
MOTOR UNIT RECRUITMENT PATTERNS IN 

MULTIFUNCTIONAL MUSCLES 

Stephan Riek 

B.Sc. (~inesiology), Simon Fraser University, 1990 

THESIS SUBMITTED IN PARTIAL FULFILLMENT OF 

THE REQUIREMENTS FOR THE DEGREE OF 

MASTER OF SCIENCE 

in the 2chool of Kinesiology 

@ Stephan Riek 1991 

SIMON FRASER UNIVERSITY 

July 1991 

All rights reserved. This work may not be 
reproduced in whole or in part, by photocopy 

or other means, without permission of the author. 



APPROVAL 

Name : Stephan Riek 

Degree : Master of Science 

Title of thesis: Motor Unit ~ecruitment Patterns in 

Multifunctional Muscles 

Examining Committee: 

Chair: Dr. Igor Mekjavic 

Dr. Parveen Bawa 
Professor 
Senior Supervisor 

Dr. Arthur Chapman 
Professor 

Dr. Charles ~rieber 
External Examiner 
Faculty of Medicine 
University of British Columbia 

a6 . iYs/. Date Approved: 



3ARTIAL COPYRIGHT LICENSE 

I h e r e b y  g r z n t  t o  Simon F r a s e r  U n i v e r s i t y  t h e  r i g h t  t o  lend  

my t h e s i s  o r  d i s s e r t a t i o n  ( t h e  t i t l e  o f  wh ich  i s  shown b e l o w )  t o  u s e r s  

o f  t h e  Simon F r a s e r  C n i v e r s i t y  L i b r a r y ,  and t o  make p a r t i a l  o r  s i n g l e  

c o p i e s  o n l y  f o r . s u c h  u s e r s  o r  i n  r e s p o n s e  t o  a r e q u e s t  f rom t h e  l i b r a r y  

o f  a n y  o t h e r  u n i v e r s i t y ,  o r  o t h e r  e d u c a t i o n a l  i n s t i t u t i o n ,  on i t s  own 

b e h a l f  o r  f o r  one of i t s  u s e r s .  I f u r t h e r  a g r e e  t h a t  p e r m i s s i o n  f o r  

m u l t i p l e  copying  of t h i s  t h e s i s  f o r  s c h o l a r l y  p u r p o s e s  may be  g r a n t e d  

b y  me o r  t h e  Dean of Graduate  S t u d i e s .  I t  i s  u n d e r s t o o d  t h a t  copy ing  

o r  p u b l i c a t i o n  of t h i s  t h e s i s  f o r  f i n a n c i a l  g a i n  s h a l l  n o t  b e  a l l owed  

w i t h o u t  my w r i t t e n  p e r m i s s i o n .  

T i t l e  o f  T h e s i s / ~ i s s e r t a t i o n  : 

A u t h o r :  

( s i g n a t u r e )  

(name) 



ABSTRACT 

During muscle contraction, motor units are proposed to be 

recruited in an orderly manner from small to large. This is known 

as the size principle of motor unit recruitment and has been 

observed during simple voluntary and reflex contractions. One 

muscle, however, generally contributes to more than one function 

and can contain more than one task group of motor units to perform 

each function. 

This study examined motor unit recruitment of extensor carpi 

radialis muscle (ECR) during wrist extension and radial deviation 

and extensor digitorum cornrnunis muscle (EDC) during wrist 

extension and various finger extensions. Single motor unit 

potentials and force were recorded during voluntary contractions 

to determine twitch tension and recruitment threshold of each 

recorded unit. ECR units did not show separate task groups of 

motor units for wrist extension and radial deviation. Orderly 

recruitment of ECR units was observed for each of these 

contractions. During finger extensions, EDC units were divided 

into three main subpopulations: one contributing to middle finger 

extension, a second to ring finger extension and a third to both 

middle and ring finger extensions (common units). During 

extension of the middle finger, orderly recruitment was observed 

for the task group formed by the combination of middle finger and 

common units. Similarly, for ring finger extension, orderly 

recruitment was observed for the task group formed by ring finger 

iii 



and common motor units. All motor units of EDC, comprising 

different task groups for fingers, form a composite task group for 

wrist extension. Orderly recruitment was also observed for this 

composite task group for wrist extension. 
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INTRODUCTION 

The c o n t r o l  of  movement c a n  be  s t u d i e d  from a  number of  

p e r s p e c t i v e s  u s i n g  b o t h  a n i m a l  and  human models .  Whatever 

t h e  p e r s p e c t i v e ,  t h e  e x p r e s s i o n  o f  movement i s  t h r o u g h  

muscu la r  c o n t r a c t i o n .  T h i s  i n t r o d u c t i o n  d e a l s  w i t h  t h e  

o r g a n i z a t i o n  o f  t h e  neu romuscu la r  sys tem;  a  sy s t em which 

a l l o w s  a  s eeming ly  e n d l e s s  r e p e r t o i r e  o f  human movements. 

C o n t r o l  o f  muscle  c o n t r a c t i o n  o r i g i n a t e s  i n  t h e  c e n t r a l  

ne rvous  sys t em and  i s  e x p r e s s e d  t h r o u g h  t h e  f u n c t i o n a l  u n i t  

of  musc l e :  t h e  motor  u n i t .  A motor  u n i t  compr i se s  a  s i n g l e  

a l p h a  motoneuron and t h e  musc le  f i b r e s  which it i n n e r v a t e s  

( r e f e r r e d  t o  a s  i t s  muscle  u n i t ) .  A v a r i e t y  o f  p h y s i o l o g i c a l  

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

a  s i n g l e  muscle  u n i t  a r e  un i fo rm i n  t h e  c a t  m e d i a l  

g a s t r o c n e m i u s  ( M G )  muscle  (Burke e t  a l . ,  1 9 7 3 ) ,  and  t h e  

a n t e r i o r  t i b i a l i s  muscle  o f  t h e  r a t  (Edstrom and  Kugelberg,  

1 9 6 8 ) .  Pe rhaps  t h e  most e x t e n s i v e l y  s t u d i e d  musc le  i n  t e r m s  

o f  motor  u n i t  p o p u l a t i o n s  i s  t h e  MG musc le  o f  t h e  c a t  (Burke,  

1968; Burke e t  a l . , .  1971; Henneman a n d  Olson,  1965; S t ephens  

and S t u a r t ,  1 9 7 5 ) .  Burke e t  a l .  ( 1 9 7 3 ) ,  d i v i d e d  motor u n i t s  

o f  MG i n t o  3  t y p e s :  S ,  FR and  FF. Type S u n i t s  do  n o t  

e x h i b i t  s a g  i n  t e n s i o n  o u t p u t ,  and  a r e  h i g h l y  r e s i s t a n t  t o  

f a t i g u e  ( f a t i g u e  i n d e x  2 0 . 7 5 )  . They a l s o  have  l o n g  

C o n t r a c t i o n  t i m e s  and  g e n e r a t e d  s m a l l  t e t a n i c  t e n s i o n s .  Type 

FF u n i t s  a r e  h i g h l y  s u s c e p t i b l e  t o  f a t i g u e  ( f a t i g u e  i n d e x  I 



0 . 2 5 ) ~  show s a g  i n  t e n s i o n ,  have s h o r t  c o n t r a c t i o n  t i m e s  and  

g e n e r a t e d  h i g h  t e t a n i c  t e n s i o n s .  Type F R  a l s o  have f a s t  

c o n t r a c t i o n  t i m e s  and show s a g  i n  t e n s i o n ,  b u t  a r e  r e s i s t a n t  

t o  f a t i g u e  ( f a t i g u e  i n d e x  2 0 . 7 5 ) .  T h e i r  t e t a n i c  t e n s i o n  

t e n d  t o  be between t y p e  S  and t y p e  F F .  T h i s  nomenc la tu re  f o r  

d e s c r i b i n g  d i f f e r e n t  motor u n i t s  h a s  a l s o  been  u s e d  f o r  motor  

u n i t  p o p u l a t i o n s  o f  t h e  c a t  t i b i a l i s  a n t e r i o r  (Dum and  

Kennedy, 1980)  and  p l a n t a r i s  musc l e s  ( Z a j a c  and  Faden, 1 9 8 5 ) .  

P e t e r  e t  a l . ,  (1972)  deve loped  a  c l a s s i f i c a t i o n  scheme 

f o r  musc le  f i b r e s  b a s e d  on t h e i r  m e t a b o l i c  a c t i v i t y :  SO ( s low 

t w i t c h ,  o x i d a t i v e ) ,  FG ( f a s t  t w i t c h ,  g l y c o l y t i c )  and  FOG 

( f a s t  t w i t c h ,  o x i d a t i v e - g l y c o l y t i c )  . The h i s t o c h e m i c a l  

p r o f i l e s  o f  f i b e r s  w i t h i n  a  musc le  u n i t  match t h e  above 

p h y s i o l o g i c a l  p r o f i l e s  o f  t h e  d i f f e r e n t  motor  u n i t s .  Type S  

motor  u n i t s  have  f i b e r s  which have  h i g h  c o n c e n t r a t i o n s  o f  

o x i d a t i v e  enzymes ( f i b e r  t y p e  SO) . Type FF u n i t s ,  on t h e  

o t h e r  hand,  have low c o n c e n t r a t i o n s  o f  o x i d a t i v e  enzymes b u t  

h i g h  c o n c e n t r a t i o n s  o f  g lycogen ,  g l y c o l y t i c  enzymes and  

m y o f i b r i l l a r  ATPase ( f i b e r  t y p e  FG) .  Type F R  u n i t s  have  

musc le  f ib res  w i t h  i n t e r m e d i a t e  c o n c e n t r a t i o n s  o f  g l y c o l y t i c  

and o x i d a t i v e  enzymes ( f i b e r  t y p e  FOG). T h i s  nomanc la tu re  

f o r  c l a s s i f y i n g  motor  u n i t  t y p e s  h a s  been  s u c c e s s f u l  f o r  

h e t e r o g e n e o u s  l imb  musc l e s  o f  t h e  c a t  (Burke e t  a l . ,  1971; 

Burke e t  a l . ,  1973; C o l l a t o s  e t  a l . ,  1977)  g u i n e a  p i g  (Peter  

et a l . ,  1972)  and  humans (Essen  e t  a l . ,  1 9 7 5 ) .  



The d i f f e r e n c e s  i n  t h e  a l p h a  motoneurons which i n n e r v a t e  

t h e  d i f f e r e n t  u n i t  t y p e s  form a  cont inuum. Those which 

i n n e r v a t e  f a s t  motor u n i t s  a r e  l a r g e ,  have low i n p u t  

r e s i s t a n c e ,  and l a r g e  axons  g i v i n g  them h i g h  a x o n a l  

 ond duct ion v e l o c i t i e s .  Those i n n e r v a t i n g  S t y p e  u n i t s  t e n d  

t o  be s m a l l ,  have  h i g h  i n p u t  r e s i s t a n c e  and  s m a l l  axons ,  

g i v i n g  them s low a x o n a l  c o n d u c t i o n  v e l o c i t i e s  (Burke e t  a l . ,  

1 9 8 2 ) .  The s i z e  of  t h e  a l p h a  motoneuron i s  a n  i m p o r t a n t  

f a c t o r  i n  d e t e r m i n i n g  t h e  t e n s i o n  which a  motor  u n i t  c a n  

p r o d u c e .  Fo r  one  musc le ,  l a r g e r  motoneurons .wi th  t h e i r  l a r g e  

axons  can  i n n e r v a t e  more musc le  f i b e r s  t h a n  s m a l l  

motoneurons .  T h i s  g i v e s  them a  l a r g e  i n n e r v a t i o n  r a t i o  and  

g r e a t e r  t e n s i o n  o u t p u t  (Henneman and  Mendel l ,  1 9 8 1 ) .  

I n n e r v a t i o n  r a t i o s  t e n d  t o  be h i g h  i n  l a r g e  l i m b  musc l e s  and  

s m a l l  i n  t h e  i n t r i s i c  musc l e s  o f  t h e  hand and  e y e  where f i n e  

motor  c o n t r o l  i s  r e q u i r e d  (Burke,  1 9 8 1 ) .  

The motoneurons i n n e r v a t i n g  f i b e r s  o f  t h e  same musc le  

make up a motoneuron p o o l .  C o n s t i t u e n t s  o f  a  s i n g l e  p o o l  a r e  

a r r a n g e d  i n  l o n g i t u d i n a l  columns w i t h i n  t h e  v e n t r a l  ho rn  o f  

t h e  s p i n a l  c o r d .  Motoneuron p o o l s  i n n e r v a t i n g  a x i a l  

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

t h e  v e n t r a l  h o r n  (Rexed ' s  l amina  I X )  w h i l e  t h o s e  i n n e r v a t i n g  

l i m b  m u s c u l a t u r e  a r e  c o n c e n t r a t e d  more l a t e r a l l y  (Burke,  

1 9 8 1 ) .  The motoneuron p o o l s  o f  a n a t o m i c a l l y  s i m i l a r  musc l e s  

can  s h a r e  t h e  same l o n g i t u d i n a l  column a s  i n  t h e  c a s e  o f  t h e  

m e d i a l  g a s t r o c n e m i u s  and  s o l e u s  musc l e s  o f  t h e  c a t  (Burke e t  



a l . ,  1 9 7 7 ) .  

