.80 

1.70 

3.31 

TP 05/04/89 
233/239 
TP 02/06/89 
114/129 
TP 02/06/89 
1611165 

3.6 -65 - 

21.3 
L 

9.2 .61 

LS 27/10/88 10.7 
226/225 
LS 06/06/89 9.. 9 
100/104 
LS 20/09/8917.5 18.6 19.9 
'205/210 t t t 

1.20 

-96 

23.5 t12.1 

. 4 7  

21.6 

LS 11/10/88 4.7 
l6l/l6S 

7.6 

2.6 

3.1 

8 . 4  

8.1 

SF 27/11/88 .23 
259/260 
SF 27/11/88 .61 
13/12 ' 

t 
1.68 

3.90 

1-02 

2.11 

3.60 

3.33 

2.05 

5.00 

SF 14/03/89 2.88 
94/98 
SF . 05/04/89 7.9 1.13 
24/33 
SF 01/06/89 7.5 -23 
67/73 
VL 06/03/89 .98 
104/118 + 

12.50 

3.96 

6.36 

1.7 9 

VL 06/03/89 6.4 1.05 3.09 
120/127 
VL 15/03/89 6.6 1.70 4.70 
136/150 
BE 02/06/89 ,536 1-30 
36/48 
PB 02/14/87 .37 1.14 
4 5 / H  
PB 02/14/87 l1.06 l 3 . 9 4  
58/59 ' ..: ". 

- 3  * 'r 

e 
= - r _ " m  - --7 





, 

- T a b l e  2: Background f i r i n g  ra te ,  a b s o l u t e  dynamic and  
normal ized dynamic i n d i c e s  for motor u n i t s  r eco rded  du r ing  
F (0-1) and F (0-2) force t r a j e c t o r i e s  whea background f i r i n g  
rate w a s  kept cunstztnt. Means and standard erxmrs are given 
'at bottom o f  table, Neither background firing r a t e  nor the  
a b s o l u t e  dynamic index . w a s  3 - i g n i f  i can t  ly d i f f e r e n t  (pS0.17 ) 

and (p10.561, r e s p e c t i v e l y .  Normalized dynamic index va lues  

were s i g n i f i c a ~ t l y  d i f f e r e n t  ( ~ 5 . 0 2 3 ) .  
a 

( SUBJECT f ~ b s o l u t e  D I ~  NDI f 

f ERROR f f 



T a b l e  3: .Background f i r i n g  r a t e ,  a k k o l u t e  dynamic and  
normal ized dynamic i n d i c e s  when ' u n i t  completed t h e  F 70-1) 
t r a j e c t o r y  f rm a low, t o n i c  firing rate (Lewd FR) werstrs when - . 
t h e  u n i t  was rec~il i ted dur ing  t h e  c o n t r a c t i o n  (Ze ro ) .  Means 
and s t anda rd  e r r o r s  are given a t  bottom of table. ,  Background 
f i r i n g  rate. w a s  s i g n i f i c a n t l y  d i f f e r e n t  (pl.0001), b h t  
a b s o l u t e  and  no rma l i zed  dynamic i n d e x  v a l u e s  w e r e  n a t  
(~1.36) . 

, Normalfzed DI 
( p p s / = m / s )  

SUBJECT 

BH 05/10/89 8.2 0.0 15.8 15.1 
43/62 
D T  07/09/89 10.0 10.0 14.6 10.3 
216/2121, 
DT 03/10/89 0.4 6.8 15.6 
14/18 
LS 22/02/89 7.0 0.0 14.7 24.2. 
61/62 
LS =04/03/89 6.7 0.0 12.6 -13.5 
154/146 

- 

0 . 7  
- 

#LOW FR f zero 
B H  02/06/89 0.0 
36/39 

Background 
(PP~) 

1.48 

1.30 

1.47 

1.73 

1.11 

4.83 

2.11 

L 9 7  -1 

-93 

1.52 
1 -  

1-;66 

2.15 

1.35 
- 

1.05 

.98 

Aljsolute DI 
-(PP?) 

VL 1 5 / ~ 3 / 8 9 f  6.6 -1.70 
136/133 # + 

Low FR, 
16.4 

r 1 . 4 6  

1.65 

.8,U ' 

3.47 

2.43 

1.13 
c i g 

3.66 

2.38 

2.82 
= - -  

.96 

2.49 

--- .a% 

.16 

.75 

1-49 

.27 

BH 05/10/89 2.2 16.8 
52/75 

- 

Zero 
16.2 

VL 01/06/89 0.0 22.8 
258/250 

MEAN 1 7 . 9  1 0 . 2 3  1 3 4 . 1  
STANDARD 0.41 0.12 1.14 
ERROR 

16.9 

Low FR 
.96 

6-6 1-70 

2.17 

-55 

1.93 

Zero 
.86 

I. 

