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ABSTRACT

Two- sets of experiménts' were conducted ‘with Epman

subjects to investig&fé the dynamics of flexor carpi\radialis

motoneuron firing patterns.

« .

Subjects traced ramp and hold isometric force.

trajectories, while surfacéﬁ and intrémuscular single motor

were confrolled for background motoneuronal activity level,

rate of rise and magnitude of isometric force. Average

°

response histograms of ‘'single motor unit and surface-

electromyogram (EMG) activities associateq‘ with these

contractions were constructed separately for each 'condition.
These data were quantified in terms of the dynamic and

steady~state phases of the -force trajectories. = - _

The range of motor unit firing pattérns obserVed during

\

the dynamic phase”of the fdrce‘trajeétory were non-linearly
related to the trajectory's rfze of rise of force and'the
motoneuron's background excitation level. deer and higher
threshold motor units, recorded simultaneously, did':not
display any observable difference .in their firing patterné

during the dynamic phase of the trajectory. The dyhamic ase

unit, eﬂgctromyographic activities were recorded. Conditions

of the motor unit pppulation dischafge (reflected in'thq'

surface EMG activity), during a small output of force, was
linearly related to the rate of rise of‘fofce; however,

during trajectories completed to greater magnitudes of force,

iii
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the dynamic:phase of the EMG activity.incfeased inaa non-

linear manner with respect to .increases in rate of rise of

force.

w

‘The range of single motor unit firing patterns during

-

the steady-state phase of the force trajectory was not

influenced by the trajectory's rate of rise of force, but was

- non-linearly related to"théhmagnitﬁéewof force output and

motoneuron's background excitation 1level. Simﬁltaneously
recorded lower and higher threshold un%ts did not display ahy-
difference in their steady-state firing patterns if both

units were active before the trajectory. The steady-state

_phase of the surface EMG activity was linearly related to the

magnitude of the force output.

)

: x
Although single motor units displayed non-linearity in

their dynamic firing rate pattern, the linearity between the

~dynamic phase of surface EMG activity and rate of rise of.

»

force during low forée outputs could be explained by the
recruitmént of -additional motor pnits. TheAliﬁea:itf between |
steady-state surface EMG activity and the magnitudé 6f the
force may be expiqined by the addition of unit§ récruited

duriﬁg the trajectory since units active before the

‘superimposed trajectory produced only small increments in

steady-state firing rate.

iv
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GL‘OSSARY P PR

=After hyperpolar;zat;on (AHP)— a perlodjlof

hyperpolarization 'in the soma follow1ng the generatlon of an

action potentlal 1n the axon hillock. - | St N

’ -

'Decerehraﬁe preparatlon .= an experimental surgical
' preparation performed on animal models where the bralnstem is
Atransected at the mldbraln level : :

lF;r;ng pattern'— ‘the - serlal pattern of actlon'potentlals
‘_generated by:“&@ motoneuron. : i ;

-

'Flrst order h;stogr&m - . describes the dlstrlbutlon of

interspike 1ntervals between .a series of action potentlals

- deflections, in the raw EMG signal are inverted so that. only
. p031trve values represent the EMG signal. : . :

-

jﬂomonymous muscle - the afferents from a homonymous muscle
~feedback onto the motoneuron pool of that muscle.

) ~ -

Ib muscle afferent - .the afferent from the Golgi tendon
organ wh1th is sensitive to. the rate of change and magnitude
of tension. : - :

Injedted currents - controlled appllcaton of current inputs

'~ to a neuron. v1a an 1ntracellular electrode.

Input res;stance ~ the DC re51stance to the flow of current
-, applied across a motoneuron membrane.

Instantaneous f;r;ng rate - the‘lnverse of the interspike
1nterval ‘ ™ ’ '
Integrated EMG activity - the area calculated under the

rectified surface EMG signal.

‘Interspike interval - the time interval‘between two

successive action potentials.

xi

Force zmpulses - a. force trajectory descrlblng very faSt]
\ (balllSth) .contractions’ completed to .a target force -level
‘followed by relaxation. : A
| | magnitude .
—* : . .. =
< s
Y ' T e ’ | _time . * ] | .
‘Full-wave rectified surface EMG - all negative



Intracellular recording - recording completed by a micro -
electrode 1nserted into a single cell.

-~ Intramuscular recording - extracellular recording done
with a micro-electrode inserted into a muscle. ' '

Intrinsic neuronal factors - includes membrane properties
such as membrane t'ime constant and specific. membrane
resistivity. - e
Maximum voluntary contraction ~(MVC) . - thée. maximum
ispmetric force that a subject can generate from a given
muscle or muscle group.
. L

Motoneuron ~ -includes the dendrites, soma, axon and end-
‘plate terminals.

Motoneuron background excitation . level -~ the steady-
state firing rate of the motoneuron prior to, in these
experiments, a superimposed force trajectory.

) 4
S

.

Motoneuron pool - a group of motoneuron§ which innervates'a
given muscle. - v ) -
. P
Motor wunit - the motoneuron and the muscle wunit it
innervates. :
\ N
- Muscle unit - all the muscle fibers within a muscle

innervated by one motoneuron.

Phasic firing - a short burst of action potentials usually
. with very short interspike intervals.

Post-stimulus average response hxstogram - a method of
averaging data over a given time perlod for #a given
condition. The ordinate of the histogram desciibes the
number of occurrences of an "event" falling within a given
sampling time. For instance, the average response histograms
constructed for a motoneuron firing pattern ‘“in these.
experiments indicated the instantaneous firing rate of the
motoneuron in relation to the trajectory completed. :

Pulse-step model - a theoretical model ‘developed to
describe inputs to a motoneuron pool for the ramp-and-hold
trajectories completed in these experiments.

xii .




. I
Ramp—and -hold 1nput{outpdﬁ —yéidguantlflable rate of Mmse‘

of input or output taken to a- s@ea y state level R

time
Rate - tension curve - relationship between experimentally
generated stimulation rates and the ten51on generated in
‘response by either muscle or muscle units.

Renshaw cell - an inhibitory interneuron which has

monosynaptic connection with alpha motoneurons. - It 1is .
excited. by collaterals of motoneuroms as well as segmental ———

and supraspinal inputs.

Root-mean square of EMG amplitude - the rectified EMG

signal is squared before 1ntegrat1ng and then obtaining the“

root value.

S versus F type motor units - a ciassification of motor

units based on physiological properties of both the
motoneuron~and the muscle unit. S type motor units- have, for

instance, slower conduction velocities and a 'greater
resistance to fatigue than F type motor units.

) S

Saturatioﬂ non-linearity - 1in these experiments firing'

rate saturation non-linearity was observed when the increase
in the motor unit's instantaneous firing rate was less during
conditions of greater rate of rise of force or magnitude as
well as whén the background excitation level of the motor
unit was high.

Spike - refers to a single action potential. -

Step input - characterized by an infinite rate of rise to a-
maintained steady-state level.

“ _

i . _

. . magnitude

& S ¢

T Ll

time

Subthreshold depolarization - a level of depolarization

which takes the membrane potential away from resting levels
but does not bring it to threshold

Surface electromyography (EMG) - a method of measuring
the electrical activity of a motor unit population reflecting
the number of motor units active as well as their firing
patterns.

xiii
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' S8ynergist - a muscle which contributes to a function shared
" with other muscles (e.g. synergists of the flexor carpi
radialis are flexor carpi wulnaris, flexor digitorum
superficialis, palmaris longus, flexor digitorum profundus).