I. Recruitment of Motor Units 

The isometric force production of a muscle i s  determined 

by the  number of ac t ive  motoneurons within a pool and t h e  

r a t e  a t  which they f i r e .  This force can be increased by 

increasing the  number of ac t ive  motor un i t s ,  re fer red  t o  a s  

vrecruitment",  and/or by increasing t h e  r a t e  a t  which t h e  

a c t i v e  u n i t s  f i r e ,  re fer red  t o  a s  " r a t e  coding" (Stein,  

1 9 7 4 ) .  I t  has been shown t h a t  of a l l  t he  motor u n i t s  

proper t ies ,  s i z e  i s  of p a r t i c u l a r  importance i n  the  cont ro l  

of recruitment (Henneman e t  a l . ,  1965) .  

a) Animal Studies 

Many s tudies  examining the  recruitment pa t t e rn  of 

motoneurons have been performed on decerebrate ca t  

preparat ions.  While recording from cut  L7-S1 ven t ra l  roots ,  

Henneman (1957) observed a progressive increase i n  the  

amplitude of newly rec ru i t ed  ac t ion  po ten t i a l s  a s  the  

i n t e n s i t y  of s t imulat ion t o  the  dorsal  root was increased. 

Since t h e  amplitude of a recorded discharge of an axon var ies  

d i r e c t l y  with the  axon diameter (Clamann and Henneman, 1 9 7 6 )  

and axon diameter i s  r e l a t ed  t o  c e l l  s i ze ,  then small 

amplitude discharges mus t  o r ig ina te  from small motoneurons 

and la rge  amplitude discharges must o r ig ina te  from large  

motoneurons. The order of motoneuron recruitment, therefore,  

i s  from small c e l l s  t o  la rge  c e l l s .  This has been re fe r red  



t o  a s  the  "s ize  pr inc ip le"  of motoneuron recruitment 

(Henneman e t  a1  . , 1965) . 

The funct ional  s ignif icance of t h i s  " s i ze  p r inc ip len  i s  

based on two observations:  small motoneurons tend t o  

innervate small tension producing muscle u n i t s  (Henneman and 

Olson, 1965; Burke e t  a l . ,  1982) and small motor un i t s  tend 

t o  be highly r e s i s t a n t  t o  f a t igue  (Zajac and Faden, 1985).  

This allows small forces  t o  be maintained f o r  long periods of 

t ime. As tension demands increase,  l a rge r  increments of 

force a re  added with recruitment of l a rge r  motor un i t s ,  

r e s u l t i n g  i n  a  smooth increase of force production. 

Henneman and co-workers were the  f i r s t  t o  perform 

systematic s tudies  providing a  va r i e ty  of both exci ta tory  and 

inh ib i to ry  inputs  t o  the  sp ina l  cord, and higher centres  of 

decerebrate or  anaethetized c a t s  i n  an e f f o r t  t o  determine 

whether t h e  s i z e  r e l a t ed  recruitment order i s  maintained for  

a l l  inputs  t o  t h e  motoneuron pool (Henneman e t  a l . ,  1965; 

Somjen e t  a l . ,  1965).  Upon s t r e t c h  of the  t r i c e p s  surae 

muscles small amplitude ac t ion  po ten t i a l s ,  recorded from the  

L7  or  S1 ven t ra l  roots ,  were observed f i r s t  followed by 

l a rge r  amplitude spikes a s  the  s t r e t c h  was increased 

(Henneman e t  a l . ,  1965). For crossed-extensor re f lexes ,  

extensor re f lexes  mediated by interneurons,  f lexor  re f lexes  

and monosynaptic re f lexes  (Henneman e t  a l . ,  1965) a s  well a s  

fo r  inputs  t o  t h e  brainstem, cerebellum, basa l  ganglia, and 



motor  c o r t e x  (Somjen e t  a l . ,  1965)  o r d e r l y  r e c r u i t m e n t  of  

motoneurons a c c o r d i n g  t o  t h e  s i z e  p r i n c i p l e  was o b s e r v e d .  

These r e s u l t s  s u g g e s t  t h a t  t h e  s i z e  of a motoneuron i s  

s t r o n g l y  c o r r e l a t e d ,  and  v a r i e s  i n v e r s e l y ,  w i t h  i t s  

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

e x c i t a t o r y  s t i m u l a t i o n .  

S u s c e p t i b i l i t y  t o  i n h i b i t i o n  a l s o  seems t o  be a f u n c t i o n  

of  motoneuron s i z e  (Henneman e t  a l . ,  1965)  . Weak s t i m u l a t i o n  

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

of  t h e  t r i c e p s  s u r a e  i n  d e c e r e b r a t e  c a t s  r e s u l t e d  i n  

i n h i b i t i o n  o f  t h e  l a r g e s t  motoneurons t h a t  had  been  r e c r u i t e d  

d u r i n g  t h e  s t r e t c h  (Henneman e t  a l . ,  1 9 6 5 ) .  A s  t h e  i n t e n s i t y  

o f  t h i s  i n h i b i t i o n  was p r o g r e s s i v e l y  i n c r e a s e d ,  s m a l l e r  and  

smaller motoneurons were i n h i b i t e d  u n t i l  o n l y  t h e  s m a l l e s t  

motoneuron remained  d u r i n g  t h e  s t r o n g e s t  i n h i b i t i o n .  Thus, 

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

w i t h  motoneuron s i z e .  

Throughout  t h e s e  e a r l y  e x p e r i m e n t s ,  p a i r s  o f  u n i t s  were 

q u a l i t a t i v e l y  compared and  few e x c e p t i o n s  t o  o r d e r l y  

r e c r u i t m e n t  w e r e  n o t e d  (Henneman e t  a l . ,  1965)  . I n  a n  e f f o r t  

t o  q u a n t i f y  t h e  o r d e r  o f  r e c r u i t m e n t  o f  a p o o l  of  

motoneurons,  a t e c h n i q u e  was d e v i s e d  t o  r ank  o r d e r  a g i v e n  

motoneuron a s  a p e r c e n t a g e  o f  t h e  maximum monosynapt ic  o u t p u t  

Of t h e  motoneuron p o o l  (Clamann e t  a l . ,  1 9 7 4 ) .  The a c t i v i t y  

Of a s i n g l e  motoneuron from t h e  L 7  v e n t r a l  r o o t  was r e c o r d e d  



s i m u l t a n e o u s l y  w i t h  t h e  a c t i v i t y  o f  t h e  p o o l  o f  motoneurons 

i n  t h e  S1 v e n t r a l  r o o t  i n  r e s p o n s e  t o  s t i m u l a t i o n  o f  t h e  

c o r r e s p o n d i n g  I a  a f f e r e n t s  f rom t h e  combined med ia l  and 

l a t e r a l  g a s t r o c n e m i u s  and s o l e u s  n e r v e s  . A s  l o n g  a s  t h e  

p o ~ t - t e t a n i c  r e s p o n s e  of  t h e  motoneuron p o o l  exceeded  a  

c e r t a i n  l e v e l ,  t h e  g i v e n  motoneuron r e c o r d e d  from t h e  L 7  

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

a f f e r e n t s .  When t h e  p o p u l a t i o n  r e s p o n s e  f e l l  below t h i s  

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

p o o l ' s  r e s p o n s e  c o r r e s p o n d i n g  t o  t h e  d i s c h a r g e  o f  t h e  

motoneuron was te rmed i t s  c r i t i c a l  f i r i n g  l e v e l  (CFL) and  was 

e x p r e s s e d  a s  a  p e r c e n t a g e  o f  t h e  maximum p o s t - t e t a n i c  

r e s p o n s e  of  t h e  p o o l  d u r i n g  t h e  monosynapt ic  r e f l e x  (Henneman 

e t  a l . ,  1 9 7 4 ) .  Using t h i s  t e c h n i q u e ,  a  number o f  motoneurons 

w i t h i n  a  p o o l  c o u l d  be r anked  i n  o r d e r  o f  t h e i r  CFLs 

(Henneman e t  a l . ,  1974; Za j a c  and  Faden, 1985)  . 

CFL h a s  a l s o  been  r e l a t e d  t o  axon s i z e  (Clamann and  

Henneman, 1 9 7 6 ) . a n d  a x o n a l  c o n d u c t i o n  v e l o c i t y  (Clamann e t  

a l . ,  1 9 8 3 ) ,  s u g g e s t i n g  t h a t  c o n d u c t i o n  v e l o c i t y  c a n  be u s e d  

a s  a n  i n d i c a t o r  of  c e l l  s i z e  and  r e c r u i t m e n t  o r d e r .  P o s i t i v e  

c o r r e l a t i o n s  between CFL and  c o n d u c t i o n  v e l o c i t y  have been  

demons t r a t ed  i n  t h r e e  c a t  h i n d l i m b  musc les  (med ia l  

ga s t rocnemius ,  p l a n t a r i s  and  t i b i a l i s  a n t e r i o r )  i n  r e s p o n s e  

t o  d o r s a l  r o o t  s t i m u l a t i o n  (Clamann e t  a l . ,  1983)  . 

Suppor t i ng  t h e s e  o b s e r v a t i o n s ,  r e c r u i t m e n t  o r d e r  h a s  been  

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



t o  s t r e t c h  r e f l e x  i n  med ia l  g a s t r o c n e m i u s  and  s o l e u s  (Bawa e t  

a l . ,  1984)  and  i n  p l a n t a r i s  ( Z a j a c  and  Faden, 1985)  i n  

& c e r e b r a t e  c a t s .  

I n  a d d i t i o n  t o  a x o n a l  c o n d u c t i o n  v e l o c i t y ,  r e c r u i t m e n t  

o r d e r  h a s  been  c o r r e l a t e d  w i t h  t h e  t e t a n i c  t e n s i o n  o f  t h e  

mo to r  u n i t  ( Z a j a c  a n d  Faden ,  1 9 8 5 ) .  T e t a n i c  t e n s i o n  was 

d e t e r m i n e d  by  s t i m u l a t i o n  o f  i s o l a t e d  mo to r  a x o n s  a t  100  

p u l s e s  p e r  s econd  f o r  up  t o  1 second .  I n  e a c h  o f  42 p a i r s  o f  

p l a n t a r i s  motor  u n i t s  o f  a n e s t h e t i z e d  c a t s ,  . t h e  u n i t s  h a v i n g  

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

t e n s i o n  a n d  i n  30  o f  t h e  42 p a i r s  t h e  weaker u n i t s  a l s o  had  

t h e  s l o w e r  a x o n a l  c o n d u c t i o n  v e l o c i t y  ( Z a j a c  a n d  Faden ,  

1 9 8 5 ) .  

S y p e r t  and  Munson ( 1 9 8 2 )  s u g g e s t e d  t h a t  motor  u n i t s  w e r e  

r e c r u i t e d  i n  o r d e r  o f  t y p e  ( S  t o  FR t o  FF) r a t h e r  t h a n  s i z e  

and t h a t  r e c r u i t m e n t  o r d e r  o f  motor  u n i t s  o f  t h e  same t y p e  i s  

random. The c a t  s o l e u s  i s  c o n s i d e r e d  t o  be homogeneous w i t h  

r e s p e c t  t o  f i b e r  t y p e  (Henneman e t  a l . ,  1965)  y e t  r e c r u i t m e n t  

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

been  o b s e r v e d  (Bawa e t  a l . ,  1 9 8 4 ) .  The a x o n a l  c o n d u c t i o n  

v e l o c i t y  o f  p a i r s  o f  u n i t s  were compared t o  t h e i r  r e c r u i t m e n t  

o r d e r .  F o r  d i f f e r e n c e s  i n  c o n d u c t i o n  v e l o c i t y  a s  l i t t l e  a s  2 

m/s, t h e  s l o w e r  c o n d u c t i n g  motoneuron was r e c r u i t e d  f i r s t .  

Accord ing  t o  t h e  o b s e r v a t i o n s  of  S y p e r t  and  Munson, one would 

e x p e c t  t o  see random r e c r u i t m e n t  o r d e r  among motor  u n i t s  o f  



t h e  same tYPe b u t  d i f f e r e n t  c o n d u c t i o n  v e l o c i t i e s .  Hence t h e  

m a j o r i t y  o f  an ima l  s t u d i e s  s u p p o r t  o r d e r l y  r e c r u i t m e n t  

a c c o r d i n g  t o  s i z e .  

b) Human Studies 

The u s e  o f  human s u b j e c t s  o v e r  a n i m a l s  h a s  c e r t a i n  

a d v a n t a g e s  f o r  r e c r u i t m e n t  s t u d i e s .  Human s u b j e c t s  can  

v o l u n t a r i l y  make g r a d e d  c o n t r a c t i o n s  o f  d i f f e r e n t  magni tude  

and s p e e d  o r  h o l d  d e s i r e d  t e n s i o n s  a t  w i l l .  The movement 

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

more e x t e n s i v e .  