13.2 1.66 1.54 
0.24 . 



*" 
T a b l e  4 :  'Background f i r i n g  t a k e ,  a b s o l u t e  Pygainic and 
normalized dynamic indice  values when 1+5t com l e t ed+&he  
F (0-1) t r a j e c t o r y  front a l o w ,  . t.&ie Backgiakd $&r ing  r a t e  
(low FR) be r sus  a  higher,  tonic, r a t e  '-thigh. F R )  <fi Back@ound 
f i r i n g  r a t e s .  a r e  s i gn i f i c an t l y  d i f f e r en t  \,*(pSO. 0601) , Absolute 
dynamic index v a l u e s  a r e  n o a s .  s t a t i s t i c a l l y  d i f f e r e n t  
(pSO.O6), but  when normalized 6 i t h  respect  t o  t h e  maximum 
dT/dt ,  the means of t h e  NDT- va1ue.s - a r e  s i g n i f i c a n t l y  

d i f f e r en t  @SO. 039) . " +  \ 
I? ; * 

7 

S U B J E C T  i 
a +  

BH 0 5 / 1 0 / 8 9  
r ' 7  ,'52/57 a 

LS 0 4 / 0 3 / 8 9  
143 /151  " - 

B a c k g r o u ~ d  
(PP~) '. 

:&ow FR. 
" 

8:5 ' h 

7.0 

- f h 
2 - ) 

3 e 
- 

' 

. @ig-.It ' 

F R ,  
16.6 qt 

8.1 
4. 

10.4 

9.7 

11.7 

9.3 

14.3 
- 

-9.7 - 

9.3' 

10.6 

10.1 

10.3 
0.48 

.-MW ' 05110 /8 -9  5.4 4 

- 

: A b s o l u t e b  D L  
"(BPS 

102/107 
:MW 0 5 / , l 0 / 8 9  
112/12P '- - . q - ~  

MW 2 3 / 1 1 / 8 9  
-•˜6/73 ' 
S F -  0 5 / 0 3 / 8 9  
173./184+ 
SF  0 4 / 1 0 / 8 9  
32 13 6" 

- T P  1 9 / 1 2 / 8 8  
146 /151  
T P  0 5 / 0 4 / 8 9  
199/214 
TP 0 7 / 0 9 / 8 9  
233/130 

-=--g/O_3/89 
136/142 - 
MEAN 
s T A ~ D A R D  
ERROR 

V .  

-LOW FR 
. . ' ? . '  - 
16.8 

20.6 

21.7. 

13.5 

14.9 

15.0 

3.4 

18.2 

19.2, 

15.7 

10.3 

15.4 
1.55 

Normaliead DI 
(pps/N-m/p) 

a 

,3.0 

7.9 

7.6 

11.3- . 
- - -- 

6 . 3  
. 

-7.1 

6.9 

6.6 

7.7 
0.45 

High 
BR 
12.0 

7.4 

19.2 

11.0 

12.3 

6.7 

2.1 

10.6 

9.7 , 

24.6 

.11.4 

11.5 
1.81- 

Low FR 

2.T7 - _  

1.72 

1.07 

2.04 

3.10 

3:30 

.13 

.25 

.67 

.40 

1.70 

1.50 
0.33 

High ' 

FR 
1.31 
- 
.65 

1.13 

1.26 

2.60 

1.53 

.2l - 
-16 

.32 

.89 

1.50 

1.05 . 
0.22 



Table 5: Mean s t e a d y - s t a t e  f i r i n g  r a t e  a n d  s t a t i c  
s e n s i t i v i t y  i n d e x  d u r i n g  t h e  F (0-1) and  S (0-1) c o n d i t i o n s .  
Means and  s t a n d a r d  e r r o r s  are g i v e n  a t  bo t tom o f  table  and 
did n o t  s i g n i f i c a n t l y  d i f f e r  (p10.16 and p10.82). 