‘Taetanic tension - the maximal tension output of a muscle
unit due to fusion of successive tw1tch tensions in response
to a high firing rate. :

Tonic firing - a continuous train of action potentials,
Triangular isometric force trajectories - a pattern of.

controlled force outputs where subjects increase-force at &
particular rate of rise and upon reachlng a target level

decrease force at the same rate. e
. e i - ) S .
T " ’//ﬁ\\lﬁmagnltude
P - S
T r i
— time
Twitch contraction time - the time from. initiation of the

contra;;éon to the attainment of maximum twitch tension.

xiv



~rise -and the magnitude of force produced by its muscle unit.

INTRODUCTION

~

The firing pattern of a motoneuron governs the rate 6F%

N

The number of motor units recruited during a given input to a

motoneuron pool as well as their firing EﬁfﬂﬂiEEiﬁlﬂill

———— —— -detérmine the force output of the muscle. The holistic

°

provide partial information about the factors$ which influence

~ the dynamics of motoneuron discharge; therefore, insight

into the behaviour which underlies surface EMG activity can

only be gained with recordinés of a single motor unit firing

pattern.

Single motoneuron firing patterns dictate the‘£9£gg/;¢;www

production of its muscie unit and the sﬁm oéﬁthe outputs ffom
the muscle units determines the totél force outpﬁt of a
muscl@%! Therefore, single motoneuron firing p%operties
described in the literature will be reviewed and'then the
‘comparatiQe discharge patterns bétween- small numbers of
simultaneously recorded single motor units will be reviewed.
The final section Qf the review will’focus on surface EMG
activity which reflects the combined discharge behaviour of a
moﬁor unit populatién.
Single Motoneuron Discharge Behaviour
Motoneuron repetigive firing patterns have been

[y

investigated using two different protocols. Investigators



have either recorded single motoneuron vfiring patterns

intracellularly from animals when the\input to the motoneuron

has been controlled, or, intramuscularly'from animal and.
‘human subjects when force dutputs have been controlled.  The
_ following revieéw includes observations from both experimental

designs. { 7 ' -

- —

~—»,,,n_;;nZAnimaL‘jgggﬁégii<E§e current thresho;gh_ﬁor (fepetitive

- = = a

~—discharge, called the rhythmic EEEEEESIaj“f6f~r5

al., 1963a) and cat (Granit et al., 1963; Mischelevich, 1969) °

motoneurons is approximately 1.3 - 1.4 times rheobase. Low

and high th;eshold cat motoneﬁrons (Kérnell, 19656; Kernell =~ -

and’ Monster, 1982) are capéble of repetitive firing.’

Granit et al. (1963) observed that with thé’injection of
a long—lasting-step current,finstantaheous firing rates,
recorded intracellﬁlarly from rat and cat motoneurons,
decreased from a mgximum firing rate to a steady-state level
.of firing. This was called adaptation in firing rate. They
also nééed that the degree of adaptation increased with
greater current intensities. Kernell (1965b) demonStratéd
that a plot.'of'instantaneous firing rate’ (frequency (E))
against injected cﬁrrent intensity g@ completed for any
interval could be fitted with twé s&raight lines. A,brimaryA
firing range was described by the slope of a line fitted to

low firing rates generated from low intensity current inputs.

The slope of ;Lis regression was less than the slope of a

2



‘second line fitﬁed to ghe higher firing rates géheratedﬁﬂ'f
during strongrcqrrent inputs  termed the‘secondary firing
. : range. Kernell. (1965?) investigated th; iﬁfiuence ‘of
adaptation on. the primary and-seconéary'firing range. The‘
slopes of\the primary and secondary rangé{Were highest fori'
—— the first interspike interval and lowest for inter?als: ;',71
recorded 1.0 second after current onset..Thefefore/,cﬁrreqt -

‘of a given intensity yielded a faster instantaneous firing

rate from the first interspike interval than, for instance,

»;;§”1ch interspike interval.

given.
e v E R

rate
— "= ~Tby Gramit et al. (1963) it 1s apparent that the f g

iring v

— )

! pattern of a motoneuron méyrhcontﬁin both a dynamic and

A S

steady-state component. The following will focus on factoré

suggested in the literature to fluknce the dynamic and

steady-state phases of the motoneuyon firing pattern.

My,
is .

- Dynamic™ Phase

1

~ Animal Studies: A step current injected 'into an 'animal‘

motoneuron yields ‘an initial and a late phase of firing ‘rate

édapt%tion. Granit et al. (1963)M and Kernell (1965Db)
.bbserved an initial adaptation as a rapid decrease in the
instantaneous discharge rate of the first 3 to 4 intéfvals
(Kerne%}}-1965a)'generated in responsegto tk?“bnset of a step

current. Kernell (1965a) did not observe.any.relationship

between degree of initial a&aptation and the time course of "~



S T | %

after-hyperpolarization, a paraﬁeter which has  been
. R 5 s R

suggested to be inversely proportional to motoneuron size

(Eccles et al., 1958). Late adaptation was defined as a slow

e sase in imstantansous firing rate betwsen the  second andy M“

~twenty-sixth. s

at

Mohstef, 1982) . The most extenéively investigated mechanisms  —
under - these conditions proposed for initial and late

adaptation have focussed on intrinsic neuronal factors such

.

~as changes in potassium conductance. In particular, initial
adaptatidh' has been discussed in - terms- of after-

hyperpolarization.

Initial adaptation has ‘been ascribed by Kernell (1972)

and Bg;disseia and Gustafgson _(1974a) to the succeSsive\\
- . . _summation ofVwéffér-h¥p§£gglarizatibn (AHP) from spikes

"occurring within an intefval leég\EEéh\thg\gurationfof the

motoneuron's AHP. Therefore;‘ihe first interépiké EHEérvaL

g
A,

displays the fastest instantaneoué ﬁifing rate because thére
has, at that point, been. no AHP summation, but the after-
hyperpolarizatio? conductance will sum in -an approximately
algebraic form as the third, fourth and fifth spikes are
discharged (Baldissera and Gﬁgtaffson, 1971; 1974a; 1974b).
Tﬁis enhanced hyperpolarization will require a greater
intensity of excitatory input to bring‘ghe membrane potential
to’thresholdrand génerate another sbike} Therefore, as>more

‘spikes are generated, the AHP increases such that the same

inténsity of excitatory inpuf is less effective. The result -

4



* is an increased 'time interval between successive spikes. For
this reason, the instantaneous firing rate is markedly lpwéfr -,

N ‘ ' ,
for those -intervals following the first. ‘ o

v e

~ late adaptation has been attributed to an accumulation
of after‘effectg resulting from a slowly activated increase. —— -——

in potassium -permeability or a partial inactivation of the

ésdium\pump (Kernell and Monster, 1982). Therefore, with a

higher initial;discharge rate there is greater accﬁmulation

of after effects and consequently,’ a more pronounced late
adaptation (Kernell and Monster, 1982Y.’”Ccnﬁéfsélyf the '4 o

proportion by which firing-rate increases in response to a
: \\%"‘%‘M _ . i
current applied during late adaptationts. constant regardless

o —~

—

~—

~of the current's intensity because the accumulation-of after

~

« . - . « . . — .
effects prior to the current application is the same. ﬁate~\\\a\x

i/adaptation, however, is felatively small, and hence, it will

be considered as part of the steady-state firing.