O r d e r l y  r e c r u i t m e n t  o f  human motor  u n i t s  was f i r s t  

d e m o n s t r a t e d  by S t e i n  and  co-workers  (Milner-Brown e t  a l . ,  

1 9 7 3 ) .  I n  t h i s  s t u d y ,  s i n g l e  motor  u n i t  (SMU) a c t i o n  

p o t e n t i a l s  and  t e n s i o n  were r e c o r d e d  from t h e  f i r s t  d o r s a l  

i n t e r o s s e u s  (FDI) musc le  d u r i n g  v o l u n t a r y  i s o m e t r i c  

c o n t r a c t i o n s .  Twitch t e n s i o n s  o f  i n d i v i d u a l  motor  u n i t s  were 

d e t e r m i n e d  u s i n g  t h e  s p i k e  t r i g g e r e d  a v e r a g i n g  (STA) 

t e c h n i q u e  ( S t e i n  e t  a l . ,  1972)  and  p l o t t e d  w i t h  r e s p e c t  t o  

t h e  f o r c e  a t  which t h e  u n i t  was r e c r u i t e d  ( r e c r u i t m e n t  

t h r e s h o l d ) .  The r e s u l t i n g  l i n e a r  r e l a t i o n s h i p  s u g g e s t e d  

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

T h i s  con f i rmed  t h a t  motor  u n i t s  i n  human FDI musc le  were 

r e c r u i t e d  i n  a n  o r d e r l y  manner.  

S i m i l a r  t e c h n i q u e s  have been  u s e d  t o  show o r d e r l y  



recruitment in  the  human masseter (Goldberg and Derfler,  

1 9 7 7 ;  Yemm, l 9 7 7 ) ,  temporalis (Yemm, 1 9 7 7 ) ,  abductor p o l l i c i s  

brevis (Thomas e t  a l . ,  1987), f lexor  ca rp i  r a d i a l i s  (Calancie 

and Bawa, 1985), extensor carp i  r a d i a l i s  longus and brevis  

and extensor ca rp i  u lna r i s  (Romaiguere, 1989) and extensor 

digitorum communis during middle f inger  extension (Monster 

and Chan, 1 9 7 7 ) .  

The s tud ies  mentioned above required the  subjec ts  t o  

perform slow isometric cont rac t ions .  Recruitment a t  

d i f f e r e n t  r a t e s  of contract ion have a l s o  been inves t iga ted .  

Desmedt and Godaux ( 1 9 7 7 ) ,  showed t h a t  the  r e l a t i v e  

recruitment order of p a i r s  of t i b i a l i s  an te r io r  motor u n i t s  

during slow ramp contract ions was the  same a s  f o r  f a s t  

b a l l i s t i c  cont rac t ions .  

c) Alternative Patterns of Recruitment 

Although the re  i s  considerable evidence suggesting motor 

u n i t  recruitment occurs according t o  t h e  s i z e  of the  motor 

u n i t  i n  a  va r i e ty  of conditions,  some inves t iga tors  have 

Presented d i f f e r e n t  pa t t e rns  of recruitment.  It has been 

argued t h a t  motor u n i t s  can be se lec t ive ly  ac t iva ted  i f  

appropriate v i sua l  and audi tory feedback i s  provided 

(Basmajian, 1963).  I t  should be noted t h a t  se l ec t ive  cont ro l  

could only be demonstrated on t h e  lowest threshold un i t  

recorded and no evidence of conscious control  of recruitment 

Order of t h e  e n t i r e  pool has been presented. 



I n  a s t u d y  by Kanda e t  a l .  (19771, motor  u n i t s  f rom 

m e d i a l  g a s t r o c n e m i u s  w e r e  r e c r u i t e d  i n  an  o r d e r l y  manner by  

o r  v i b r a t i o n  i n  d e c e r e b r a t e  o r  a n e s t h e t i z e d  c a t s  . 
However, when t h e  s k i n  i n n e r v a t e d  by  t h e  s u r a l  n e r v e  was 

s i m u l t a n e o u s l y  s t i m u l a t e d ,  low t h r e s h o l d  u n i t s  were s i l e n c e d  

w h i l e  h i g h  t h r e s h o l d  u n i t s  were p o w e r f u l l y  r e c r u i t e d .  

G a r n e t t  a n d  S t e p h e n s  ( 1 9 8 1 ) ,  i n v e s t i g a t e d  whether  s imilar  

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

 tim mu la ti on o c c u r e d  i n  humans p e r f o r m i n g  g r a s p i n g  t a s k s .  

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

t h r e s h o l d  u n i t s  w a s  r e d u c e d  whi le  r e c r u i t m e n t  t h r e s h o l d  o f  

low t h r e s h o l d  u n i t s  w a s  i n c r e a s e d .  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 i s  a l t e r e d  p a t t e r n  o f  r e c r u i t m e n t  may be t o  

f a c i l i t a t e  h o l d i n g  o b j e c t s  be tween  t h e  thumb and  f o r e f i n g e r .  

The o b j e c t  would p roduce  c u t a n e o u s  i n p u t  t o  t h e  sy s t em and  

h e l p  r e i n f o r c e  t h e  g r i p  by  p romot ing  r e c r u i t m e n t  o f  l a r g e r ,  

more p o w e r f u l  u n i t s  ( G a r n e t t  and  S t e p h e n s ,  1981)  . I t  w a s  

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

a f f e r e n t s  may b e  o r g a n i z e d  b y  motor  u n i t  t y p e  ( G a r n e t t  and  

S t ephens ,  1 9 8 0 ) .  

I n  a s i m i l a r  s t u d y ,  Kanda a n d  D e s m e d t  (1983)  found  a 

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

a  g r i p p i n g  manoeuvre f o l l o w i n g  c u t a n e o u s  s t i m u l a t i o n  b y  

r u b b i n g  t h e  thumb a n d  i n d e x  f i n g e r  t o g e t h e r .  The r e d u c t i o n  

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



such t h a t  r e v e r s a l s  i n  r e c r u i t m e n t  were observed.  1t was 

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

of h igh  t h r e s h o l d  u n i t s  whi le  l e a v i n g  low t h r e s h o l d  u n i t s  

u n a f f e c t e d .  

11 Task Groups in Multifunctional Muscles 

Recent s t u d i e s  have demonstrated t h a t  some 

m u l t i f u n c t i o n a l  muscle may be d i v i d e d  i n t o  t a s k  groups .  A 

t a s k  group encompasses a l l  t h e  motor u n i t s  which work i n  

con junc t ion  t o  perform a  g iven t a s k  (Loeb, 1 9 9 0 ) .  The o r d e r  

of motor u n i t  r ec ru i tmen t  w i t h i n  a  m u l t i f u n c t i o n a l  muscle has  

been sugges ted  t o  depend on t h e  f u n c t i o n  performed by t h e  

muscle (Desmedt and Godaux, 1981) . Desmedt and Godaux, 

(1981) found t h a t  f o r  t h e  m a j o r i t y  of u n i t  p a i r s  s t u d i e d  i n  

F D I ,  t h e  u n i t  wi th  t h e  h i g h e r  t h r e s h o l d  f o r  abduct ion  a l s o  

had t h e  h i g h e r  t h r e s h o l d  f o r  f l e x i o n .  They a l s o  found a  

smal l  p o p u l a t i o n  of u n i t s  t h a t  showed a  r e v e r s a l  i n  

r ec ru i tmen t  o r d e r  between abduct ion  and f l e x i o n .  Thomas e t  

a l .  (1985)  s t u d i e d  r e c r u i t m e n t  o r d e r  and t w i t c h  t e n s i o n  i n  

t h e  same muscle, F D I ,  d u r i n g  abduc t ion  and f l e x i o n  of t h e  

index f i n g e r .  The t w i t c h  t e n s i o n  of t h e  SMUs showed s i m i l a r  

t i m e  courses  wi th  each c o n t r a c t i o n ,  however, t h e  g r e a t e s t  

tens ion  was developed when t h e  muscle a c t e d  a s  a  prime mover 

( a b d u c t i o n ) .  Each motor u n i t  c o n t r i b u t e d  approximate ly  t h e  

Same Propor t ion  of  t e n s i o n  d u r i n g  each c o n t r a c t i o n .  

l i n e a r  r e l a t i o n s h i p s  between motor u n i t  t w i t c h  



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

w e r e  found ,  s u g g e s t i n g  t h a t  no a l t e r a t i o n s  i n  motor  u n i t  

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

d i f f e r e n t  d i r e c t i o n s .  I t  was f e l t ,  however, t h a t  t h e r e  was 

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

number o f  r e c r u i t m e n t  r e v e r s a l s  n o t e d  e a r l i e r  by D e s m e d t  and 

Godaux ( 1 9 8 1 ) .  An absence  o f  t a s k  s p e c i f i c  motor u n i t s  was 

s u g g e s t e d  f o r  E D 1  s i n c e  no u n i t s  w e r e  a c t i v a t e d  more e a s i l y  

d u r i n g  one  c o n t r a c t i o n  t h a n  t h e  o t h e r  (Thomas e t  a l . ,  1 9 8 5 ) .  

Another  m u l t i f u n c t i o n a l  musc le ,  b i c e p s  b r a c h i i ,  h a s  been  

s t u d i e d  by  t e r  Haar Romeny e t  a l .  (1982, 1984)  . S i n g l e  motor  

u n i t  p o t e n t i a l s  f rom t h e  l o n g  head  o f  b i c e p s  b r a c h i i  were 

r e c o r d e d  unde r  t h r e e  movement c o n d i t i o n s ;  f l e x i o n / e x t e n s i o n ,  

s u p i n a t i o n / p r o n a t i o n ,  and  exorotation/endorotation. S u b j e c t s  

were a s k e d  t o  m a i n t a i n  a  l e v e l  o f  f o r c e  i n  one d i r e c t i o n  t h e n  

i n c r e a s e  t h e  f o r c e  i n  one of  t h e  o t h e r  d i r e c t i o n s .  F o r c e  i n  

t h e  t h i r d  d i r e c t i o n  remained  z e r o .  F o r  e a c h  combina t ion ,  

t he  o r d e r  o f  r e c r u i t m e n t  between a  p a i r  o f  u n i t s  r e c o r d e d  a t  

d i f f e r e n t  s i t e s  was d e t e r m i n e d .  The c r i t i c a l  f i r i n g  l e v e l  

(CFL), i n  t h i s  c a s e  was d e f i n e d  a s  t h e  combina t ion  o f  two 

f o r c e s  a t  which t h e  u n i t  was r e c r u i t e d .  T h i s  d e f i n i t i o n  i s  

d i f f e r e n t  f rom t h a t  o f  Henneman e t  a l .  (1974; see page  7  o f  

t h i s  I N T R O D U C T I O N ) .  When p l o t t i n g  CFL f o r  f l e x i o n  v e r s u s  

s u p i n a t i o n ,  t h r e e  t y p e s  of  g r a p h s  were e v i d e n t .  U n i t s  

r e c r u i t e d  o n l y  by f l e x i o n  were found  on t h e  l a t e r a l  s i d e  o f  

t h e  musc l e .  The CFL f o r  t h e s e  u n i t s  was u n a f f e c t e d  by t h e  



l e v e l  o f  s u p i n a t i o n / p r o n a t i o n  o r  exorotation/endorotation. 

U n i t s  t h a t  c o u l d  be r e c r u i t e d  by a combina t ion  o f  s u p i n a t i o n  

and  e x o r o t a t i o n ,  r e g a r d l e s s  o f  t h e  l e v e l  of  f l e x i o n  w e r e  

found  on t h e  med ia l  s i d e  o f  t h e  musc l e .  Loca t ed  c e n t r a l l y  

were u n i t s  which responded  t o  a  combina t ion  o f  f l e x i o n  and 

s u p i n a t i o n  and  t h e i r  t h r e s h o l d s  were l i n e a r l y  summated. 

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

f l e x i o n  o r  s u p i n a t i o n ,  were found  m e d i a l l y .  I n  a n  a t t e m p t  t o  

e x p l a i n  t h e s e  r e s u l t s ,  t e r  Haar Romeny e t  a l .  ( l 9 8 4 ) ,  

d e v e l o p e d  a  model o f  s y n a p t i c  i n p u t  t o  motoneurons o f  t h e  

l o n g  head  o f  t h e  b i c e p s .  They s u g g e s t e d  a n  o v e r l a p  o f  

motoneuron p o o l s  of  t h e  b i c e p s  and  s u p i n a t o r  m u s c l e s .  

F l e x i o n  i n p u t s  e x t e n d e d  o n l y  t o  t h e  neu rons  i n n e r v a t i n g  

musc le  u n i t s  i n  t h e  most l a t e r a l  p o r t i o n  o f  t h e  musc l e .  The 

summing u n i t s ,  found c e n t r a l l y ,  r e c e i v e d  b o t h  f l e x i o n  and  

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

s u p i n a t i o n  i n p u t .  I n  a d d i t i o n  t o  t h e s e  e x c i t a t o r y  i n p u t s ,  

i n h i b i t i o n  f rom p r o n a t i o n  a f f e c t e d  t h e  most med ia l  u n i t s  and  

a  p o r t i o n  o f  t h e  c e n t r a l  u n i t s .  T h i s  t y p e  o f  model would 

e x p l a i n  t h e  l o c a t i o n  dependant  motor  u n i t  a c t i v i t y  t h a t  was 

o b s e r v e d  ( t e r  Haar Romeny e t  a l . ,  1984)  and s u g g e s t s  t h a t  

some p o p u l a t i o n s  o f  motor  u n i t s  can  b e  s e l e c t i v e l y  r e c r u i t e d  

f o r  s p e c i f i c  t a s k s .  