Subject 

233/239 . 
TP' 02/06/89 

Steady-state 
firing rate (pps) 



,1677171 A 

MEAN 110.5 
STANDARD 0.33 
ERROR 



T a b l e  6:  Mean s t e a d y - s t a t e  . f i r i n g  r a t e  a n d  s t a t i c  
s e n s i t i v i t y  i n d e x  d u r i n g  t h e  F (0-1) a n d  F (0-2) c o n d i t i o n s .  
I n c l u d e d  i n  t h i s  t ab le  a re  f o u r  u n i t s  (marked  w i t h  * )  
r e c o r d e d  d u r i n g  S (0-1) a n d  S (0-2) c o n d i t i o n s .  Means a n d  
s t a n d a r d  e r r o r s  are g i v e n  a t  bot tom o f  table .  Although s t a t i c  
f i r i n g  r a t e s  d i d  n o t  d i f f e r  ( p S 0 . 0 9 5 ) ,  s t a t i c  s e n s i t i v i t y  

i n d e x  v a l u e s  were s i g n i f i c a n t l y  d i f f e r e n t  (p10.0031) .  

SUBJECT Steady-state Static 
firing rate (pps) sensitivity I 

212/208 (P t 1 
MEAN 111.5 1 1 2 . 7  3.19 1.86 
STANDARD f 0.. 58 1 0 .77  0 . 4 6  10.31 
ERROR 1 I 1. 1 -2 + 



T a b l e  7 :  S t e a d y - s t a t e  f i r i n g 1  r a t e  a n d  s t a t i c  s e n s i t i v i t y  
i n d e x  v a l u e  .compared between when u n i t  comple ted  F(O-1) 
t ra jec to  y f o m  a background of a l o w ,  t o n i c  ra te  ( l o w  FR) 
v e r s u s  be f ng r e c r u i t e d  d u r i n g  t h e  c o n t r a c t i o n  ( z e r o ) .  Means i 

and s t a n d a r d  e r r o r s  g i v e n  . , a t  b o t t o m  o f  t a b l e  were 
s i g n i f i c a n -  a f f e r e n t  (pl.O1O and ,pS. 0001, r e s p e c t i v e l y )  . 
SUBJECT S t e a d y - s t a t e  S t a t i c  

f i r i n g  rate (pps) i r e n s i t i v i t y  
-8/N-m) 

Low FR l ~ e t o  LOW FR l ~ e r o  
BH 02/06/891 9 . 9  1 8 . 1  3 .28  17 .23  

1.4 / 1 8 
LS 22/02/89 1 1 . 4  1 0 . 3  3 . 8 3  8 .70  
61/62 
LS 04/03/89.9.0 5 1 8  3 .96  9.84 
154/146 
LS 01/06/89 1 0 . 1  8 . 3  8 .04  18 .40  
7/3 - 
LS 06/06/89 1 1 . 4  1 1 . 9  4.31 1 9 . 5 1  
100/110 
LS 27/08/89 13.9 1 0 . 2  6.87 20.00 
183/179 
M W  05/10/89- 1 2 . 3  1 3 . 6  2 .56  8 .00  - 

91/96 
M W  05/10/89 1 2 . 9  1 3 . 7  3.57 1 5 . 9  
115/123 
PB 14/02/87 11.1 7 . 1  1 .92  5 .44  
58/48 
SF 05/03/89 1 0 . 5  1 0 . 6  6.83 16 .50  
88/87 
SF 05/04/89 8 . 9  7 . 9  2.50 7 .38  
12/11 
VL 06/03/89 1 1 . 5  - 9.6  3.57 6 .11  
120/121 
VL 06/03/89 1 1 . 8  8 . 4  4.96 6 . 5 0  
104/110 
VL 15/03/89 7.7 5 .40  11.60 
136/133 9 

VL 01/06/89 1 1 . 0  , 5.00  8 . 4 6  
258/250 
HEAN lli.6 1 9 . 2 4  4.38 12.1 
STANDARD 1 0.39 10.83 10.36 1.30 
ERROR 1 I I I I 



T a b l e  8: S t e a d y - s t a t e  f i r i n g  r a t e  a n d  s t a t i c  s e n s i t i v i t y  
i n d e x  v a l u e s  compared between when u n i t  c o m p l e t e d  F(0-1) 
t r a j e c t o r y  from a  background of a l o w ,  t o n i c  rate (low FR) 
v e r s u s  a h i g h e r ,  t o n i c  f i r i n g  L a t e  ( h i g h  FR)  . means and 
s t a n d a r d  errors g i v e n  a t  bot tom of t a b l e  a r e  s i g n i f i c a n t l y  
d i f f e r e n t  (p10.02 and pSO.0065, r e s p e c t i v e l y )  . 

h 

SUB SECT Steady-state 
firing rate (pps) 

S t a t i c  
s e n s i t i v i t y  
(pps/N-m) 