5 . ’ The'cdynamigs of a firing rate pattern can not be

investigated effeCtively'with‘a current input restricted to a
. . .

singlé rate of rise (e.g. the infinité'féte\gf‘rise of the

step current). Thergfore, Baldissera et al. (1582;1987)
- ] ) | - M

-

Iﬁjected into cat gastrocnemius motonéurons, ramp currents of
different slopes, upto -an intensity sufficient to yield:
maximal tetanic tension in' the muscle unit, and concomftantly

recorded the motoneuron firing pattern. This pattern of input

will be referred to as ramp-and-hold. Baldissera .Bt al. i s



‘shQWed that upon reaching rhythmic threshqld a- motoneuron

. ' ‘increased its firing rate during the cg2§tant_r&te#eiffiséfvf"”fﬂff_T
-——— -~ curfent and then adapted to a tonic level once currént .

intensity reached steady-state. An overshoot best described

— — - =

 the observed firing rate behaviounvwa%he@deqfééagT overshoot

il e ,,:;T:Vvﬂ,;yw-:»—x')v-v

- M o

was essehtially proportional to the slope of the current ;amp
although -the effect of increasihg the 4cgrrent intensity;, -
during the ramp increaée may. have"aiso been a factor
(Baldissera et al., 1982). The dxp;mic firing pattern
elicited from each“motoneuron“was quantified by calculating

the instantaneous firing rate of the first interspike

1

interval generated in response to the rate of rise of the

2 [ 8

injected current input. This form of quantification had been
chosen earlier by this group for another set of experiments

(Baldissera et al., 1982) to confirm that a component of the

motoneuron firing'pattern was related to the transient phase ST
e of« the input. The slope from the linear portion of this

relationship was taken as the index of dynamic sensitivity.

-

The dynamic index value was used to ascertain differences 'in

S
-

"“<\\‘the dynamic firing behaviour between '‘cat motonéurons. A weak
réiationship between dynamic sensitivity and the time course

of after-hyperpolarization, coupled with a relatively strongJ

inVerse relationship between dynamic sensitivity and
' £

~rheobase, suggesﬁed that small motoneurons displayed greater

dynamic sensitivity than larger motoneurons. .

-

o
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~" A factor which influences the dynamics of the motoneuron

firing pattern during ramp inputs is acéommodationgiggggie&mnf»*"
. - B R ST S . -

"géEEé&iﬁbét,the—fheobaéé’ﬁéiiédiy,

on rats and .cat

T o

T -

~“increases with the application of a slow ramp current input

¥

(Bradley and Somjeh},1961;'Burke and Nelson,A1§71). This is

called accammodation. Accommodation may. alter the firing

~ “pattern éf”laqu‘@otonéurdﬁéwaﬁgihg*é slow ramp §n§ﬁ£75§
delaying o£ hindering their discharge (Bdrke and Nelsghf‘
1971).\.Baséd ohx§£udies,by Hodgkin and ﬁhiiéy; Bradléy and"
Somjen (1961) Sﬁggestéd that éécomyodatidn maybe dueb té
sodium channel inaétivatioh 'produéed by subthreshold
depolarization.

—

Human Studies:the‘retruitment‘threshold for a human motor

* - N

unit is defined by the amount of)isomet;icff02qe produced .

when a motor unit fires at its lowest rhythmie firing rate
(Tanji and Kato;'1973; Milner-Brown et al., 1973; Freund et
al., 1975). Lower and higher threshold human first dorsal

interosseus motor units are capable of repetitive discharge
. “ 1] °

during maintained force outputs (Freund et al., 1975). This
is unlike the short toe extensor (Grimby and Hannerz, 1977)

and tibialis anterior (Hannerz, 1974) muséles where .low

threshold motor units are capable of continuous repetitive

firing, Dbut- high' threshold . units can 6nly fire

intermittently, with bursts.

i
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SEXQE@L,sLud%e&Mhav€“E@EB?E&EFEhe dynamic discharge.
J&“—';J-"_b—.—.}.-—:‘“x“ . = -

i

patterns of motor units when force outpﬁtfwas controlled

rather than current input. ' ) ST

.A number of human experiments have studied how motor

unit inter-spike interval or instantaneous firing rate

. —

changes during triangular isometric force trajectories traced

with different rates of rise.. Person and Kudina (1912),&nd

) Milnér;Brown et al. (19273) observedraﬁ increaée in a moﬁof
ﬁnit instantaneous firing raté throughout the rising phase of
the trajecfory.“ Bothrgroups also-noted that the highest
‘instan;aﬁeoﬁs firing rate pccurred when the rate qf rise_of
" force wés'thé highest andrthat the firing fate was ﬁarkedly
lower for a. lower rate of change of force. This could
possibly be due t; accommodation. Grimby and Hahnérz {(1977)

% observed that short toe extensor motor units fiféd with the

w

shortest inter-spike intervals during the fastest impulse

trajectories. Desmedt and Godaux (1977) and Oishi et al.
(1588). plottéd instantaneous fifing rate recorded during

vefy slow to very f%Pt rates of rise of traced force outputs.
- . .

Both groups dlso observed increments in firing rate

throdghout the ramp slope when force was increased either

quickly or slowly; however, during an extremely fast rate of
rise of force (termed ballistic "by both groups) the

instantaneous firing rate of the first interval was the

shortest and subsequent intervals were much longer, even



trajectory was still increasing. ) ' ST e

In addltlon to the relatlonshlp between 1nstantaneous
R s
\.
firing rate and the rate of rise of force, Grlmby and Hannerz

(1977) also demonstrated a relatlonshlp betweén maximum
instantaneous flrlng rate and the unlt s "excitation . level
preceding the superlmposed contractlon. Interval lengths

during the rate- of rise of force were shortest when the,

.

background force level was low, although it is uncertain from

their procedures whether a lower backgroumd force level
corresponded to a lower background firiné rate. Grimby aaé%f

Hannerz -only reported this behaviour for contlnuously flrlng

motor units -considered by them to be-low threshold motor

units.

The experiments reviewed above have shown,that the

single motoneuron 1nstantaneous firing rate 1s related to the‘

rate of rise of 1sometr;c force_output generated by a’glven
muscle or muscle group. 'iTherefore, -these studies _have

. A
demonstrated that human motoneurons'possess dynamic firing

.properties; however, the dynamic phase of the flrlng pattern

was not quantlfled in the above experlments because of the

-

force trajectories used. Trlangular wave forms do not allow"

a clear distinction between the dynamic phase’and adaptatlon'

necessary for quantification. The ramp and hold paradigm,

already reviewed in terms of current. inputs, may be better

el

o e
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&

stfted to study the dynamic and’steady—state‘behayiour>of"

motondurons. e

- mvf

Palmer and Fetz (1985) recorded slngle motor unit and

-I

'surface electromydéram act1v1ty frOm rhesus macaque monkeys

3 &

trained to .perform ramp and hold 1sometr1c flexor' and'

extensor wrist torques Each unit was recorded durlng a
trajectory of a S1ngle rate of rise- and: flnally attalned

magnitude; The unlts were separated into differentsgrOups

-

v

depending on their dynamic - and steady-state dlscharge
- l - -

. . -
) —

behaviours. Some units displayed an increase to a maximum

instantaneous firing rate during the rate of rise of torque,

types distinguishable by their discharge pattern. 'Thresholds

. . . : 73 _ . . . .
decreasing their firing rate to zerd*during the hold portion

of the trajectory. Other wunits dlSplayed the - same type of-

<

ym a maximum 1nst taneous

dynamic behaviour, but adapted

<

o firing rate to a static flrlng raterdurlng the hold ‘ Another

or a gradual decrease,lnﬂflrlng rate not coinc1dentrw1th the

completlon of the ramp ‘phase of the. tra]ectory " From these

-

results the authors suggested that there were four motor unit

. obtained from the. extrapolation of firing’ rate versus torque

level plots suggested that thresholds were lower‘for unlts

flrlng w1th the steady- state patterns than for those unltsA

rl

»group of units dlsplayed only a steady state flrlng patternr

which generated the dynamic firing patterns. Palmer and Fetz

also recorded several units during a number of trajectories

differing in torque level. These results indicated that the -

) —L‘ o o f; ;.gj

10
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disoharge ibehavlour of the'ﬂunit» could ,changeﬂ from a

predomlnantly dynamlc to an essentlally steady- state pattern

) 'When ‘the magnltude of the/torque output was 1ncreased

1]