I t  a p p e a r s  t h a t  some m u l t i f u n c t i o n a l  musc l e s  c o n t a i n  

d i f f e r e n t  t a s k  g roups  w h i l e  o t h e r s  do n o t .  Task g roups  have 

a l s o  been  shown t o  e x i s t  i n  t h e  s a r t o r i u s  musc le  o f  t h e  c a t  



during ~ocomo~tion (Hoffer e t  al., 1 9 8 7 )  . 



OB JECTXVES 

I n  t h i s  p r o j e c t ,  t h e  motor  u n i t  r e c r u i t m e n t  p a t t e r n s  i n  

a  s i n g l e  t endon ,  m u l t i f u n c t i o n a l  musc le  ( e x t e n s o r  c a r p i  

r a d i a l i s ,  ECR)  and  a  m u l t i t e n d o n ,  m u l t i f u n c t i o n a l  musc le  

( e x t e n s o r  d i g i t o r u m  comrnunis, EDC) were s t u d i e d .  ECR 

o r i g i n a t e s  from t h e  l a t e r a l  e p i c o n d y l e  of  t h e  humerus, r u n s  

a l o n g  t h e  r a d i a l  s i d e  o f  t h e  f o r e a r m  and  i n s e r t s  on t h e  

dorsum o f  t h e  t h i r d  m e t a c a r p a l  o f  t h e  hand .  I t  a c t s  i n  

s y n e r g y  w i t h  e x t e n s o r  c a r p i  u l n a r i s  (ECU)  t o  e x t e n d  t h e  

w r i s t .  I t  a l s o  a c t s  i n  s y n e r g y  w i t h  f l e x o r  c a r p i  r a d i a l i s  

(FCR) t o  r a d i a l  d e v i a t e  t h e  hand (Goss ,  1 9 7 6 ) .  Do separate 

subpopulations o f  motor u n i t s  o f  ECR contr ibu te  t o  wr is t  

ex tens ion  and rad ia l  dev ia t ion  and what i s  the  recruitment 

order o f  motor u n i t s  wi th in  each subpopulation? 

The e x t e n s o r  d i g i t o r u m  communis (EDC) muscle  a r i s e s  f rom 

t h e  l a t e r a l  e p i c o n d y l e  o f  t h e  humerus and  d i v i d e s  d i s t a l l y  

i n t o  f o u r  t e n d o n s .  The t e n d o n s  p a s s  t h r o u g h  a  s e p a r a t e  

compartment o f  t h e  e x t e n s o r  r e t i n a c u l u m  and  i n s e r t  i n t o  t h e  

s econd  a n d  t h i r d  p h a l a n g e s  o f  t h e  f i n g e r s .  On t h e  back o f  

t h e  hand,  t h e  t e n d o n s  o f  t h e  midd le ,  r i n g  and  l i t t l e  f i n g e r s  

a r e  c o n n e c t e d  by  o b l i q u e  r u n n i n g  b a n d s .  The main f u n c t i o n  of 

EDC i s  f i n g e r  e x t e n s i o n  b u t  it a l s o  p a r t i c i p a t e s  i n  w r i s t  

e x t e n s i o n  (Goss,  1976)  . Do separate subpopulations o f  motor 

u n i t s  o f  EDC contr ibu te  t o  wr is t  ex tens ion  and various f inger  

ex t ens ions?  What i s  t h e  recrui tment  order wi th in  each 



subpopulation? Also, for the function of wrist extension, 

how does the contribution of EDC (mainly a finger extensor) 

compare with the contribution of ECR (a prime wrist 

extensor) ? 



METHODS 

Exper iments  w e r e  c a r r i e d  o u t  on f o u r  h e a l t h y  s u b j e c t s  (1 

fema le  and  3 ma le s )  w i t h  no  h i s t o r y  o f  n e u r o l o g i c a l  d i s e a s e .  

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  forms b e f o r e  

p a r t i c i p a t i n g  i n  t h e  e x p e r i m e n t s .  The s t u d y  was approved  by 

Simon E r a s e r  U n i v e r s i t y ' s  E t h i c s  Committee f o r  Human 

Expe r imen t s .  The expe r imen t s  r e q u i r e d  e x t e n s i o n  o f  t h e  w r i s t ,  

r a d i a l  d e v i a t i o n  o f  t h e  w r i s t  and  e x t e n s i o n  o f  t h e  middle  

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

between r e c r u i t m e n t  t h r e s h o l d  and  t w i t c h  t e n s i o n  f o r  v a r i o u s  

c o n t r a c t i o n s  pa rad igms .  The f o l l o w i n g  p h y s i o l o g i c a l  

p a r a m e t e r s  w e r e  moni tored  d u r i n g  t h e  expe r imen t s  and  d a t a  

w e r e  a n a l y z e d  o f f l i n e .  

I. Force Measurement 

a )  W r i s t  E x t e n s i o n  

To measure  t e n s i o n  d u r i n g  w r i s t  e x t e n s i o n ,  t h e  s u b j e c t ' s  

r i g h t  arm r e s t e d  on a  h o r i z o n t a l  pad  s u c h  t h a t  t h e  a x i s  o f  

r o t a t i o n  o f  t h e  w r i s t  was c o a x i a l  w i t h  a v e r t i c a l  s h a f t  

( f i g u r e  1A). A h a n d l e  s e c u r e d  a g a i n s t  t h e  dorsum of  t h e  

hand was connec ted  t o  t h e  v e r t i c a l  s h a f t  by a  h o r i z o n t a l  b a r  

equ ipped  w i t h  s t r a i n  gauges .  The p o s i t i o n  o f  t h e  v e r t i c a l  

h a n d l e  w a s  a d j u s t e d  f o r  e a c h  s u b j e c t ' s  hand and  t h e  d i s t a n c e  

from t h e  h a n d l e  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.  

S t r a i n  gauge o u t p u t  f rom t h e  b r i d g e  a m p l i f i e r  (DC-1000Hz 



Deviation 

EMG 

Shaft 

Tension 
for a-, Finger 

Tension 
for 
Finger a 
Extension 

F i g u r e  1. Experimental  se t -up .  ( A )  The s u b j e c t ' s  hand was 
s t a b l i z e d  on t h e  h o r i z o n t a l  p l a t f o r m .  Force,  s u r f a c e  EMG and 
SMU a c t i o n  p o t e n t i a l s  were recorded  from ECR d u r i n g  w r i s t  
e x t e n s i o n  and r a d i a l  d e v i a t i o n  and from EDC d u r i n g  w r i s t  
e x t e n s i o n .  ( B )  Experimental  se t -up  f o r  r e c o r d i n g  t e n s i o n  
d u r i n g  f i n g e r  e x t e n s i o n .  See METHODS f o r  f u r t h e r  d e t a i l s .  



b a n d p a s s )  was f e d  t o  two d i f f e r e n t  c o n d i t i o n i n g  a m p l i f i e r s .  

From one c h a n n e l ,  DC t e n s i o n  was r e c o r d e d  a t  low g a i n  and  was 

u s e d  t o  d e t e r m i n e  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 .  The 

s econd  c h a n n e l  was h i g h p a s s  f i l t e r e d  a t  0 . 1  H z  (AC t e n s i o n )  

and  r e c o r d e d  a t  h i g h  g a i n .  The AC t e n s i o n  was u s e d  f o r  s p i k e  

t r i g g e r e d  a v e r a g i n g  t o  compute t h e  t w i t c h  t e n s i o n  of  e a c h  

s i n g l e  motor  u n i t .  Both AC and  DC t e n s i o n s  were r e c o r d e d  on 

VCR ( V e t t e r  PCM r e c o r d e r ) .  

b )  R a d i a l  D e v i a t i o n  

Dur ing  r a d i a l  d e v i a t i o n ,  f o r c e  was measured u s i n g  a  

G r a s s  FTlO o r  FT03 f o r c e  t r a n s d u c e r .  With t h e  s u b j e c t  i n  

p o s i t i o n  f o r  measu r ing  e x t e n s i o n  f o r c e ,  t h e  t r a n s d u c e r  was 

p l a c e d  on t h e  r a d i a l  s i d e  of  t h e  hand, j u s t  p rox ima l  t o  t h e  

s econd  m e t a c a r p o p h a l a g e a l  j o i n t .  Both AC and  DC t e n s i o n  w e r e  

r e c o r d e d  i n  t h e  same manner a s  d u r i n g  w r i s t  e x t e n s i o n .  

c )  F i n g e r  E x t e n s i o n  

Rec ru i tmen t  o r d e r  o f  e x t e n s o r  d i g i t o r u m  communis (EDC) 

motor  u n i t s  was examined d u r i n g  middle f i n g e r  and  r i n g  f i n g e r  

e x t e n s i o n  i n  two s u b j e c t s .  I n  t h e s e  e x p e r i m e n t s ,  t h e  

s u b j e c t ' s  hand w a s  p r o n a t e d  and  s e c u r e d  on a  s t a b l e  p l a t f o r m  

( f i g u r e  1B) w i t h  t h e  f i n g e r s  e x t e n d i n g  beyond t h e  edge  o f  t h e  

p l a t f o r m .  With t h e  f i n g e r s  f l e x e d ,  a  s t r a i n  gauge assembly  

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

f i n g e r  j u s t  p rox ima l  t o  t h e  f i r s t  i n t e r p h a l a n g e a l  j o i n t  t o  

measure  f o r c e  d u r i n g  e x t e n s i o n .  Both AC and  DC t e n s i o n  w e r e  

20 



recorded a s  out l ined above. 

11. Single Motor Unit Recording 

Single motor un i t  ( S M U )  p o t e n t i a l s  were recorded from 

EDC and extensor carp i  r a d i a l i s  ( E C R )  using bipolar  

intramuscular e lec t rodes .  These electrodes consis ted of two 

7 5  o r  50 micrometer s t a i n l e s s  s t e e l  wires coated w i t h  HML or  

t e f l o n .  The wires were held, w i t h  epoxy, i n  t he  b a r r e l  of a 

25 gauge needle f o r  ease of i n s e r t i o n .  The electrode was 

connected t o  a Grass PI5 AC preamplif ier  (100Hz-10KHz) and 

recorded on a Vetter PCM recorder .  The subject  received both 

v i sua l  and auditory feedback t o  help cont ro l  the  f i r i n g  r a t e  

of t h e  motor u n i t .  

111. Surface Electromyographic Recording 

Surface electromyographic (EMG) a c t i v i t y  was recorded 

from EDC and ECR using two c i r c u l a r  Ag-AgC1 electrodes placed 

over the  muscle. The s ignal  was fed t o  a Grass P15 AC 

preamplif ier  (30Hz - 3KHz) and recorded on a Vet ter  PCM 

recorder .  

IV. Procedure 

Before computing twitch p r o f i l e s  of voluntar i ly  

r ec ru i t ed  s ing le  motor un i t s ,  it was considered e s s e n t i a l  t o  

est imate t h e  time course of t h e  twitch p r o f i l e s  of ECR and 

EDC. This would a l s o  ensure t h a t  the  force recording s e t  up 

was appropriate .  Force i n  the  wr is t  extension and r a d i a l  



d e v i a t i o n  d i r e c t i o n s  were recorded s imul taneous ly  d u r i n g  

s u r f a c e  s t i m u l a t i o n  of ECR (approximate ly  80 - 110 v o l t s  a t  

400ps d u r a t i o n ,  0 . 5  p e r  s e c o n d ) .  S i m i l a r i l y ,  f o r c e  i n  t h e  

w r i s t  e x t e n s i o n ,  middle f i n g e r  e x t e n s i o n  and r i n g  f i n g e r  

e x t e n s i o n  d i r e c t i o n s  was recorded  d u r i n g  s u r f a c e  s t i m u l a t i o n  

of EDC (approximate ly  80 - 1 1 0  v o l t s  a t  400ps d u r a t i o n ,  0 . 5  

p e r  s e c o n d ) .  

During s p i k e  t r i g g e r e d  averag ing  f o r  w r i s t  ex tens ion ,  

r a d i a l  d e v i a t i o n  and f i n g e r  e x t e n s i o n  c o n t r a c t i o n s ,  s u b j e c t s  

were asked t o  e x e r t  enough f o r c e  t o  r e c r u i t  a  c l e a r l y  

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

c o n s t a n t  and slow r a t e  ( l e s s  t h a t  10 p u l s e s  p e r  second) t o  

minimize t h e  f u s i o n  of  t w i t c h e s .  The s u b j e c t  h e l d  t h i s  

c o n t r a c t i o n  f o r  approximately 1-2 minutes .  The procedure  was 

r e p e a t e d  f o r  a s  many motor u n i t s  t h a t  could  be c l e a r l y  

i d e n t i f i e d  f o r  each e l e c t r o d e  p o s i t i o n  b e f o r e  t h e  e l e c t r o d e  

was moved t o  a  new p o s i t i o n .  