Hiqh FR 
13.3 

9.9 

12.8 

11.7 

13.0 

Low FR 
3.98 

7.46 

2.35 

2.74 

6.92 

7.21 

1.82 

-1.01 

.65 

.74 

5.40 

3.66 
0 . 8 0  

ILow FR 
BH 05/10/89 

; 52/57 
LS 04/03/89 
143/151 
MW 05/10/89 
102/107 

Hiqh FR 
2.70 

3.10 

1.56 

2.32 

2.71 

5.74 

.48 

.52 

.38 

1.20 

3.50 

2.14 
0 . 5 0  

MW 05/10/89 
112/120 
MW 23/11/89 

11.0 

11.3 
66/73 
SF 05/03/89 
173/184 

12.0 12.8 

SF 04/10/89'15.3 
32/36 
TP 19/12/88 
146/151 

15.0 

12.4 f 13.0 

TP 05/04189 
199/214 
TP 07/09/89 
233/130 
VL 15/03/89 
136/142 
MEAN 
STANDARD 
ERROR 

8.5 

8.3 

10.0 

10.3 

11.9 

12.8 

11.2 112.4 
z 0 . 5 9  0 .43  I , 



T a b l e  9: S t a t i c  s e n s i t i v i t y  and normal ized  dynamic index  
v a l u e s  of  each u n i t  recorded du r ing  t h e  F(0-1) cond i t i on  t o  
assess whether t h e r e  is  an o b s e r v a b l e  dependency between , 

motoneuron static and dynamic f i r i n g  p r o p e r t i e s .  Means and  
s t anda rd  e r r o r s  a r e  given a t  bottom of table. 

SUBJECT Stat ic  Normalized 
Sensitivity 
(pps tl-m) I p p s / N - m / s )  

Is(0-1) I S I O - 1  
TP 16/03/89 -57 
178/183 

TP 05/04/891 .67 f .65 





- 

- 

Table 10: Backgrowd f i r i n g  rate and absolute dynamic index 
v a l u e s  f o r  l o w  a n d  h i g h e r  t h r e s h o l d  motor u n i 6 s  
s i m f t a n e o u s l y  recorded dur ing  t h e  F (0-1) t r a j e c t o r y .  The how- 
t h r e s h o l d  u n i t  f i r e d  t o n i c a l l y  i n  t h e  background whereas the 

,, higher  t h r e s h o l d  u n i t  w a s  r e c r u i t e d  d u r i n g  t h e  c o n t r a c t i o n .  
h. Background f i r i n g  ra te  v a l u e s  were s i g n i f i c a n t l y  d i f f e r e n t  

(pSO. 0001) b u t  a b s o l u t e  dynamic i n d e x  v a l u e s  were not  
5 d i f f e r e n t  (p10.73) . Correc t ion  f o r - t h e  r a t e  of rise of the  

f o r c e  t r a j e c t o r y  w a s  n o t  cons ide red  t o  be neces sa ry  s i n c e  
bo th  u n i t s  w e r e  recorded under t h e  same condi t ion ;  t h e r e f o r e ,  
normalized dynamic index va4ues were n o t  inc luded .  

- 

1 Background (ppsj Absolute bX (sps) 

shold 
BH 05/10/89 
57/62 
LS 04/03/89 
143/146 

Low 
Threshold 
12.0 

20.6 

LS 15/03/89 0.0 3 8.9 
164/163 
LS 01/06/89 0.1 6.4 
4/3 
LS 01/06/89 0.2 18.1 
,7/8 
HW  07/09/89 1.3 6.9 
,205/203 
MW 05/10/89 0.0 11.0 
120/123 