"Tanjirand Kato (1973) and Gillies (1972) investlgated

2

abductor-d1g1t1 minimi motor unit flrlng propertres durlng

-

1sometr1c ramp andyhold force trajectories of varylng rates « 7

®f rise. Gillies varied the magnitude of the contraction
whereas Tahji and Kato had: subjects always \Fontracty'to
maximum. Both groups observed that a unlt recorded durlng

fast and slow rates of ramp trajectorles fired its max1mum

1nstantaneous rg;gmg;rlng the rate of rrseeof force and

adapted to a :stéady-state flrlng rate durlng the ﬁhold"

perlod.' ThexhlgheSt f1r1ng rate and max1mal adaptation mere

observed during the fastest rate of risevof force, whereas

during the slow rateyofArise of force.units were recruited 3

mu€h later,,attalned a much lower maximum- instantaneous}

f1r1ng rates, and dlsp}ayed less adaptatlon in’ flrlng rate

GlllleS also noted that a unit recrulted durlng the’ ramp
2>
portion of the fOrce trajeotory only flred a' short . burst and°

-
A

then dropped out unless the steady-state forceglevel was,

-

.equal to, or greater than,'the unit's recruitment threshold.

Although most’ studies have concentrated on observing the

variety of dynamic: discharge  behaviours” displayed by

1

individual motor units, a few human motor unit investigations

have also attempted to determine if dynamic firing rate

-

o 11




propéerties are related to motoneuron recruitment threshold.

-~ . e

Milner-Brown et alf'(l973%-did,not observe any difference
between low and high threshold first dorsal interosseus (FDI)
motor units when increment in instantanecus firing rate per

'increment in force was comparéd. Person and Kudina (1972)

investigated the firing behaviour of different rectus femoris

“units during linearly varying force trajectories. 'They'noted
that ‘when discharge rate (taken as the mean inter-sgﬁke

interval over each 0.5 seconds of the traced trajectofyr was

plotted against’fhe incréasing‘force level of the trajectory,

the low threshold m&%or.unit displayed a greater increment in
Fg N N .
W

firing rate than ‘high threshold motor units. This was the.

case during both slow and fast rates of rise of force.

However, the actual rise in firing rate per increment in
force, as seen in their figure i,»did not seem to differ
between motor units. ‘Grimby and Hannerz (1977) observed that

short toe extensor high threshold motor units, which fired

intermittently, were capable of higher instantaneous:

discharge rates than lowrthreshold motor units, which fired:

continuously. ~ A

Physiological Implications o .o

The pattern of instantaneous firing rates observed

during the dynamic phase, in-fesponse to the fastest rate of

rise of current input or during the fastest rate of rise_of‘
isometric force of the ramp-and-hold paradigm, are very

similar to experimentally generated stimulation patterns.

[y
A

12
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These are stimulation patterns assessed to be optimal for -

producing a large non-linear increase in the rate-of rise and
magnitude of force output. Gurfinkel and Levik (1973) showed
that force production was enhanced when a very short

r

. interspike interval was added to a constant interval spike

train during surface stimulation of human muscle.

Subsequently, a number of studies demonstrated iq'the_cat

through stimulation of whole muscle (Spg;u/é;d Parmiaggini,

1979);»single motor units (Zajac and Young, 1980; Bétterman
et al., 1986) and with injectibns of depolarizihg pulses info
motoneurons {(Burke et al., 1976), thatloptimal force outputs
were not only reliant on short inter—spike.intervais but also
inflgenced by the sequence and length o©f the subsequeﬁt

@
intervals. These animal studies also found that for an

4

optimal force output, a fast muscle’ fequired shorter

interspike intervals than a slow muscle. This has been

w

explained as a compensation of the shorter contraction times
for fast wersus. slow muscle units and muscle (Buller and

Lewis, 1965).

Steady-state Phase

Animal Studies: Although late adaptation has been

A

recognized to influence the motoneuron firing pattern, -

Kernell (1965b;1979) and Baldissera et al. (1987) have
considered spikes generated 1.0 to 1.Sréecond§ after the
onset of current application to be essentially, steady—Staté,

or static, discharge (Kernell, 1965b;1979; Baldissera et al.,

13



-1987) . The steady-state firing rate 1is proportiohal'to

injectedicurrent intensity in both the primary and secondary

8 -

.

firing ranges; however, to achieve a -secondary range

steady-state firing" rété} the current tigtensity must be-

cohéiderably greater than a -current intensity able to produce

‘in;equivalent\;eco;;;;yranggfiringrate during the first
interspike Zintefvai (Kernell, 1965a; Baléissera and -
'GUStéff;onfuT§54Cf Baldiséera et al., 1987).ufBaldI§seﬂ;7é€“;

found no Significant correlation ‘between' a

al. (1987)

motoneuron's dynamic and static sensitivity index (slope.of
the linear relation between static firing rate and current;
step intensity). Therefore, the dynamic and.steady—state
phase of the motoneuréﬁ”ﬁéttern may not be influenced by the

same factors. ' *

For motoneurons in the cat Kernell (1979) did ‘not
oﬁserve any correlation between the slope of the primary
range for static firihg rate versus current intensity (f-I
curve) and twitch contraction time or tetanic force. This
suggests that steady-state firing'properties do not differ

between different types of cat motor units.

Human Studies: The steady-state phase of human motor unit
firing pattern has been investigated by having subijects
voluntarily generate and maintain isometric increments in

force while recording the contributing single motor wunit

activity. Tanji and Katc (1973) calculated static firing rate

14 -



i.brsééoﬁd éfter éhe aﬁ;aéﬁméntjafwtheAae§i£EEUQ%EZEﬁiE§éf,"'i
whereas neither Freund et al. (1975) nor-Monster‘and Chaﬁrﬁ
.(1977) specified the point in the unit's discharge considered

to be sﬁatic. All three studies observed a non-linear
relationship between mean’static firing rate and magnitude of.
isométric,force. Tﬁét is, iﬁéremént;iiﬁ EE;édy:étéfe fifiﬁé”i
_rate‘were greateét dpfing’the shaliest>increment ip fdrce and -
became pragressively less for a greater increment in forée |

output.