For EDC, motor u n i t s  were t e s t e d  t o  de termine  whether 

sub-popula t ions  e x i s t e d  f o r  v a r i o u s  f i n g e r  e x t e n s i o n s .  This  

was done by i s o m e t r i c  c o n t r a c t i o n  of  each f i n g e r  a g a i n s t  an 

e x t e n s i o n  l o a d  and n o t i n g  which motor u n i t s  were a c t i v e .  

U n i t s  were d i v i d e d  i n t o  t h r e e  p o p u l a t i o n s :  one c o n t r i b u t i n g  

' t o  middle f i n g e r  ( M F )  ex tens ion ,  a  second c o n t r i b u t i n g  t o  

r i n g  f i n g e r  ex tens ion  and a  t h i r d  c o n t r i b u t i n g  t o  b o t h  

middle f i n g e r  and r i n g  f i n g e r  (Common) e x t e n s i o n .  The index 



and l i t t l e  f ingers  were ignored since they receive a  s t rong 

contr ibut ion from other  muscle during extension. Similar ly,  

f o r  ECR each motor u n i t  was i d e n t i f i e d  as  belonging t o  wrist  

extension, r a d i a l  deviat ion,  or  both wris t  extension and 

r a d i a l  deviat ion populations.  

V. Analysis 

Data analys is  was done o f f l i n e  on a  Dell 310 

microcomputer. The recruitment threshold of each motor un i t  

was determined from the  DC force replayed on a  s torage 

osc i l loscope .  For ECR, t h e  threshold was defined a s  t h e  

force a t  which the  u n i t  began t o  f i r e  t o n i c a l l y .  However, 

once an EDC u n i t  was r ec ru i t ed  during wris t  extension, two of 

t h e  four  subjec ts  dramatically decreased the  overa l l  

extension force t o  keep the  un i t  f i r i n g  a t  a  slow r a t e  needed 

f o r  spike t r iggered  averaging. For t h i s  reason, recruitment 

threshold f o r  EDC u n i t s  during wr is t  extension was defined as  

the  mean of the  force a t  which t h e  un i t  began f i r i n g  and the  

force  30 seconds a f t e r .  In t h i s  way, both t h e  i n i t i a l  and 

f i n a l  force  l eve l s  were incorporated i n t o  t h e  recruitment 

threshold .  

Next, SMU data  were played back through a  mul t i leve l  

log ic  c i r c u i t  w i t h  both voltage and time windows. Successful 

matching of the  voltage and time c r i t e r i a  t o  t h e  SMU ac t ion  

p o t e n t i a l  r e su l t ed  in  the  output of a  5 vol t  TTL pulse.  This 

pulse was fed t o  the  computer and used t o  construct  a  f i r s t  



o r d e r  i n t e r s p i k e  i n t e r v a l  h i s t o g r a m .  The h i s t o g r a m  was used  

t o  d e t e r m i n e  t h e  u n i t ' s  mean f i r i n g  r a t e  and  t h e  a c c u r a c y  of  

d i s c r i m i n a t i o n .  

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

t e n s i o n s  o b t a i n e d  d u r i n g  s p i k e  t r i g g e r e d  a v e r a g i n g ,  two 

c o n d i t i o n s  a r e  n e c e s s a r y :  1) t h e  t e n s i o n  p r o f i l e  o f  t h e  u n i t  

s h o u l d  n o t  be f u s e d  and  2 )  t h e  u n i t  must f i r e  a synchronous ly  

w i t h  r e s p e c t  t o  a l l  o t h e r  u n i t s .  I f  e i t h e r  c o n d i t i o n  i s  n o t  

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

t r i g g e r e d  a v e r a g i n g  may b e  d i s t o r t e d  (Milner-Brown e t  a l . ,  

1 9 7 3 ) .  To minimize t h e  f u s i o n  o f  t w i t c h e s ,  t h e  r a t e  a t  which 

t h e  a v e r a g e r  was t r i g g e r e d  was l i m i t e d  t o  l e s s  t h a t  10 p e r  

s econd .  

S y n c h r o n i z a t i o n  o f  motor u n i t  a c t i v i t y  was t e s t e d  i n  two 

ways.  One method was t o  c o n s t r u c t  a  c r o s s - c o r r e l a t i o n  

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

The s p i k e s  i n  one  t r a i n  w e r e  u s e d  t o  c o n s t r u c t  a  h i s t o g r a m  of 

t h e  t i m e s  t o  a l l  s p i k e s  i n  t h e  second  t r a i n .  For  independent  

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

f l a t  (Moore e t  al., 1 9 6 6 ) .  Uni t  p a i r s  t h a t  a r e  synchron ized  

w i l l  show a  c lear  peak i n  t h e  c r o s s - c o r r e l a t i o n  h i s t o g r a m .  

The second method o f  d e t e r m i n i n g  s y n c h r o n i z a t i o n  i s  t o  

compare t h e  s p i k e  t r i g g e r e d  a v e r a g e  o f  t h e  EMG p o t e n t i a l  w i t h  

t h e  a v e r a g e  o f  t h e  r e c t i f i e d  EMG p o t e n t i a l  (Milner-Brown e t  



a l . ,  1 9 7 3 )  . When impulses from d i f f e r e n t  motor u n i t s  a r e  

synchronized, a  period of increased a c t i v i t y  in  the  average 

r e c t i f i e d  EMG t r a c e  can be observed before o r  a f t e r  the  

occurrence of a c t i v i t y  i n  the  averaged unrec t i f i ed  t r a c e .  

Both EMG records were sampled a t  50 K H z .  Sampling a t  t h i s  

r a t e  r e s u l t s  i n  a  s u f f i c i e n t l y  high Nyquist frequency (25KHz) 

f o r  sampling the  EMG da ta .  Units showing evidence of 

synchronization were discarded from t h e  ana lys i s .  

The TTL pulse was then used as  a t r i g g e r  fo r  spike 

t r igge red  averaging of the  AC tension record (sampled a t  1 

K H z )  t o  determine twitch tension of t h e  motor u n i t .  The 

amplitude of t h e  twitch tension was measured, i n  vo l t s ,  from 

t h e  lowest point a t  o r  near the  time of the  act ion p o t e n t i a l  

t o  t h e  highest  point of the  p r o f i l e  near t h e  expected time t o  

t h e  peak tension determined from st imulat ion of t h e  muscle. 

The voltage was proportional t o  the  force exerted on t h e  

s t r a i n  gauge assembly and was converted t o  u n i t s  of force 

using a  ca l ib ra t ion  curve. The force was converted t o  torque 

i n  Newton-meters (Nm) using the  following equation 

Torque = F X s  

where F i s  the  force in  Newtons ( N )  and s  i s  the  

perpendicular dis tance from the  ax i s  of ro ta t ion  of the  wris t  

t o  the  l i n e  of appl icat ion of t h e  force .  



V I .  S t a t i s t i c a l  Analysis  

For each subject, a plot of motor unit twitch tension 

versus recruitment threshold was constructed using a software 

graphics package (Cricket Graph). A linear regression line 

was computed giving the slope (m), intercept (b) and 

correlation coefficient (r) of the best fit line. To test 

the significance of r the following t-distributed random 

variable, with n-2 degrees of freedom was used (Harnett and 

Murphy, 1980) . 

where r is the correlation coefficent and n is the number of 

observations. The resulting t variable was compared to a t- 

distribution table to determine the level of significance (p 

value) . 

The slopes of the regression lines were compared using a 

test for parallelism (Kleinbaum and Kupper, 1978). In this 

test, a Z value was computed using the following equation to 

compare the slope of the ECR during wrist extension (WECR) to 

the slope of the EDC during wrist extension. 



m - m 
WECR z = 

WEDC 

ds2wEcR + S'WEDC 
I 

where ~ W E C R  i s  t h e  s l o p e  of t h e  WECR graph,  m w ~ ~ c  i s  t h e  s l o p e  

of t h e  WEDC graph,  sZWECR i s  t h e  v a r i a n c e  of t h e  s l o p e  of t h e  

WECR graph,  and sZwEDc i s  t h e  v a r i a n c e  of t h e  s l o p e  of t h e  

WEDC g raph .  

The v a r i a n c e  of t h e  s l o p e  f o r  t h e  graphs  i s  g iven by: 

where S Y I X  i s  t h e  mean square  e r r o r  of  t h e  d a t a  and sZx i s  t h e  

sample v a r i a n c e  of t h e  X v a l u e s  

The mean square  e r r o r  i s  g iven  by:  

where sZy i s  t h e  sample v a r i a n c e  o f  t h e  observed Y s  and sZx i s  

t h e  sample v a r i a n c e  o f  t h e  observed X s  

The v a r i a n c e  of  t h e  observed X v a l u e s  i s  g iven by:  



where n is the number of observations. The calculated Z 

value was compared to a table of standard normal cumulative 

probabilities to determine the level of significance (p 

value) . 

The correlation coefficients of the graphs were compared 

in a similar manner. The following test statistic for the 

test of equal correlations was calculated: 

where ~ ~ E C R  is the number of ECR units and ~ ~ E D C  is the number 

of EDC units. The calculated Z value was compared to a table 

of standard normal cumulative probabilities to determine the 

level of significance (p value). 



RESULTS 

F o r  motor  u n i t s  o f  e x t e n s o r  c a r p i  r a d i a l i s  ( E C R ) ,  t h e  

r e c r u i t m e n t  o r d e r  f o r  c o n t r a c t i o n  i n  t h e  w r i s t  e x t e n s i o n  and  

r a d i a l  d e v i a t i o n  d i r e c t i o n s  was d e t e r m i n e d .  Also,  f o r  u n i t s  

o f  e x t e n s o r  d i g i t o r u m  communis ( E D C )  r e c r u i t m e n t  o r d e r  f o r  

c o n t r a c t i o n  i n  t h e  w r i s t ,  middle  f i n g e r  and  r i n g  f i n g e r  

e x t e n s i o n  d i r e c t i o n s  was d e t e r m i n e d .  These r e s u l t s  a l s o  

compare t h e  c o n t r i b u t i o n  o f  ECR t o  w r i s t  e x t e n s i o n  w i t h  t h e  

c o n t r i b u t i o n  o f  EDC t o  w r i s t  e x t e n s i o n .  

I. Electrical Stimulation 

E l e c t r i c a l  s t i m u l a t i o n  o f  e x t e n s o r  c a r p i  r a d i a l i s  (ECR)  

and  e x t e n s o r  d i g i t o r u m  communis (EDC) was found  e s s e n t i a l  i n  

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

S t i m u l a t i o n  of  ECR p roduced  t o r q u e  s i m u l t a n e o u s l y  i n  b o t h  t h e  

r a d i a l  d e v i a t i o n  and  w r i s t  e x t e n s i o n  d i r e c t i o n s .  The peak  

t o r q u e  i n  t h e  w r i s t  e x t e n s i o n  d i r e c t i o n  was c o n s i s t e n t l y  

g r e a t e r  t h a n  i n  t h e  r a d i a l  d e v i a t i o n  d i r e c t i o n  a t  t h e  same 

s t i m u l u s  a m p l i t u d e  ( f i g u r e  2 ) .  S u r f a c e  s t i m u l a t i o n  o f  EDC 

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

d i r e c t i o n  o n l y  when t h e  f i n g e r s  were d i s e n g a g e d .  The 

r e s u l t i n g  t w i t c h  p r o f i l e  f o r  w r i s t  e x t e n s i o n  i s  shown i n  

f i g u r e  3 a .  S u r f a c e  s t i m u l a t i o n  o f  EDC a l s o  produced  f o r c e  i n  

t h e  m i d d l e  f i n g e r  ( f i g u r e  3b)  and  r i n g  f i n g e r  ( f i g u r e  3 c )  

d i r e c t i o n s .  These r e s u l t s  i n d i c a t e  t h a t  t h e  set up f o r  f o r c e  

r e c o r d i n g  was a p p r o p r i a t e .  



F i g u r e  2 .  Twitch p r o f i l e s  o b t a i n e d  by s u r f a c e  s t i m u l a t i o n  of 
ECR whi le  r e c o r d i n g  t e n s i o n  i n  t h e  w r i s t  e x t e n s i o n  (a )  and 
r a d i a l  d e v i a t i o n  (b) d i r e c t i o n .  



F i g u r e  3 .  Twitch p r o f i l e s  o b t a i n e d  by s u r f a c e  s t i m u l a t i o n  of  
EDC whi le  r e c o r d i n g  t e n s i o n  i n  t h e  w r i s t  e x t e n s i o n  d i r e c t i o n  
when t h e  f i n g e r s  were no t  clamped ( a ) ,  middle f i n g e r  
e x t e n s i o n  ( b )  and r i n g  f i n g e r  e x t e n s i o n  ( c )  d i r e c t i o n s .  