High 
Threshold 
0.0 

0.0 

High 
Threshold 
15.1 

13.5 

8.3 

19.0 

15.0 

13.0 

21.0 

PB 14/02/87 7.1 0.4 3.7 
45/48 
PB 21/02/87 7.2 0.3 8.9 
66/69 
SF 05/03/89 0.5 6.7 
84/87 

2.4 

3.0 dP 
0.7 

SF 14/03/89 0.1 8.2 
94/95 a 

TP 04/03/89 8.6 1.5 18.0 
134/137 e 

TP 16/03/89 8.5 0.0 27.1 

4.9 

5.5 

28.0 

0 
b 

11.4 

11.9 
STANDA-RD 1.6 

17.0 

12.5 
2.5 

L 



TakL. 11: Backgrhnd firing rate and a b s o l u t e  dynamic index 
v a l u e s  f o r  l o w  and higher t h r e sh~ ld ,  s i m u l t a n e o u s l y  r e c o r d e d  
motor  u n i t s  during t h e  F ( O - l k  trajectory. Both u n i t s  f i red  
t o n i c a l l y  i n  t h e  background,  either-background f i r i n g  r a t e  4 
n o r  a b s o l u t e  dynamic  i n d e x  v a l u e s  w e r e  s i g n i f i c a n t l y  
d i f f e r e n t  (pSO.17 and p50.35, r e s p e c t i v e l y )  . C o r r e c t i o n  f o r  
t h e  r a t e  of rise of t h e  f o r c e  t r a j e c t - a r y  w a s  n o t  c o n s i d e r e d  
t o  be n e c e s s a r y  s i n c e  b o t h  u n i t s  were r e c d r d e d  under  the same 
condition; t h e r e f o r e ,  n o r m a l i z e d  dynamic i n d e x  v a l u e s  were 
not ' included.  

, SUBJECT f ~aekqroond fpp8) ' 
High 

Threshold Threshold 
8.2 BH 05/10/89 

67/70 
BH 05/10/89 8.2 
45/43 
DT 07/09/89 6.7 
221/223 

Absolute DI (pps) 
Low 
Thresh01 

LS . 04/03 f 89# 8.1 
168/167 
LS -15/03/89 
151/154 
MW, 05/10/89 
112/115 

10.9 

18.8 

7.8 

7.4 

10.0 

4.7 

7.9 

10.3 ' 

19.8 

15.8 

7.9 
4 

12.6 

1'8.7 

PB 02/12/88 8.9 
128/126 
SF 05/03/89 
173/177 
SF 07/09/89 
253/255 

+ 

13.5 

9.5 

15.0 

7.3 

7.9 

7.6 7 .7  

8.6 9.8 

10.1 

10.6 

8.9 

11.7 

7.8 Sf 07/09/89110.3 17.5 
259/1 

10.8 
1.2 

MEAH 8.8 
STANDARD 0.3 
ERROR 

12.4, 
1.3 

8 . 2  
0 . 4  - 



* 
Table 12: Torque t h r e s h o w  va lues  f o r  t w o  - s imul taneous ly  , 

recorded motor u n i t %  labelled 8s l w % t h r e s h o l d  and high 
threshold .  .The l o w  threshold  u n i t  f i r e d  t o n i c a I l y  before the  
c o ~ t r a c t ~ o n  whereas t h e  h igher  threshobd unkt was r e c r u i t e d  
d u r i n g  t h e  c o n t r a c t i o n .  In&uded i n  t h e  t a b l e d s  t h e  
d i f f e r e n c e  i n  background f i r i n g  r a t e s  betkeen t h e  two u n i t s  
a s  w e l l  as t h e i r  d i f f e r e n c e  i n  a b s o l u t e  dynamic iri&g 
v a l u e s .  Hiqh t h r e s h o l d  v a l u e s  were s u b t r a c t e d  from low 
threshold  values.  

120/123 obtained obtained ' 

PB 14/02/87 .43 1.63 6.7 1.3 
45/48 
PB 21/02/87 .88 6 .9  5 .9  
66/69 @ 
S F  05/03/891 .49  1 .67 8.8  6.0 



T a b l e  13 : Torque t h r e s h o l d  v a l u e s  f o r  two s i m u l t a n e o u s l y  
recorded m o t o r  u n i t s  labelled as low t h r e s h o l d  and h i g h  
t h r e s h o l d .  Both u n i t s  fired t o n i c a l l y  before the  f o r c e  
S r a j e c t o r y  was t r a c e d .  I n c l u d e d  i n  t h e  t ab le  are t h e  
d i f f e r e n c e  in background f i r i n g  rates between t h e  t w o  u n i t s  
as  wgll as t h e i r  d i f f e r e n c e  i n  a b s o l u t e  dynamic i n d e x  
*va lues .  H i g h t h r e s h o l d  v a l u e s  were - s u b t r a c t e d  f r o m  low 
t h r e s h o l d  v a l u e s .  

SUSJECT 
Threshold 

BH 05/10/89 

High ' 
Threshold 
(N-m) 
5.11 

A Bkgd. 
(pps) ' 

.7 
67/70 
BH 05/10/89 2.83 
45/43 
DT 07/09/89 1.15 
221/223 
LS 04/03/89 1.14 
151/154 
LS 15/03/89 '1.12 

Alkbsolute 
DI (pps) 

-8.9 

1 . 0  370 - 

168/167 
MW 05/10/89 not 
112/115 ob ta ined  

1.1 

1.4 

0.0 

-1.3 
- 

1.6 

n o t  
ob t a ined  

-.I 

5.2 

8.7 

-3.4 

1.1 PB 02/12/88 1.34 
128/126 i 

5.35 

-0.1 -6.1 SF 05/03/894 . 4 9 .  1 -67 
173/177 
SF 07/09/89 
253/255 
SF 07/09/89 
259/1 

-1.2 

2.8 

-4.7 

.1 

,I3 . 