2
It has been sugées;ed thét highervand lower threshold

2

motor units differ in tﬁéﬁr ability to increase steady-state

firing rate duringra desired increment in forée,éhfput. The
litera%ure,indicates,fhat different muscles pdssess different
relationships between low-and high thréshold units. Tanji
and Kato (1973) deménstratedxﬁhatilow-thresﬁoid'abducééf'
digiti minimi‘motor unifs generated a greater range of étatic
firing rates than high threshold units. If, however, for
each'ﬁﬁit, increment in static firing rate per increment iﬁ
force is taken as the slope of the relationship plotted.in
their figure 6, no marked difference is apparent between iow
and high threéhold units.glnrfirst dorsal- interosseﬁs, Freund
et al. (1975) observed the greatest increase in étatic firing‘
rate per increase in force from the low thrésholdﬂmotor
units. On the other hand, in the éxpensor digitorum communis,

——a —

high threshold units display greater increments in static

15



— firing rate per increase in_ static force tpan low threshold

r~ - —

units (Monster and Chan, I977).‘;

Simultaneously Firing Motor Units

Many recruited motor units will contribute to the

- -- generation of any force output from a muscle; therefore, to

provide another means of ascertaining differences between

motoneuron discharge behaviour based on motoneuron

recruitment threshdﬁd, ip'is important to compare single

motor unit firing behaviour against other coficurrently active

motor units. This type of "work has ‘been done with human

subjects.

Dynamic Phase: fahﬁﬁﬂand Kato (1973) showed thatrpetwéen

Q-5 :
two units recruitqﬁfﬂdﬁringx a slow, ramp and hold force

trajectory, the,hiéggg threshold motor unit achieves its
‘maximum instahténeouq,firing rate la£erbthan a concurrently
active lower threshold unit. APersoﬁ (i974) and Deluca et
al. (1982) recorded‘multiple units during aframp of two

seconds to a final held force level of approximately 30-40%

of maximum voluntary contraction. The rectus femoris units

¥

(Person, 1974) were recruited during the force trajectory, as

_ was the case forfq{;ipqgrghe lowest threshold deltoid unit

recorded by Deluca et al. In both studies, the lowest-
threshold motor unit reached a greater maximum instantaneous

firing rate earlier than the higherrthrgshold metor units.

l1e
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pPerson and Kudina (1972) recorded siENEEEtﬁS”femeriswryg
motor units during_a triangu%gifwayefcrm with a rise time of
2 seconds. Of these six units, five fired tonically in- the .

background before the superimposition., of the vforce

trajectdry The lowest background firing rate was generated

by the. hlghest threshold unit and the highest background

:

flrlng rate by the lowest threshold unit. Due to dffferences

‘in recruitment order the 1low thresholdvmetor unit fired

tonically'in~thefbackground'for 1.5 minutes, whereas the

highest threshold unit fired for only 30 seconds before the.

superimposed contraction. All unit's during this condition

dlsplayed peak act1v1ty at -the same time durlng the rate of

rise of the force trajectory. Furthermore, the greatest

increase in instantaneous firing rate was generated by the

‘ /
highest threshold unit compared to the lowest threshold unit.

The discrepancybin the dynamic firing behaviour‘between low .
and highér threshold motor units, evident particularly

between .the studies of Person and Kudina (1972) and Person_ . .-

(1974), may indicate the influence of background excitation
level, @ather than recruitment'threshold, on the unit's

discharge pattern.

Only the following study has provided data on recorded

motor units firing simultaneously%wdgring two differeént

conditions. Freund et al. (1975) recorded from two FDI motor

units during cyclic force trajectories of a slow (8.0 seconds

to peak) and 'fast' (approximately 1.5 seconds to peak) rate

v
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of rise of isgmetrio force. = Both units fired tonically'prior

“to~ eath~eontragtion w1th the higher threshold unit generatinq

trajeCtories'the lower threshold unit displayed the highest

instantaneous firing rate with its maximum instantaneous

firing rate occurring much earlier than the high threshold

unit. This was particularly evident during the 'fast'

condition ThlS study demonstrated that both low and high

'

threshold Anotor” unitsr were capable of different dynamic

firing py}terns dependent on the rate of rise of force;
.
however,‘it is uncertain whether the - greater firing rate

r : 7

'recorded, from, the low threshold unit were due to . its

o -
/ .

presumaHly greater. background extitation 1level or an

intrinsic neuronal difference from the higher threshold unit.
. - ,

Steady state Phase"Tanji and Ka_g,ilﬁlairandfMeﬁs%er—and

Chan (1977) have presented data onvthe,steady—state firing

behaviour_of concurrently recorded motor units. ‘Although the
results of Tanji and Kato (1973) showed that the lowest

threshold unit recruited during the contraction; generated

the highest mean static firing rate, their figure 6 ‘also

indicates that the increase i%zfiring rate per increment in
force was equivalent amongst units Gf all thresholds. Monster

and Chan (1977) and Monster (1979) recorded pairs of extensor

+

~the 'lower background ‘firing rate —During, both:~force,,;

s Y

digitorum ‘communis motor units and observed that the higher g~

18

‘threshold unit always had a greater increase in’steady-gtate‘o



- firing rate than the lower threshold motor unit per increase

in force output.

Surface Electrdeogram Adtivity

Suffaééwelééfiaﬁyégfaphyf{EMGl,isugn effective'method of
measﬁring the populafion activity of '@oto; fuhitsr,,lhgﬁw

literature on single and multiple motor unit recordingsrhgyg .

suggested that human motor units aré”ééﬁgble of~a~variety of

- ~

”fff§1£§~;;te patterns dependent, most definitely, on.the‘;ate;
of rise of the desired force output (MilnerF?rowniétrai., ) _{ﬂ;
1973; Péréoﬁ and Kudina, 1972; Grimby and.AHanné;i;m 1977; & -
Oishi et al., 1988; Tanji and Kato, 1973; Gillies, 1972). and,
possibly, ‘on the unit's excitation level 'preceding fhe

contfaction (Grimby and Hannerz, 1977; Person and Kudina, .

1972). The following review indicates that surface EMG

“-~"~’“"““Eéfi%ity‘Has_BEEH”;elatea“EB9several controlled force and
movement parameters; however, the link between single motor

-

sunit behaviour and surface EMG activity has not been shown in
the litefagure. ” Alfﬁougﬂ single motor unit studies’aré‘ ,';
conducted pfimqrily with-isometric'contractions) su;fac;AEMG
data from non-isometric studies haﬁe been inCluded to provide
information regardihg sufgéce EMG activity under a'numbér of
different conditions. As was done for the singié ﬁo%ér unit) e

literature, the review will consider the dynamic and steady-

state phases of surface EMG activity separately.

19 ) "\-



" Dynamic Phase: Very few studies have investigated the

F - L
-dynamic phase .of surface electromyograms when subjects ‘trace

isometric f@rce trajectories. -Ghez and Gordon (1987) had

subjects produce isovmetric force impulses at.the elbow joint

o & , . T ,
"as fast’as~posiible“ to force levels ranging between 20% and

'60% of maximum voluntary contraction. iﬁ This ‘type of
trajectory has been referred to as a ballistic contraction.

Freund and Budigen (1979) demonstrated that the rate of rise

of force during a ballistic trajectorv”is constraiﬁéd;by the

magnitude of the force impulse. This suggests that a very

fast rate of rise of force can be placed on one end of-a .

continuum of contraction speeds. The results of Gordon‘and

Ghez suggested that the magnitude of the integrated biceps

EMG burst was- p031t1vely “r&élated to the nmgn&tude -0f _the

— T,

]

force 1mpulsef~_“w“wa : B

Bigland and-Lippold"T1954a)=demonstrated that integrated“
T

surface EMG recorded from calf muscles was linearlv'rEIated»~~i

to angular velocity and tensionproduced during isotonic
movements.j . Mustard and Lee (1987) and Broun and Cooke -
(1981) showed that integrated surface ﬁMG_is linearly related’
to the angular velocity and the angular distance of the limb

movement . In another type of isotonic paradigm Gielen et

al. (1985) recorded elbow flexors during pointing movements

at different rates and distances. They observed that flexor .

surface, and intramuscular, 1integrated electromyogram

20"



ractivity. increased linearly with the . velocity of the

movement .