11. Recruitment Order of Motor Units 

Motor u n i t  t w i t c h  t e n s i o n  v e r s u s  r e c r u i t m e n t  t h r e s h o l d  

p l o t s  were c o n s t r u c t e d  from a t  l e a s t  30 motor  u n i t s  f rom e a c h  

s u b j e c t  r e c o r d e d  d u r i n g  e a c h  c o n t r a c t i o n  (ECR d u r i n g  w r i s t  

e x t e n s i o n  and  r a d i a l  d e v i a t i o n  and  EDC d u r i n g  w r i s t  

e x t e n s i o n ) .  F i g u r e  4 shows t h i s  p l o t  f o r  ECR d u r i n g  w r i s t  

e x t e n s i o n .  R e s u l t s  a r e  g i v e n  on a  l o g - l o g  p l o t  t o  c o v e r  t h e  

wide r a n g e  o f  v a l u e s  t h a t  were found  a l t h o u g h  r e g r e s s i o n  

l i n e s  and  c o r r e l a t i o n  c o e f f i c i e n t s  were computed f rom a  

l i n e a r  p l o t .  F o r  e a c h  s u b j e c t ,  motor  u n i t s  w i t h  lower  

r e c r u i t m e n t  t h r e s h o l d s  gave  a  s m a l l e r  t w i t c h  t e n s i o n .  The 

l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  ( r )  f o r  t h i s  c o n t r a c t i o n  were 

0 . 8 8 ,  0 . 8 1 ,  0 . 7 3  and  0 . 9 6  ( p  < 0 .005)  f o r  t h e  f o u r  s u b j e c t s .  

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

f rom s m a l l  t o  l a r g e  i n  ECR d u r i n g  w r i s t  e x t e n s i o n .  F i g u r e  5  

shows s imilar  r e s u l t s  f o r  ECR d u r i n g  r a d i a l  d e v i a t i o n .  The 

l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  w e r e  0 . 8 7 ,  0 .78 ,  0 . 5 3  a n d  

0 . 9 2  (p  < .005)  f o r  t h e  f o u r  s u b j e c t s ,  s u g g e s t i n g  o r d e r l y  

r e c r u i t m e n t  o f  ECR motor  u n i t s  d u r i n g  r a d i a l  d e v i a t i o n  as 

w e l l  a s  f o r  ECR d u r i n g  w r i s t  e x t e n s i o n .  The c o r r e l a t i o n  

c o e f f i c i e n t s  f o r  t h e s e  two l i n e s  were compared (see METHODS). 

No s i g n i f i c a n t  d i f f e r e n c e  was found  between r o f  t h e  

r e g r e s s i o n  l i n e  f o r  ECR d u r i n g  w r i s t  e x t e n s i o n  and  r a d i a l  

d e v i a t i o n  (p  > 0  .O9) f o r  any  o f  t h e  f o u r  s u b j e c t s  ( t a b l e  1) . 
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Recruitment Threshold (Nm) 

F i g u r e  4 .  Log-log p l o t  of t w i t c h  t o r q u e  v e r s u s  r e c r u i t m e n t  
t h r e s h o l d  f o r  u n i t s  from ECR d u r i n g  w r i s t  e x t e n s i o n  
c o n t r a c t i o n s .  Slope and c o r r e l a t i o n  of  t h e  l i n e a r  r e g r e s s i o n  
l i n e  f o r  each s u b j e c t  i s  g iven i n  t a b l e  2 .  



Recruitment Threshold (Nm) 

Figure 5 .  Log-log p l o t  of twitch torque versus recruitment 
threshold f o r  u n i t s  from ECR during r a d i a l  deviat ion.  Slope 
and cor re la t ion  of t h e  l i n e a r  regression l i n e s  f o r  each 
subject  a r e  given i n  t a b l e  2 .  



T a b l e  1. 

S u b j e c t  n  m r p v a l u e  p  v a l u e  
f o r  m f o r  r 

CT 
1. WECR 58 7 . 8 9 x 1 0 - ~  0 . 8 8  
2  . R D  40 1 . 9 8 x 1 0 - ~  0 . 8 7  WECR*RD > 0 . 4 0  
3 .  WEDC 49 3 . 0 0 x 1 0 - ~  0 . 8 1  WECRkWEDC < 0 . 0 0 0 0 1  > 0 . 1 0  

SR 
1. WECR 3 6  5 . 3 3 x 1 0 - ~  0 . 8 1  
2  . R D  3 3  1 . 4 2 x 1 0 - ~  0 . 7 8  WECR*RD > 0 . 3 5  
3 .  WEDC 32 5 . 9 6 x 1 0 - ~  0 . 4 8  WECR*WEDC < 0 . 0 0 0 0 1  < 0 . 0 1  

PB 
1. WECR 33  1 . 5 7 x 1 0 - ~  0 . 5 1  
2  .RD 32 8 . 0 1 x 1 0 - ~  0 . 5 3  WECR*RD > 0 . 4 5  
3 .  WEDC 36 1 . 1 7 x 1 0 - ~  0 . 8 1  WECRkWEDC > 0 . 2 0  < 0 . 0 2  

TP 
1. WECR 3 1  2 . 8 6 x 1 0 - ~  0 . 9 6  
2  .RD 3 1  5 . 0 9 x 1 0 - ~  0 . 9 2  WECRARD > 0 . 0 9  
3 .  WEDC 32 7 . 9 1 x 1 0 - ~  0 . 7 8  WECR*WEDC>0.06 < 0 . 0 1  

F o r  e a c h  s u b j e c t ,  t h e  number o f  u n i t s  a n a l y z e d  ( n ) ,  t h e  
s l o p e  ( m )  a n d  l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t  (r) o f  t h e  
r e g r e s s i o n  l i n e s  are g i v e n  f o r  ECR d u r i n g  w r i s t  e x t e n s i o n  
(WECR), ECR d u r i n g  r a d i a l  d e v i a t i o n ,  (RD) a n d  EDC d u r i n g  

w r i s t  e x t e n s i o n  (WEDC). A l s o ,  t h e  p  v a l u e s  f o r  c o m p a r i s o n  of 
s l o p e  b e t w e e n  ECR d u r i n g  w r i s t  e x t e n s i o n  a n d  EDC d u r i n g  w r i s t  
e x t e n s i o n  (WECR*WEDC) a n d  c o m p a r i s o n  o f  r f o r  ECR a n d  EDC 
d u r i n g  w r i s t  e x t e n s i o n  (WECRkWEDC) a n d  ECR d u r i n g  w r i s t  
e x t e n s i o n  a n d  r a d i a l  d e v i a t i o n  a re  g i v e n .  



In  o r d e r  t o  compare t h e  r e l a t i v e  rec ru i tmen t  t h r e s h o l d s  

and t w i t c h  t o r q u e s  of ECR u n i t s  recorded dur ing  bo th  w r i s t  

e x t e n s i o n  and r a d i a l  d e v i a t i o n ,  r ec ru i tmen t  t h r e s h o l d  and 

t w i t c h  t o r q u e s  were p l o t t e d  f o r  u n i t s  of ECR which would be 

i d e n t i f i e d  f o r  bo th  c o n t r a c t i o n s .  F igure  6 shows t h a t ,  i n  

most c a s e s ,  t h e  rec ru i tmen t  t h r e s h o l d  f o r  r a d i a l  d e v i a t i o n  

was h i g h e r  t h a n  f o r  w r i s t  e x t e n s i o n .  The t w i t c h  t o r q u e s  were 

t h e r e f o r e  normalized wi th  r e s p e c t  t o  t h e i r  r ec ru i tmen t  

t h r e s h o l d s .  F igure  7 shows normalized t w i t c h  t o r q u e  f o r  

r a d i a l  d e v i a t i o n  v e r s u s  normalized t w i t c h  t o r q u e  f o r  w r i s t  

e x t e n s i o n  f o r  t h e  f o u r  s u b j e c t s .  The l i n e  r e p r e s e n t s  u n i t  

s l o p e  ( l i n e  of i d e n t i t y )  and would be fo l lowed i f  u n i t s  

produced t h e  same t o r q u e  f o r  c o n t r a c t i o n  i n  b o t h  d i r e c t i o n s .  

The p l o t  s u g g e s t s  u n i t s  t e n d  t o  have l a r g e r  t w i t c h  t o r q u e s  

f o r  w r i s t  e x t e n s i o n  t h a n  f o r  r a d i a l  d e v i a t i o n .  This  i s  shown 

by t h e  f a c t  t h a t  most p o i n t s  l i e  below t h e  l i n e  of  i d e n t i t y .  

For  EDC, s e v e r a l  sub-popula t ions  of  motor u n i t s  were 

observed.  These inc luded  a  middle f i n g e r  (MF) e x t e n s i o n  

p o p u l a t i o n ,  r i n g  f i n g e r  ( R F )  e x t e n s i o n  popu la t ion  and a  

p o p u l a t i o n  of u n i t s  t h a t  were a c t i v e  f o r  b o t h  r i n g  and middle 

- f i n g e r  (Common) ex tens ion  ( t a b l e  2 ) .  A l l  t h e s e  u n i t s  cou ld  

- be a c t i v a t e d  f o r  w r i s t  e x t e n s i o n .  Twitch t o r q u e  v e r s u s  

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



Wrist Extension Threshold (Nm) 

Figure 6 .  Threshold of motor u n i t s  of ECR which could be 
i d e n t i f i e d  f o r  both w r i s t  extension and r a d i a l  deviat ion.  



Normalized Twitch Torque for 
Wrist Extension (Nm) 

Figure 7 .  Relative twitch torque of motor u n i t s  of ECR which 
could be i d e n t i f i e d  ,for both wr is t  extension and r a d i a l  
devia t ion .  



Table 2. 

Subject MF Common Not Identified 

This table shows the number of EDC motor units that 
were identified as belonging to the middle finger extension 
population (MF), ring finger extension population (RF), both 
ring finger and middle finger extension populations (Common). 



are shown in figure 8. As in the previous examples, orderly 

recruitment of motor units was observed. The linear 

correlation coefficients were: 0.81, 0.48, 0.81 and 0.78 (p < 

0.005). 

In order to compare contributions of ECR to wrist 

extension and with the contibution of EDC to wrist extension, 

the slopes of the regression lines for these two plots were 

compared for each subject. The slope indicates the change in 

twitch torque with each change in recruitment threshold. A 

higher slope suggests that for the same increases in 

threshold, there are larger increases in torque. It is 

suggested that the relative contribution is greater for the 

muscle which demonstrates the higher slope. Slopes were 

compared using a test for parallelism (Kleinbaum and Kupper, 

1978). In this test, a Z value was computed for the 

comparison of the two slopes (see METHODS). The null 

hypothesis (Ho) for this test was that the slope (InWECR) for 

ECR during wrist extension was equal to the slope (mwEDC) of 

EDC during wrist extension: Ho: m w ~ c ~  = mw,Dc. The critical Z 

value for the two tailed null hypothesis was 1.96 at the 95% 

confidence level. An alternate hypothesis (HA) was that the 

slope of ECR during wrist extension was greater than EDC 

during wrist extension: HA: ~ W E C R  > ~ W E D C  where the critical 

region was Z 2 1.645. Similarly, H A :  mwEC~ < ~WEDC. where the 

critical region was 2 •’ -1.645. These Z values were used to 

determine the significance of the comparison (table 1) 



R e c r u i t m e n t  T h r e s h o l d  (Nm) 

F i g u r e  8 .  Log-log p l o t  of  t w i t c h  t o r q u e  v e r s u s  r e c r u i t m e n t  
t h r e s h o l d  f o r  u n i t s  from EDC d u r i n g  w r i s t  e x t e n s i o n .  S lope  
and c o r r e l a t i o n  of  t h e  l i n e a r  r e g r e s s i o n  l i n e s  f o r  each 
s u b j e c t  a r e  g iven i n  t a b l e  2 .  



F o r  two s u b j e c t s  (CT a n d  SR) t h e  s l o p e  f o r  ECR w a s  

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

e x t e n s i o n  ( p  < . 0 0 0 0 1 ) .  F o r  t h e  o t h e r  two s u b j e c t s  n o  

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

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

e x t e n s i o n  t h a n  f o r  EDC d u r i n g  w r i s t  e x t e n s i o n  f o r  two 

s u b j e c t s  (SR a n d  TP; p  < 0 . 0 1 ) .  F o r  a t h i r d  s u b j e c t ,  (CT) 

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

ECR d u r i n g  w r i s t  e x t e n s i o n  compared w i t h  EDC d u r i n g  w r i s t  

e x t e n s i o n  ( p  > 0 . 1 0 )  . The f o u r t h  s u b j e c t ,  (PB) showed a 

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

e x t e n s i o n  compared w i t h  ECR d u r i n g  w r i s t  e x t e n s i o n  ( p  < 

0 . 0 2 ) .  

Table 3 shows t h e  mean t w i t c h  t o r q u e  o f  ECR u n i t s  d u r i n g  

w r i s t  e x t e n s i o n  w a s  compared w i t h  t h e  mean t w i t c h  t o r q u e  o f  

EDC u n i t s  d u r i n g  w r i s t  e x t e n s i o n  o v e r  t h e  s a m e  t h r e s h o l d  

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

two  m u s c l e  t o  w r i s t  e x t e n s i o n .  F o r  t h r e e  o f  t h e  f o u r  

s u b j e c t s  (CT, PB a n d  TP) t h e  mean t w i t c h  t o r q u e  f r o m  EDC w a s  

c o m p a r a b l e  t o  t h e  mean t w i t c h  t o r q u e  f r o m  ECR. F o r  t h e  

f o u r t h  s u b j e c t  (SR) ,  t h e  t w i t c h  t o r q u e  f rom ECR w a s  

a p p r o x i m a t e l y  f o u r  f o l d  greater  t h a n  t h e  t w i t c h  t o r q u e  f rom 

EDC . 