.13 
1 

-19 

.26 



- - 
i 

l a b h  1 4  : S t e a d y - s t a t e  f i r i n g  r a t e  'and stati ic - s e n s i t i v i t y  
index v a l u e s  f o r  l o w  and ' h i ghe r  t h r e s h o l d ,  s i m u l t a n e o u s l y  
r e c o r d e d  motor units during the F(0-1) tra-jectory, T& low 
t h r e s h o l d  u j l i t  f i r e d  t o n i c a l l y  i n  tlie background whereas t h e  
h i g h e r  t h r e s h o l d  u n i t  w a s  r e c r u i t e d  d u r i n g  t h e  c o n t r a c t i o n ,  
Means and s t a n d a r d  er ro ' r  value.5 given a t  bottom o f  t a b l e  a r e  
s i g ~ i f i c a n t l y  d i f f e r e n t  (pS.02 and pS.0003, r e s p e c t i v e l y ) .  

~ 

- 

SUBJECT ring 

Threshold 
BH 05/10/89 
5?/ 62 7 

LS 04/03/89 
143/146 
LS 13/03/89 
&64/163 
LS 01/06/89 
4/3 
LS 01/06/89 
7/8 

Static sensitivity 
(pps/N-m) 
L o w  H i g h  
Threshold Threshold 
2.70 12.93, 

7.46 9.84 

"3.21 10.00 

2.67 18.40 

8.04 19.78 

MW 07/09/89 
205/203 
MW 05/10/89 
f 2U/l23 
PB 14/02/87 
45/48 
PB 21/02/87 
66/69 
SF 05/03/89 
84/87 
SF 14/03/83 
94/95 
TP 04/03/89 
134/137 
TP 16/03/89 
171/172 
TP 16/03/89 8.9 
178/177 
VL 15/03/89 12.8 
142/143 

MEAH fzr.o 19.4 
0 . 4  0 . 5  STANDARD 

ERROR 

3.25 12.77 

2.32 

5.44 * 

1.16 

5.74* 

15.90 

5.36 

5.90 

16.50 

5.28 26.10 

.45 2.80 
- 

-55 2.70 

-90 - '5.56 

3.50 11.00 

3.51 
0 . 6 2  

'11,70 
1.74 



Table 15: S teady-s ta te  f i r i n g  rate va lues  f o r  low and h igher  
t h re sho ld , -  s imu l t aneous ly  r eco rded  motor u n i t s  d u r i n g  t h e  
F (0-1) t r a j e c t o r y ,  Both units f i r e d  t a n i c a l k ? y  before 
c o n t r a c t  i on  w%s completed. Means and s tandapd e r r o r  va lues  
g iven  a t  bo t f  om>of t a b l e  w e r e  no t  s i g n i f i c a n t l y  d i f f e r e n t  
(p1;O. 4 3  and pS0.68, r e s p e c t i v e l y )  . 

SUBJECT !steady-state' F R I  static sensitivitvl 

- 
L 

- 
I- 

i 

- 
- 
- 
- , 

I I 

l 



9 

Table 16: Torque t h r e s h o l d  v a l u e s - f o r  two s imul taneous ly  
recorded motor u n i t s  lalxel'led a s  low t h r e s h o l d  and high 
threshold .  The 'low threshold  u n i t  f i r e d  t o n i c a l l y  before t h e  
con t rac t ion  wher,eas t h e  'h igher  thrreshold u n i t  was r e c r u i t e d  
dur ing  t h e  con t rac t ion .  Also included a r e  t h e  d i f f e r e n c e  i n  
backQround f i r i n g  r a t e s  between t h e  two uni*t.s a s  wel l  a s  
t h e i r  d i f f e r e n c e  i n  s t a t i c  seng i t iv i l ty  (SS) va lues  (high 
threshold  u n i t  sub t rac ted  f r o m  low th resho ld  y n i t ) .  