S—— »

The isotonic.study of Bigland andALipooldi11954a) alSO'
varied -the load preceding the superimposed contraction.lA
‘subject produced a movehent-around the'ankle‘joiht7varyingfin
angular velocity and tension from four different levels'of’
background surface EMG activity. -Their results suggested
that the linear relationship between magnitude of 1ntegrated

EMG and force produced at different angular veloc1t1es was

the same regardless of the background surface EMG activity.

¢ A

l,,‘-\\ . . v
\

As was tﬁe‘problem w1th the single motor unit studies,
the dynamic phase of the surface EMG act1v1ty Can not be

'quantifled separate from the steady-state phase-WBenfthei;l;

-~ foree.- trﬁ;ectories, do not contain a static component..

Rl — e

TherefOre7 it 1s advantageousrteluse the ramp and—holﬁﬁforce : -

~a

trajectory to investigate surface EMG act1v1ty This haSeenly TR
been done by Lesteinne et al. (1981) for isotonic movements
about the wrist“andme;how joints.: The ramb consistedﬂgfman

angular movement at a particular. velocity followed by a

—

steady-state component ‘when fthe attained angle j@SE‘“%%\lf
maintained. Although this group only quantified the surface
EMG during the maintainence of the final limb p031tion, their
figures showed,a~peakfin EMG activity coincident with the

maximum angular velocity, followed by adaptation to a tonic

activity level.-.- Their data also suggested, qualitatively,

) - 21
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that the dynamic phase offthe“surface EMG act1V1ty ‘was

greatest for the~fastest angular.velocity.

.-

Steady-state PhaSe:' The reiationshipsbetween steadﬁestate

surface EMG act1v1ty and isometric force output has not been

detefmlned' fn a manner 31m11ar to single motor unit

.experiments; that is, maintainence‘of-increments in isometric
force for a period of time. The relataonshlp between statlc -

EMG activity and force, therefore, must be approx1mated from

the studies of Lawrence and Deluca (1983) and Mllner Brown
and Stein (1975). These studles had a subject trace a slow
- %

isometric triangular waveform (2.0 and 10.0 seconds,

respectively) and showed that a large muscle displayedha

non-linear  relationship between»\root-mean—square' of EMG

amplitude and increasing force (Lawrence -and Deluca, 1983),

whereas a small muscle showed a quasilihear relationship R

(Milner—Brown and Stein, 1975; Lawrence and Deluca, 1983).

Lesteinne et al. (1981f had subjects m0ve either their

elbow~orrwrlst jOlnt through an angle to a target where

final angular p051tlon was\nL;ntalned for Several seconds

—

T

,7Steady—state 1ntegrated-EMG activlty was\caicu\ated over: a-

2.0 secona”period beginning approximately 1.0 second after.

= -

the angular movement A nonllinear,relatiohship"between

static surface EMG act1v1ty anq\maintained angleﬁof elbow and

"wrist flexion was observed for both biceps and flexor carpi—

radialis.

22
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Jconciﬁsions o =f4ii,a%¢,
Single ﬁotoneﬁron Firing Patterns: Av'révievr- Qf- the
llterature has demonstrated that motoneurons are capable of a
varlety'of flrlng o;tterns. With thecexceptlon of'the catrf
uork by»Baldissera et al. (1987) and;the monkey~nork ofv
:;Palmerrand Fetz (1985)! most'studies—naVe‘investigated eitnér.
the motoﬁedron's dynamic or steady?state firing rate
behaviour, not both together} Intracellu}ar recordings have
”éhaéi*éhat the'dynamic’phase of theicat motoneuron discharge
7oattern varies in relation tpo the rateiof rise (Baldissera et
al., 1982; 1987) and intensity‘(éranit et’al.,k1963; Kernell;.
19652; Baldissera et al., 1982) of the injected current
input. bk In -human stddies,v tne force—‘oUtput has beenl
'7controlled predominantly for the rate'oflrise‘of isometric
force.' Theserinvestigations have'indrcated that.paximal'
instahtaneousi firingrrrate increases (Milner—BroWn, ‘19733'

Person and Kudina, 1972; Grlmby and Hannerz, i957;'Desmedt'

-

‘and Godaux, 1977; Olshl et al. 1988) and that adaptation is

greatestd(Tanji and Kato,-1973; Gillies, 1972) during faster
/ ’ ’ -~ . g

speeds of contraction. . . ~

]
* . e

f - - >

‘The rate of'steady—state discharge'recorded from cat

motoneurons is linearly related _to the intensity of current

input (Kernell, 1965a; 1979; Baldissera et al., 1987) ’The‘:;wﬂ;r

steady-state firing rate recorded from human subjects was
shown, under condltlons controlled for magnltude ‘of force

output, to saturate non-linearly in relatlon to the 1ncrement

23
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<

in "force output'(Tanji and Kato,  1973; Freﬁnd;andlBudigen,'

1975; Monster and Chan, 1977).. Y oo

~

different levels of background exc1tatlon has not been

1nvest1gated in terms "0f the observed motoneuron dlscharge

pattern. Grlmby and Hanner2f{1977) demonstrated that the

‘initial background act1v1ty level of the human motor unit_

"controlled via the background force level can 1nfluence the

The effect of a current input‘ superimposed upon

dynamic phase of the unit's discharge pattern. No other humanf.

studyv has controlled background exc1tatlon level whlle

measurlng the dynamlc phase 'of the flrlng pattern, nor'has
: anyone 1nvest1gated its effect on the’ steady—state phaseﬁ
Several studies haVe attempted to d1scern dlfferences in

firing rate behaviours throughout ca motoneuron pool

fBaldissera et al. (1987) showed that small motoneurons in the

catimrecorded intracellular%y dlsplayed' greater dynamlc

40

sensitivity than larger motoneurons in the cat in response to

injected current inputs. In these studies  all cells were. °

injected with current when they were ina’quieigent‘state,

Experiments - controlling force 'trajectories}-

Palmer and Fetz (1985), indicated that low threshold primate-

dmpleted by .*

motor units could only fire tonlcally and- dlsplayed very':

llttle dynamlc behaVlour compared with hlgher threshold motor’

units. Background activity’ level was not controlled in their’

study. Investlgatlons ‘where 31multaneously firing units have

24
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been'recdrded;haye yielded conflicting results.~_zyo separate

rstudies showedvthatAamong units recruited during the force

trajectory, the low threshold units displayed greater dynamic

actiyity {Person, l974 Deluca et al. 1982), whereas 1f the.

units wereifactiVe befome the contraction,’ the higher

V'threshold units generated a greater 1ncrease in 1nstantaneous
firing.rates (Person and Kudina, 197%}. Therefore,'it is
difficult tohascertain from‘the-literatureiwhether dynamic

- firing patterns do differ between motoneurons of different
size. i - ‘ - N .; , i

v , »

o
i

Surface (électrom§ogram‘ activity: Surface EMG activity.

reflects the_ disdhar@e behaviour of a motor unit population.

iMany 1nvestlgations have measured either the EMG act1v1tyl

[ 2

during a dynamrc force trajectory or just the steady—state

phase of the EMG act1v1ty, no study has retorded EMG act1v1ty

Y

' during a force trajectory wthh prov1des an opportunity to v

éxamine both the dynamic and steady-state phases A reVieW'of

existing - wdrk “has syggested that during ballistic
e od - :

contractions, -the dynamics of surface EMG act1v1ty .are
\

influenced by the magnitude'of the isometric force output--

%

(Gordon and Ghez), 11987). During isotonic studies Gielen et

4

al.v‘(1985) demonstrated a linear >relationship between-

velocity of arm movement and surface EMG activity, whereas

Bigland- and Lippold . (1954a) found Llinear relationships

between integrated EMG and tension as° well as angular

velocity of the movement around the ankle'joint. Brown. and

25
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Cooke (1981) and -Mustard and-Lee (1987 suggested’that'the-

first agonist surface EMG burst was related to the angular

velocity,and the angular distance of the limb movement.