D u r i n g  f i n g e r  e x t e n s i o n s ,  a  t o t a l  o f  5 7  u n i t s  f o r  m i d d l e  

f i n g e r  e x t e n s i o n  ( f i g u r e  9 ) ,  5 4  u n i t s  f o r  r i n g  f i n g e r  



Tab le  3 

S u b j e c t  Thresho ld  Mean ECR Mean EDC 
Range (Nm) . Twitch ( N m )  Twitch (Nm)  

Fo r  e a c h  s u b j e c t ,  t h e  mean t w i t c h  t o r q u e  from ECR d u r i n g  
w r i s t  e x t e n s i o n  and  t h e  mean t w i t c h  t o r q u e  from EDC d u r i n g  
w r i s t  e x t e n s i o n  o v e r  t h e  same t h r e s h o l d  r ange  a r e  g i v e n .  



Recruitment Threshold (Nm) 

F i g u r e  9 .  Log-log p l o t  of  t w i t c h  t o r q u e  v e r s u s  rec ru i tmen t  
t h r e s h o l d  f o r  u n i t s  from EDC d u r i n g  middle f i n g e r  e x t e n s i o n .  

4 4  



e x t e n s i o n  ( f i g u r e  10) and 68 u n i t s  f o r  e x t e n s i o n  o f  b o t h  

f i n g e r s  t o g e t h e r  ( f i g u r e  11) were r e c o r d e d  from two s u b j e c t s  

( P B  and  SR). Twitch t o r q u e  v e r s u s  r e c r u i t m e n t  t h r e s h o l d  

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

t h e s e  c o n t r a c t i o n s .  L i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  f o r  t h e  

two s u b j e c t s  i n  t h e s e  e x p e r i m e n t s  were: s u b j e c t  PB: 0.74 f o r  

ME, 0.74 f o r  RF and  0.49 f o r  Both;  s u b j e c t  SR: 0.85 f o r  ME, 

0.78 f o r  RF and 0.60 f o r  Both (p < 0 .OO5) . These r e s u l t s  

s u g g e s t  o r d e r l y  r e c r u i t m e n t  of motor  u n i t s  w i t h i n  e a c h  t a s k  

g r o u p  o f  EDC. 



Recruitment Threshold (Nm) 

F i g u r e  1 0 .  Log-log p l o t  of  t w i t c h  t o r q u e  v e r s u s  r e c r u i t m e n t  
t h r e s h o l d  f o r  u n i t s  from EDC d u r i n g  r i n g  f i n g e r  e x t e n s i o n .  

4 6 



Recruitment Threshold (Nm) 

F i g u r e  11. Log-log p l o t  of  t w i t c h  t o r q u e  v e r s u s  r e c r u i t m e n t  
t h r e s h o l d  f o r  u n i t s  of  EDC d u r i n g  e x t e n s i o n  of  b o t h  t h e  
middle and r i n g  f i n g e r s  t o g e t h e r .  



DISCUSSION 

The t w i t c h  t e n s i o n s  of  s i n g l e  motor u n i t s  i n  e x t e n s o r  

c a r p i  r a d i a l i s  ( E C R )  and e x t e n s o r  d ig i to rum cornrnunis ( E D C )  

were compared t o  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  f o r  v a r i o u s  

c o n t r a c t i o n  paradigms. I n  each c o n t r a c t i o n ,  a  s t r o n g  

c o r r e l a t i o n  between t w i t c h  t o r q u e  and rec ru i tmen t  t h r e s h o l d  

was observed sugges t ing  o r d e r l y  rec ru i tmen t  of motor u n i t s .  

The ampl i tude  of  t h e  t w i t c h  t o r q u e  o b t a i n e d  can no t  be 

c o n s i d e r e d  t o  b e  t h e  " t r u e "  ampl i tude  because of t h e  

t e c h n i q u e s  used t o  compute t h e  motor u n i t ' s  t w i t c h .  The 

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

t w i t c h e s ,  r e s u l t i n g  i n  a  d e c r e a s e  i n  t w i t c h  ampli tude,  even 

a t  s t i m u l u s  r a t e s  a s  low a s  2 p e r  second (Ca lanc ie  and Bawa, 

1 9 8 6 ) .  Th i s  i s  lower than  t h e  r a t e s  used i n  t h i s  s tudy  which 

t ended  t o  be n e a r  1 0  p e r  second.  Although t h e  t w i t c h  

ampl i tudes  o b t a i n e d  i n  t h i s  s t u d y  were probably  d i s t o r t e d ,  

t h e  r e l a t i o n  between t w i t c h  t o r q u e  and rec ru i tmen t  t h r e s h o l d  

i s  u n a f f e c t e d .  

I. Task Groups 

A t a s k  groups c o n s i s t s  of a  group of motoneurons a c t i n g  

t o g e t h e r  t o  perform a  g iven f u n c t i o n .  One t a s k  groups was 

found f o r  ECR comprising t h e  e n t i r e  motoneuron p o o l .  That 

is, a l l  u n i t s  t h a t  were a c t i v e  d u r i n g  w r i s t  ex tens ion  were 

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

4 8  



e x i s t e d ,  one  would e x p e c t  t o  f i n d  l a r g e  numbers o f  u n i t s  t h a t  

were more e a s i l y  a c t i v a t e d  f o r  c o n t r a c t i o n  i n  one d i r e c t i o n  

t h a n  t h e  o t h e r .  S i m i l a r  r e s u l t s  have been shown i n  FDI f o r  

c o n t r a c t i o n s  i n  t h r e e  d i r e c t i o n s  (Thomas e t  a l . ,  1 9 8 5 ) .  T h i s  

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

do n o t  show s e p a r a t e  t a s k  g roups  f o r  e a c h  f u n c t i o n .  

Dur ing  c o n t r a c t i o n s  o f  EDC, s e p a r a t e  motor  u n i t  t a s k  

g r o u p s  were o b s e r v e d  f o r  v a r i o u s  f i n g e r  c o n t r a c t i o n s .  U n i t s  

were d i v i d e d  i n t o  t h r e e  s u b p o p u l a t i o n s  f o r  f i n g e r  e x t e n s i o n s :  

one  f o r  e x t e n s i o n  o f  t h e  midd le  f i n g e r  (MF), one f o r  

e x t e n s i o n  o f  t h e  r i n g  f i n g e r  (RF) ,  one f o r  e x t e n s i o n  o f  b o t h  

middle and  r i n g  f i n g e r s  (Common). Al though s u b p o p u l a t i o n s  o f  

EDC e x i s t  f o r  f i n g e r  e x t e n s i o n s ,  e a c h  u n i t  was a l s o  a c t i v e  

d u r i n g  w r i s t  e x t e n s i o n .  T h e r e f o r e ,  a l l  motor  u n i t s  o f  EDC 

motor  u n i t s  form a  compos i te  t a s k  g roup  f o r  w r i s t  e x t e n s i o n .  

S e p a r a t e  motor  u n i t  p o p u l a t i o n s  f o r  d i f f e r e n t  f u n c t i o n s  o f  

t h e  same muscle  have a l s o  been  shown i n  human b i c e p s  musc le  

( t e r  Haar Romeny e t  a l . ,  1984)  a n d  i n  s a r t o r i u s  muscle  o f  t h e  

c a t  ( H o f f e r  e t  a l . ,  1987)  

11. Recruitment Order 

The r e c r u i t m e n t  o r d e r  o f  motor  u n i t s  i n  e a c h  o f  t h e s e  

t a s k  g r o u p s  was d e t e r m i n e d  by p l o t t i n g  t w i t c h  t o r q u e  v e r s u s  

r e c r u i t m e n t  t h r e s h o l d  o f  e a c h  u n i t .  F o r  e a c h  t a s k  group ,  

s m a l l  t o r q u e  p r o d u c i n g  u n i t s  were r e c r u i t e d  b e f o r e  l a r g e  

t o r q u e  p r o d u c i n g  u n i t s .  T h i s  i s  shown by t h e  p o s i t i v e  



r e l a t i o n  be tween  t w i t c h  t o r q u e  a n d  r e c r u i t m e n t  t h r e s h o l d  T h i s  

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

g r o u p  o f  a musc l e .  O r d e r l y  r e c r u i t m e n t  h a s  been  d e m o n s t r a t e d  

i n  t h i s  manner i n  a number o f  o t h e r  musc le  i n c l u d i n g ;  f i r s t  

d o r s a l  i n t e r o s s e u s  (Milner-Brown e t  a l . ,  1973; S t e p h e n s  and  

Usherwood, 1977; Thomas e t  a l . ,  1 9 8 5 ) ,  e x t e n s o r  d i g i t o r u m  

communis d u r i n g  midd l e  f i n g e r  e x t e n s i o n  (Monster  and  Chan, 

1 9 7 7 ) ,  m a s s e t e r  (Goldberg  and  D e r f l e r ,  1977; Yernm, 1 9 7 7 ) ,  

t e m p o r a l i s  (Yemm,  1 9 7 7 ) ,  f l e x o r  c a r p i  r a d i a l i s  ( C a l a n c i e  and  

B a w a ,  1985)  and  e x t e n s o r  c a r p i  r a d i a l i s  (Romaiguere e t  a l . ,  

1989)  . 

F o r  e a c h  g raph ,  a  l i n e a r  r e g r e s s i o n  l i n e  was f i t t e d  t o  

t h e  d a t a  p o i n t s .  The u n d e r l y i n g  a s sumpt ion  f o r  t h i s  

p r o c e d u r e  i s  one  of  l i n e a r i t y  be tween  t w i t c h  t o r q u e  and  

r e c r u i t m e n t  t h r e s h o l d .  T h i s  a s s u m p t i o n  h a s  been  u s e d  i n  many 

o t h e r  s t u d i e s  (Milner-Brown e t  a l . ,  1973; Thomas e t  a l . ,  

1985; Yemm, 1977; C a l a n c i e  and  B a w a ,  1985; Romaiguere e t  a l . ,  

1 9 8 9 ) .  The c o r r e l a t i o n  c o e f f i c i e n t  r, i n d i c a t e s  t h e  s t r e n g t h  

o f  t h e  l i n e a r  r e l a t i o n  between t w i t c h  t o r q u e  and  r e c r u i t m e n t  

t h r e s h o l d .  Data showing more sca t te r  would r e s u l t  i n  a 

smaller r v a l u e .  The h i g h  l i n e a r  c o r r e l a t i o n s  between t w i t c h  

t o r q u e  a n d  r e c r u i t m e n t  t h r e s h o l d  f o r  ECR motor  u n i t s  c o n f i r m s  

o r d e r l y  r e c r u i t m e n t  f o r  b o t h  w r i s t  e x t e n s i o n  and  rad ia l  

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

were h i g h e r  t h a n  i n  a s t u d y  by  Romaiguere  e t  a l .  ( 1 9 8 9 ) ,  who 

r e p o r t e d  r = 0 .39  compared t o  t h e  l o w e s t  c o r r e l a t i o n  i n  t h i s  



s t u d y  of 0 .51 ,  This  i n d i c a t e s  t h a t  t h e  s t r e n g t h  of t h e  

r e l a t i o n  i n  t h i s  s t u d y  was much g r e a t e r .  The c o r r e l a t i o n s  

found i n  t h i s  s tudy ,  wi th  t h e  excep t ion  of one s u b j e c t ,  a r e  

more s i m i l a r  t o  t h o s e  found f o r  f i r s t  d o r s a l  i n t e r o s s e u s  

( F D I )  muscle i n  man by Milner-Brown e t  a l .  ( 1 9 7 3 )  who 

r e p o r t e d  c o r r e l a t i o n s  above 0 .81 .  

The comparison of r e l a t i v e  t w i t c h  t o r q u e  of u n i t s  d u r i n g  

w r i s t  e x t e n s i o n  and d u r i n g  r a d i a l  d e v i a t i o n ,  showed t h a t  t h e  

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

w r i s t  e x t e n s i o n  than  f o r  r a d i a l  d e v i a t i o n  c o n t r a c t i o n s .  This  

s u g g e s t s  t h a t  w r i s t  e x t e n s i o n  i s  a  s l i g h t l y  more e f f e c t i v e  

c o n t r a c t i o n  f o r  ECR and i s  suppor ted  by t h e  d a t a  ob ta ined  by 

s u r f a c e  s t i m u l a t i o n .  The biomechanical  arrangement of t h e  

muscle f i b r e s  may a l low t h e  most e f f e c t i v e  g e n e r a t i o n  of  

f o r c e  d u r i n g  w r i s t  e x t e n s i o n .  S i m i l a r  r e s u l t s  have been 

n o t e d  f o r  c o n t r a c t i o n  of FDI i n  d i f f e r e n t  d i r e c t i o n s  (Thomas 

e t  a l . ,  1 9 8 5 ) .  The most e f f e c t i v e  c o n t r a c t i o n  f o r  FDI was 

abduc t ion  ( i t s  prime f u n c t i o n )  a s  opposed t o  f l e x i o n  of t h e  

f i n g e r  . 