SUBJECT 

BH 05/10/89 
57/62 
LS 04/03/89 
143/146 
LS 15/.03/89 
164/163 
LS 01/06/89 
4/3 
LS 01/06/89 
7/8 
MW 07/09/89 
205/203 
MW 05/10/89 
120/123 

l.3/02% 
45/48 
PB 21/02/87 
66/69 
SF 05/03/89 
84/87 
SF 14/03/89 
94/95 
TP 04/03/89 
134/137 
TP 16/03/89 
171/172 
TP 16/03/89 
178/177 
VL 15/03/89 
142/143 

LCYw 
Threshold 
(N-m) 
2.63 

-19 ' 

.41 
- - 

.24 

.35 

1.65 - 

not  
obtained 
.43, - 
.25 

.49 

.I8 

3.68 

2-04 - 

1.85 

1.18 ' 

High 
Threshold - .  
(N-m) 
5.11 

1.14 

-98 

.35 

>.35 - 

2.45 _ 
not 
obtained . 
1.63 

.88 

.67' 

.25 

>3.68 

5.55 

4.44 

>1.18 

ABkgd 
(pps) 

10.7 

7.0 

5.9 

8.2 

6.2 

7.9 

9.7 

6.7 

6.9 

8.8 J 

9.0 

7.1 

8.5 

7.2 

10.2 

A SS 
(pps/N-W 

-10.20 

-2.38 ' 

-6.79 

-15; 73 

-11.74 

-9.52 

.-13.58 

.08 

-4.74 
I 

-10.76 - 

-20 -82 

-2.35 . 
-2.15 

-4.66 

-7.50 ' 



b 

w 

T a b l e  17: Torque t h r e s h o l d  v a l u e s  f o r  low. t h ~ e s h o l d  and  h i g h  
t h r e s h o l d  motor u n i t s  s imul taneous ly  r e c o r d e d  d u r i n g  t h e  
F (U-1) t r a j e c t o r y .  B o t h  u n i t s  f i r ed  t o n i c a l l y  b e f o r e  

- c o n t r a c t i o n  w a s  comple ted .  I n c l u d e d  i n  t h e  t a b L e  are t h e  
d i f f e r e n c e  i n  background f i r i n g  rates between t h e  two u n i t s  
a s  w e l l  as t h e i r  d i f f e r e n c e  i n  s t a t i c  s e n s i t i v i t y  (SS) 
v a l u e s .  High t h r e s h o l d  v a l u e s  w e r e  s u b t r a c t e d  f rom low 
t h r e s h o l d  v a l u e s .  



APPENDIX f1 - SClRFACE EMG DATA % 



, 

T a b l e  18: Abso lu te  dynamic index  f o r  s u r f a c e  electromyograms 
r e c o r d e d  d u r i n g  f o u r  d i f f e r e n t  t r a c e d  t r a j e c t o r i e s  completed 
t o  s m a l l  force magni tudes ,  Means a n d  s t a n d a r d -  e r r o r s  are 
g i v e n  a t  t h e  bot tom of t h e  f t a b ~  The a b s o l u t e  D I  f o r  a l l  t h e  
f a s t  c o n d i t i o n s  was g r e a t e r  t h a n  t h e  S ( 0 - 2 )  c o n d i t i o n  
(pS. 05)  . The F (0-2) c o n d i t i o n  w a s  s i g n i f i c a n t l y  g r e a t e r  

(p1 .05)  t h a n  e i t h e r  t h e  F(0-1)  o r  t h e  - F(1-2)  t r a j e c t o r i e s  . 

which were n o t  s i g n i f i c a n t l y  d i f f e r e n t  (pS.90) .  

Table 19: Maximum r a t e s  o f  r i se  o f  i s o m e t r i c  t o r q u e  f o r  
f o u r  d i f f e r e n t  t r a c e d  t r a  j e c t o r i e s c o i n p l e t e d  t o  s h a l l  f o r c e  
magnitudes.  Means and s t a n d a r d  e r r o r s  a r e  g i v e n  a t  t h e  bot tom 
of t h e  t a b l e .  The maximum dT/dt  f o r  t h e  fast  c o n d i t i o n s  were 
s i g n i f i c a n t l y  g r e a t e r  t h a n  t h e  S (0-2) c o n d i t i o n  (pS.001) . The 

F (0 -2 )  c o n d i t i o n  w a s  s i g n i f i c a n t l y  f a s t e r  (pl. 002) t h a n  
e i t h e r  the, F(0-1)  o r  t h e  F(1-2)  t r a j e c t o r i e s  which were n o t  



Table 20: A b s o l u t e  dynamic i n d e x  normal ized  w i t h  r e s p e c t  t o  
t h e  r a t e  o f  r ise  of i s o m e t r i c  f o r c e  ( n o r m a l i z e d  dynamic 
i n d e x )  f r  s u r f a c e  e lec t rpmyograms  recorded d u r i n g  f o u r  
d i f f e r e n t  t r a c e d  t r a  jectqries c o m p l e t e d  t o  s m a l l  f o r c e  
m a g n i t u d e s .  Means a n d  s t a n d a r d  e r r o r s  are g i v e n  a t  t h e  
bot tom o f  t h e  table and were n o t  s i g n i f i c a n t l y  d i f f e r e n t  from 
one a n o t h e r  (p1.90) . 