The steedy?state pﬁ%se of EMG activitx has not been
investigated durin§ truiy static force oufputsf The;paradigms
used, however, have suggested'that steady—-state EMG activity
is_linearl& or non-linearly related to,isometricﬂferce,output

dependent on whether the muscle investigated is large or.

~small (Delﬁca et al., 1982; Milner-Brown and Stein, 1975).

Therefore, since the EMG buret has also been related to
magnitude of isometric force .(Gordon and'lGhez; 1987y,
seperaeion of the dynamie and staeic phase ef EMG ectivity
recofded under the same condition would iﬁdicate whether each
phase is related to the same or different;parameters.

Only a study by Bigland and Lippold (1954a) varied the

excitation level of the motor unit population before the

7

‘completion of ‘an isotonic contraction. They did not " observe

any difference between EMG and tension completed during ankle
movements of different angular velocities. The effect of
backgrqund EMG activity on the steady-state phase of EMG

activity has not been investigated.

1

A review of the literature suggeésts that several studies
. <«

have recorded single motor unit activity in parallel with

surface EME activity (Palmer and Fetzy 1985; Monster and

@
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Chan, 1979); however, = none have linked the ‘two activities

together.

Freund and Budigen (1979) demonstrated a constrainment

of maximum speed of <contraction by'the magnitude of the

isometric force produced; a relationship between two outputl

parameters. On the other hand, Fitts Law (Fitts, 1954)

established that the shortest possible movement time was

‘inversely related to the width of the target such that

thinner target widths resulted in longer movement times. This

suégests that perceptual factors can'also constrain the force
output (Warren, 1988). It maybe possible that other wvisual

cues constrain the maximum speed of contraction.
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- Objectives E—

To investigate the factors which influence the dynamic

and steady-state phases of the single’motoneu:on firing

LRSS

pattern, single motor unit activity will be recorded during

isometric ramp and hold force trajectories controlled for
rate of rise and steady—stéte magnitude. In addition,

motoneuronal background firing rate will also be controlled. ©

To assess whether dynamic and steady-state phases of the
motoneuronal firing pattern are different for‘ motor units of
different recruitment thre§hold, motor units,l firing
simultaneously, will be recérded during ramp and hoid

isometric force trajectories. The background firing rate of

each concurrently active motor unit will also be controlled.

To separate surface EMG activity into a dynaﬁic_and
steady-state phase and to investigate tﬁe factors whicﬁ
influehce-these componénts, sﬁrface EMG activity willvbe
recorded during ramp and hold isometric force traﬂéétdriesq
completed to low percentages of méximum Qolﬁntary
contraction. These trajectories will be controlled for rate

[

of rise and magnitude of force output as well as for

I

background force level. &

A qualititative interpretation to l}nk the observed-

“single motor unit firing pattern to the surface EMG activity

will also be .attempted.

28



To investigate whether maximum speed of contraction caﬁ
be constrained by visual cues altered in the time domain,

subjects will trace the same force t}ajectory "as fést as-

possible” at- different timebase settings of a storage

oscilloscope.

29



conducted. Iﬁ*SE€_§€€‘of“éxpériments—siﬂgig:ﬁggaifiﬁiffﬁiﬁjj

METHODS

- Three sets of experiments, all reqﬁiring subjects to

_trace isometric ramp and hold force trajectories, were

surface electromyograms (EMGs) from the wrist flexors were

recorded simultaneously from the flexor carpi radialis. In
another set of experiments only surface EMG from the wrist
flexors was recorded. A small number of experiments was also

designed to assess the influence of visual cues on maximum

rate of rise of isometric force.

-The samé experimental arrangement was used for ali three

experimental designs. |
Experimental‘ Arrangement

The subjeét sat comfortably in a chair facing a storage
oscilloscope with his right forearm resting on a padded,
horizontal platform (figure 1). The subject;s metacarpal-
phalangeal joints were tapéd_against a rigid ve;tical handle
to ensure there was no wrist adduction or abduction. "With
fingers relaxed, ghe subject exerted isometric force againSt
the handle with the wrist flexors. -~ The position of the
vertical handle was adjusted for each subject's hand and the

distance from vertical handle to the axis of wrist rotation

)

ddjustable padded stops were securéd to minimize lateral

30

was measured. The axis of wrist rotation was positioned to
AEEEriaggiiaigﬁ&ifﬁnﬁfﬁé‘*ééﬁﬁTaif‘shaft—ﬂjffﬁﬂﬁkkappaxatus\Juni?__‘#
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Figure 1 Experimental arrangement used for single motor
unit, surface EMG and maximum speed of contraction
experiments. Subject faced a storage oscilloscope with right
forearm resting on a padded, horizontal platform. With
fingers relaxed, the subject exerted isometric force with the
wrist flexors to trace different trajectories. Surface EMG

and single motor unit activity were recorded from the flexor -

carpi radialis. '



- : |
movement of the wrist. = Through all conditions the

_experimenter,ensured that there was no lateral movemenf'of
the forearm and minimal activity in the uppér arm muscles by
viswrally monitoring the subject’'s posture. A horizontal bar

connecting the vertical hapndle. to the central shaft was

equipped with strain gauges to measure force. The output of

the strain gauges -was-£fed to a bridge ampiifigffTVIéﬁéy?w»~»x\

T————

instruments) set from DC to 1KHz band pass filter. Before —
diéplay on the storage oscilloscope, on which the subject
traééd the force trajecfories,'furthef amplification was
bprovided by a’conditioning amplifier.

Subjects _ - ‘ '
Single Motor Unit Expériments: Thirty—seveh experimgnts
with éight healthy sﬁbjects 22—44 years of age were completed
(three females, fiyeiﬁaleé){ All. subjects signed informed
consent forms before expériments proceéded. The amount of
data collected during any ekpériment;was dependent on the
subject's comfort and the clarity of the record<
Surface> Eléctromyogram Experiments: Twentyv—twb
succe€ssful experiments were <éompleted involving sixteen.
subjects in the age range of 22—44 yeérs (five females and®
eleven males). Eleven e%periments required a maximum force
output of approximately fifteen- percent of a subject's

maximum voluntary contraction (MVC), whereas eleven

‘exXpériments were completed with a force output of



aéEESEIﬁéter\thizty\percent of MVC. SubjectS;Compieted at . _ .-
-

least three 1sometrlc force trajectory ccﬁdifions~dur;\g‘egcg\\
exper;ment. Slx of these subjects also part1c1pated in the

singlé‘motor un1t¥exper1ments.
Maximum Rate of Rise of Force Experiments: . 'Eleven
experiments involving seven subjects'ages 22—44 years (two

‘females, -seven males) were completed. In addition to this

hmeéf"cfhexpexim§2t§! six of these subjeects-also participated

i

/ [] > T ST ) 1] - ) T -
| «in the surface EMG or single motor unit experiments. i

Recordidg

Surface flexor EMG was recorded with two Ag-AgCl, 0.8 mﬁ
diameter surface electrodes located‘over the belly of the
flexor carpi radialis. The electrodes were connected to a

‘.