The c o r r e l a t i o n  c o e f f i c i e n t s  between t h e  two d i r e c t i o n s  

of  c o n t r a c t i o n  of  ECR were a l s o  compared. D i f f e r e n c e s  i n  r 

may i n d i c a t e  t h a t  t h e  l i n e a r  approximation i s  a p p r o p r i a t e  f o r  

c o n t r a c t i o n  i n  one d i r e c t i o n  b u t  no t  t h e  o t h e r .  For 

c o n t r a c t i o n  i n  bo th  d i r e c t i o n s ,  ECR u n i t s  showed s i m i l a r  h igh  

c o r r e l a t i o n s  s u g g e s t i n g  t h e  l i n e a r  approximation was 



a p p r o p r i a t e  f o r  t h i s  muscle i n  b o t h  d i r e c t i o n s  of 

c o n t r a c t i o n .  This  was expected  s i n c e  t h e  same u n i t s  were 

r e c r u i t e d  wi th  no r e v e r s a l s  between t h e  two c o n t r a c t i o n s .  

Even though,  t w i t c h  t e n s i o n s  t ended  t o  be lower f o r  r a d i a l  

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

may be p r o p o r t i o n a l  t o  t h e  t o r q u e  d u r i n g  w r i s t  e x t e n s i o n  

r e s u l t i n g  i n  e q u a l  s c a t t e r  about  t h e  l i n e a r  r e g r e s s i o n  l i n e  

f o r  r a d i a l  d e v i a t i o n  compared wi th  w r i s t  e x t e n s i o n .  

For EDC, c o n t r a c t i o n  of each f i n g e r  s e p a r a t e l y  showed 

e q u a l l y  s t r o n g  c o r r e l a t i o n s  f o r  bo th  s u b j e c t s .  The amount of  

s c a t t e r  i n  t h e  d a t a  may be a t t r i b u t e d  t o  t h e  mechanical 

arrangement  of t h e  muscle tendon complex. A s  t h e  tendon of 

EDC t r a v e l s  toward t h e  w r i s t  it s p l i t s  t o  send a  tendon t o  

each of t h e  f i n g e r s .  On t h e  dorsum of t h e  hand, t h e s e  

tendons  a r e  connected by o b l i q u e  running bands (Goss, 1 9 7 6 ) .  

Th i s  means t h a t  each u n i t ,  r e g a r d l e s s  of  which subpopula t ion  

it belongs  t o ,  c o n t r i b u t e s  t o  e x t e n s i o n  of each f i n g e r  by 

v a r y i n g  amounts. For  example a middle f i n g e r  u n i t  would 

p r i m a r i l y  c o n t r i b u t e  t o  middle f i n g e r  ex tens ion ,  b u t  because 

t h e  tendons  a r e  connected,  would a l s o  c o n t r i b u t e  t o  r i n g  

f i n g e r  e x t e n s i o n .  Therefore ,  d u r i n g  e x t e n s i o n  of t h e  f i n g e r s  

s e p a r a t e l y ,  o n l y  a  p o r t i o n  of t h e  t o r q u e  produced by a  given 

u n i t  would be  recorded .  During e x t e n s i o n  of  bo th  f i n g e r s  

t o g e t h e r  one would expect  t o  r e c o r d  t h e  optimum t w i t c h  t o r q u e  

from each u n i t ,  s i n c e  t o r q u e  was recorded  from b o t h  t h e  

middle and r i n g  f i n g e r s  and f i n d  less s c a t t e r  i n  d a t a  p o i n t s .  



T h i s ,  however, was n o t  t h e  c a s e .  The c o r r e l a t i o n  c o e f f i c i e n t  

f o r  e x t e n s i o n  o f  b o t h  f i n g e r s  t o g e t h e r  was less t h a n  f o r  e a c h  

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

b o t h  f i n g e r s  t o g e t h e r  may be  due t o  p r e f e r e n t i a l  e x t e n s i o n  o f  

one f i n g e r  o v e r  t h e  o t h e r .  For  example,  p r e f e r e n t i a l  

e x t e n s i o n  o f  t h e  middle  f i n g e r  w h i l e  r e c o r d i n g  from a  low 

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

h i g h  r e c r u i t m e n t  t h r e s h o l d  f o r  t h i s  u n i t .  T h i s  would r e s u l t  

i n  a  l a r g e r  s c a t t e r  i n  d a t a  p o i n t s  t h a n  when e x t e n d i n g  e a c h  

f i n g e r  s e p a r a t e l y .  

Comparing t h e  s l o p e s  o f  t h e  t w i t c h  t o r q u e  v e r s u s  

r e c r u i t m e n t  t h r e s h o l d  p l o t s  a l l o w s  one t o  compare t h e  

r e l a t i v e  c o n t r i b u t i o n  o f  two musc les  d u r i n g  t h e  same 

c o n t r a c t i o n .  S i n c e  t h e  l i n e  o f  best f i t  must t h e o r e t i c a l l y  

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

c o n t r i b u t i o n  t o  t h e  c o n t r a c t i o n .  Tha t  i s ,  f o r  e a c h  i n c r e a s e  

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

Comparing s l o p e s  i n  t h i s  manner showed t h a t  t h e  c o n t r i b u t i o n  

o f  ECR t o  w r i s t  e x t e n s i o n  was g r e a t e r  t h a n  t h e  c o n t r i b u t i o n  

o f  EDC t o  w r i s t  e x t e n s i o n  f o r  two s u b j e c t s  (SR and  CT)  . 
T h i s ,  i n  i t s e l f ,  does  n o t  i n d i c a t e  t h a t  ECR i s  more i m p o r t a n t  

f o r  w r i s t  e x t e n s i o n .  When t h e  mean t w i t c h  t o r q u e  o f  EDC 

u n i t s  w e r e  compared t o  t h e  mean t w i t c h  t o r q u e  o f  ECR u n i t s  

o v e r  t h e  same t h r e s h o l d  range ,  t h r e e  o f  t h e  f o u r  s u b j e c t s  

(CT ,  PB a n d  TP)  showed s i m i l a r  v a l u e s  between t h e  two 

musc le s ,  however, o n l y  s u b j e c t s  CT and  PB r e c r u i t e d  u n i t s  



f rom b o t h  musc l e s  o v e r  a  wide r a n g e  o f  f o r c e s .  T h i s  would 

i n d i c a t e  t h a t  EDC i s  a n  i m p o r t a n t  w r i s t  e x t e n s o r  f o r  these 

t h r e e  s u b j e c t s .  For  t h e  f o u r t h  s u b j e c t  (SR) ,  mean t w i t c h e s  

w e r e  a p p r o x i m a t e l y  f o u r  f o l d  g r e a t e r  f o r  ECR t h a n  f o r  EDC 

o v e r  t h e  same t h r e s h o l d  r a n g e .  Fo r  t h i s  s u b j e c t  ( a s  w e l l  a s  

T P ) ,  EDC u n i t s  w e r e  o n l y  r e c r u i t e d  a t  h i g h  t h r e s h o l d s  

compared w i t h  ECR u n i t s .  T h i s  i n d i c a t e s  t h a t  EDC i s  n o t  a  

p r ime  mover d u r i n g  w r i s t  e x t e n s i o n  f o r  t h i s  s u b j e c t  (SR) . 
Dur ing  normal  f u n c t i o n ,  p r ime  movers a r e  t h e  f i r s t  musc l e s  

a c t i v e .  A s  t e n s i o n  i n c r e a s e s ,  s y n e r g i s t  musc l e s  become 

a c t i v e  f o r  f i x a t i o n  and  s t a b i l i z a t i o n  of  j o i n t s  t h r o u g h  co- 

a c t i v a t i o n  (Smith,  1 9 8 1 )  . For  t h e  o t h e r  t h r e e  s u b j e c t s ,  EDC 

i s  a n  i m p o r t a n t  w r i s t  e x t e n s o r  a s  w e l l  a s  f i n g e r  e x t e n s o r .  

A s  ment ioned  p r e v i o u s l y ,  two s u b j e c t s  (SR and  T P )  were 

f o r c e d  t o  d e c r e a s e  d r a m a t i c a l l y ,  t h e  o v e r a l l  w r i s t  e x t e n s i o n  

f o r c e  i n  o r d e r  t o  keep  EDC u n i t s  f i r i n g  a t  a  low r a t e  needed  

f o r  STA. I t  would a p p e a r  t h a t  t h e  c e n t r a l  ne rvous  sys t em c a n  

f o c u s  s egmen ta l  and  d e s c e n d i n g  i n p u t  o n t o  EDC motoneurons 

once  t h e y  have been  r e c r u i t e d .  

Descending  and  segmen ta l  i n p u t  c a n  i n f l u e n c e  s p i n a l  c o r d  

c i r c u i t r y  a t  a  number o f  s i tes .  S p e c i f i c a l l y ,  Renshaw ce l l s ,  

Ib i n t e r n e u r o n s  and  t h e  motoneurons i t s e l f  are a l l  p o s s i b l e  

s i t e s .  Renshaw ce l l s  r e c e i v e  i n p u t  f rom motoneuron 

c o l l a t e r a l s  a s  w e l l  a s  f rom a  v a r i e t y  o f  d e s c e n d i n g  pa thways .  

T h e i r  o u t p u t  i s  e x t e n s i v e ,  p r o v i d i n g  r e c u r r e n t  i n h i b i t i o n  t o  



s y n e r g i s t i c  motoneurons a s  w e l l  a s  I a  i n h i b i t o r y  i n t e r n e u r o n s  

and  o t h e r  Renshaw c e l l s  i n  t h e  same motor  n u c l e u s  ( B a l d i s e r r a  

e t  a l . ,  1 9 8 1 ) .  R e c u r r e n t  i n h i b i t i o n  by  Renshaw c e l l s  i s  

s t r o n g e s t  amongst motoneurons of  t h e  same motor  n u c l e u s  and  

t h o s e  c l o s e s t  i n  d i s t a n c e .  These d e s c e n d i n g  i n p u t s  may 

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

ECR and  e x t e n s o r  c a r p i  u l n a r i s  (ECU) motoneuron p o o l s  t h a n  t o  

EDC r e s u l t i n g  i n  f o c u s s i n g  on t h e  a c t i v e  EDC motoneurons .  

Once t h e  EDC motoneuron h a s  been  r e c r u i t e d ,  t h e  o t h e r  w r i s t  

motoneuron e x t e n s o r s  r e l a x  w h i l e  t h e  f i r i n g  r a t e  o f  

i s  m a i n t a i n e d .  

t h e  EDC 

I n h i b i t i o n  by I b  i n t e r n e u r o n s  c a n  a 

on t h e  EDC motoneurons .  I b  i n t e r n e u r o n s  

I a ,  Ib, c u t a n e o u s  and j o i n t  a f f e r e n t s  as 

l s o  p r o v  

r e c e i v e  

w e l l  a s  

ide f o c u s s i n g  

i n p u t  f rom 

d e s c e n d i n g  

pa thways  and  p r o v i d e  i n h i b i t i o n  t o  s y n e r g i s t  motoneurons a s  

w e l l  a s  e x c i t a t i o n  t o  a n t a g o n i s t  motoneurons ( B a l d i s e r r a  e t  

a l . ,  1 9 8 1 ) .  The d e s c e n d i n g  i n p u t s  may f o c u s  i n h i b i t i o n  o n t o  

ECR and  ECU a l l o w i n g  EDC motoneurons t o  remain  a c t i v e  a s  

e x t e n s i o n  f o r c e  f a l l s .  I n  g e n e r a l ,  t h e  convergence  o f  

d e s c e n d i n g  and  segmen ta l  i n p u t s  a l l o w  t h e s e  pathways t o  b e  

m o d i f i e d .  The more s y n a p s e s  p r e s e n t  i n  a pathway t h e  more 

p o t e n t i a l  f o r  f l e x i b i l i t y  o f  i t s  o u t p u t .  



CONCLUSIONS 

T h i s  s t u d y  shows t h a t  some m u l t i f u n c t i o n a l  musc l e s  (EDC)  

may show s e p a r a t e  t a s k  g roups  f o r  e a c h  f u n c t i o n  w h i l e  o t h e r s  

(ECR)  do n o t .  The c o n c l u s i o n  of  o r d e r l y  r e c r u i t m e n t  of  motor  

u n i t s  c o n f i r m s  t h e  o b s e r v a t i o n  o r i g i n a l l y  made by Henneman 

and  co-workers  ( 1 9 6 5 ) .  However, t h e  o r i g i n a l  f o r m a t i o n  of  

t h e  ' s i z e  p r i n c i p l e '  s u g g e s t e d  o r d e r l y  r e c r u i t m e n t  w i t h i n  a  

p o o l  o f  motoneurons .  I n  l i g h t  o f  t h i s  s t u d y ,  t h e  ' s i z e  

p r i n c i p l e '  s h o u l d  be  m o d i f i e d  t o  s u g g e s t  o r d e r l y  r e c r u i t m e n t  

of  motor  u n i t s  w i t h i n  e a c h  t a s k  g roups  o f  a  musc l e .  
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