T a b l e  21: Absolu te  dynamic index  f o r  s u r f a c e  electromyograms 
recorded  d u r i n g  t h r e e  d i f f e r e n t  t r a c e d  t r a j e c t o r i e s  completed 
t o  l a r g e  f o r c e  magni tudes .  Means a n d  s t a n d a r d  e r r o r s  are 
g i v e n  a t  t h e  bot tom of  t h e  t a b l e ,  and w e r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  from one a n o t h e r  (p5 .90) .  

T a b l e  22:  Maximum r a t e s  of r ise o f  i s o m e t r i c  t o r q u e  f o r  
t h r e e  d i f f e r e n t  t r a c e d  t r a j e c t o r i e s  completed t o  l a r g e  f o r c e  
magnitudes.  Means and s t a n d a r d  e r r o r s  are g i v e n  a t  t h e  bottom 
o f  t h e  t a b l e .  The F(0-2)  trajectory w a s  s i g n i f i c a n t l y  f a s t e r  

' (pS.01)  t h a n  e i t h e r  t h e  F(0-1)  o r  t h e  F(1-2)  c o n d i t i o n s  which 

w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  (p1.90). 

SUBJECT 1 Maximum speed of contraction 1 



Table 23: Absolute dynamic._ index nogmalized with respecE to .. 
rate of rise of isometric torque (normalized DI) for three 
different traced trajectories completed to large force 
magnitudes. Means and standard errors are given at the bottom 
of the table. The normalized dynamic index for the F(0-2) 
condition was significantly less (p1.04) than either the 
F (0-1) or F (1-2) conditions which did not _significantly 
differ from one another (pS.90). > 

Table 2 4 :  The area of the dynamic phase of the surface EMG 
during F (0-1) and F (0-2) trajectories completed within the 
thirty percent of MVC force range.. 

SUBJECT /Area of dynamic phase I 



T a b l e  26: S t a t i c  s e n s i t i 9 j . t ~  f o r  s u r f a c e  electromyograms 
recorded dur ing  t h r e e  d i f f e r e n t  t r a c e d  t r a j e c t o r i e s  completed 
t o  l a r g e  f o r c e  magnitudes. Means and s t a n d a r d  e r r o r s  given 
a t  t h e  bottom of  t h e  t a b l e  are not  s i g n i f i c a n t l y  d i f f e r e n t  
(~1.06) . 

SUBJECT 

BH 09/11/89 
CS 29/11/89 
DT 29[11/89 
LS 14/11/89 
LS 29/11/89 
MI? 09/11/89 
PB 14/11/84 
PS 09/11/89 
RC 09/11/89 
SR 14/11/89 
YZ 29/11/89 
WEAN 
STANDARD 
ERROR 

static sensitivity (~v/N-m) 
F (0-1) 
4.6 
3.5 
13.0 
10.0 
3.9 
6.8 
23.0 
11.0 
11.0 
4.9 
12.0 
9.4 

F (0-2) 
4.9 
4.7 
14.0 
9.9 
4.0 
9.0 
42.0 
10.0 
10.0 
6.3 
9.0 
11.3 

F (1-2) 
5.8 
3.8 
18.0 
12.7 
3.8 , 

11.0 
58.0 
16.0 
14.0 
8.3 
11.0 
14.8 

1.7 3.2 4 . 5  



Table 2 7 :  Maximum rate of rise of isometric torque during 
the F ( 0 - 1 )  and F ( 0 - 2 )  trajectories completed at an - 
oscilloscope sweep speed of 0 . 2  seconds/division. Means and 
standard errors are given at bottom of table. The F(0-2 )  
trajectory was significantly faster ( ~ 1 . 0 0 5 6 )  than the F (0-1) 
trajectory. 

r. 

Table 28: Maximum rate of rise of isometric force during the 
F ( 0 - 2 )  trajectory completed at three different timebase 

settings on the oscilloscope: 0 . 5  seconds/division, 0 . 2  
seconds/division, 0 . 1  seconds/division. Means and standard 
errors are given at bottom of tabfe. In the seven experiments 
when it was completed, the F(0-2)  trajectory traced with the 
oscilloscope timebase at 0 . 1  seconds/division was 
significantly fas'ter than the F(0-2)  trajectory traced with 
timebase set at 0 . 5  secondsfdivision (pS.009) . 

.c 
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