Grass P15 AC preampleler (30Hz - 3KHz bandpass)

Single‘mdtor unit activity was fecorded‘midway between
two surface electrodes with a bipolar‘needle electrode. The
micro-electrodes were composed cf two teflod coated stainle'ss

‘steel wires of 75 um diameter embedded in epoxy w1th1n the
shaft of a 25 gauge needle (Calan01e and’ Bawai)1985) An AC -
Grass P15 preamplif?erxset predominantly with a bandgasshof
100Hz tolloKHz was used for the first stage filteriné of
singleAmotor unit activity. High pass filtericg with a
Wavetek Rockland filter was used to“further enh ce the_

single unit record. Single motor unit activity was displayed

33
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fgghgﬁé%%t&%ieaggggffpr~visual feedback and fed to an audio

——

amplifier for'audio_feedbgck. T

Forcey—surface EMG and single motor unit activities were

— .

—

further amplified by conditiQningﬁgﬁﬁIifiefs\ang;EEESEHEH\UW

———

an FM tape recorder (Hewlett Packard 3968A)1 Thé majority of
experiments were recorded at a’tape speed of 33/, inches pef
second (ips); however, to improﬁe clarity of the sinélé motor
unit record, higher tape speeds of 7!/, ips™ and 15 ips were
used. «

Procedure

Single Motor Unit Expériments:v A period of praActice in

—

TTTTe——

recruiting and maintaining individual wotor units distinct‘

from the background antivity and at_different levels of
isometri? force was provided to each subiject. Recording
began ongéithe subject was comfortable with Ehe procédure Qf
cnntrolling tonic motor unit nctivity. At the beginning of a
set of nonditions each motor unit was identified by
establishing its r¢fruitment threshold througn'élow ramp
contractions.

Each trajectory completed by the subject was controlled

for the rate of rise and magnitude of the isometric force

trajectory (figure 2A) as well as the background firing rate .

of the ‘motor unit. Single motor unit activity was recorded

'-during three conditions involving different speeds

34



Figure 2 Isometric torque trajectories which differed in the
speed of contraction or magnitude. A) trajectories: traced

during single motor unit experiments. Background firing

rate

of unit was also controlled; B) trajectories traced during

surface EMG experiments. Background torque was
controlled at either the "1" or "0" level.

4

35

also

:% - -7
I - T T
B - él,, B w | - -"L L e e
S S S
T “‘;‘:‘;::r‘-;w T e e : 7
) . g e qw‘ . - . -
:‘; L ’»{.4/ 7 T -
. F(0-1) s Esw0ny ; :
0" %, ) T — )
. - ~ : : : \\\‘\\\\ T
B) | o . —— ;
f ", - .
F{0-2) "// -
PR o
vy € 5(0-2)
£y .
. 5 Y
s "
_ _F(l-<) =~ ‘ -
1 Wil \ f
/ ¢ gz - _
/ # £ Ty
F(0-1) o
Ve
L3 . -
3 - - -
0 4
T e L L I -
0 ~ time (miAllisecon‘dS)r f 4000 ‘
- ﬁ»{ : ¢



was to trace "as' fast as p0331ble" T a step,lndlcated by*afie

‘vertical line on the oscilloscope (timebase set “at’ 0.5

seconds/division). For the slow ramps, S(é—l)!.the subject B

traced, in one”"secondur,one dlagonal ‘divrs&on of the

osc1lloscope_wr%hathe tlmebase set at. 1,0 second/drvrslon

S . Condltlons aIso varledsln the magnltude of the“foree output

rmThe magﬂltude of the F(0-2) condltlon was establlshedsaslther¥
maximum force level p0331ble with ensured clarlty of the
motor uhlt, whereas the magnltude of the F(O 1) ‘condition
was one-half of F(0-2). Each trajectory lasted approximately

3-4 seconds.  In addition to controlllng!'the force

trajector}es, the background firlng rate(s) of the motor
‘unit (s) was. also controlled. The background firingbrate of
the unit was either,zero, just above recruitment threshold,

or well above recruitment threshold.

Subjects ‘completed cohditions which either' involved
examining/the firing rate behaviour of one unit across a
number of conditions,. or. recording two simultaneously firing
units durihg one or more conditionsi' ‘At - least ‘thirty trlals_

bl

‘of each condition were completed. Each trial began~w1th a
visual cue displayed as the&lnltlatlon ofraﬂsweep on the
storage OSC1lloscope, The osC1lloscope@was triggered by a
Schmltt trigger which recelved-input from a pulse generator.
ThelSchmitt trigger was controlled by the experimenter who,

therefore, controlled the inter trial time.
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Vwigﬁinﬁ\g  given ékﬁeé?jéﬁtﬁ“attempts to investigate

. ..,
- H}“’\
’

differeﬁt motor unltsgﬁéﬁégﬁade‘bé moving the position of the

electrode in the muscle.

Surface Electrbm&bgram Experiments: The four possible

isometric force trajectories traced dgring the surface EMG

experiments varied in background, rate of rise and magnitude

of isomettic. force (figure 2B). - For all experiments a

subject was complete;yArélaxed at the "O" leve&,‘ Level "2" -

for eleven experiments corresponded to a* comfortable

i_Vcontraction, that the sﬁbject could repeatedly hold without

fatigue (approximately 15% of maximum voluntary contractioch

~

F) -

to a force level approximately 30% of MVC.. Force level "1"
was halfway between lévelsr"O" and "2". In an attembt to
compare the effect of background excitation level of the

motor unit- population on the surface EMG activity the F(0-1),

F(0-2) and S(0-2) conditions began from "zero" (rest) whereas
the F(l—2)‘trajectory began from a force- lével equal'in

yagnitude to F(O«éff/ﬁgéte of rise of force was varied in the

manner described for the single motor unit experiments. The
beginning of each trial was controlled by the éxpérimenter as

&
was previqﬁsly described.

possible trajectories i.e. fast (0-1), (0-29 and 1-2)} and

slow (0-2). In the initial experiments, éubjects also

37

(MVC), whereas for eleven experiments level "2" corresponded

The subject carried out 30 trials fo:-éagh of the fouri>



completed slow (0-1) and 11—2) conditions, but since they
only added fatigue to tﬁe experiment and,not much information

-

S , L .
td the results, they were not included. in the remainder of

—— e

the experiments. Since most of the information on surface

EMG. activity was obtained from the_fast trajectories these
e e g ‘ ¥ . -
“were the only conditions completed to' 30% ef MVC.

y -

13 -

Maximum ' Rate of Rise of Force Experiments: At least

- " olv

five conditions, of twenty'trials each,‘were completed during"

..

each;experiment. The F(O—2f condition was completed under -

three dlfferent osc1lloscope sweep speeds: 0.5.sec/div., 0.2

¥

sec/d1V' and 0.4 sec/div ~r‘«,The F(0-1) condition was

<

N
‘completed Wlth only the flrst two osc1lloscope sweep speeds

" The maximum force outpnt for the F(0—2) condltlon,was kept to

¥

approximately fifteen percent of MVC for seven jof' the?

-experlments and about thlrty percent of MVC for an addltlonal

four experlmen;s, The sequence Of condltlons was varled
“~

‘between subjects to minimi;e an order effect in the results.

N

- Analysis o LA

Stimulus, force, surface EMG and single. motor. unit

'recordlngs were all taken from the HP 3968A 1nst&umentatlon J

tape .recorder and passed through-condltlonlngwampllflers

before digitizatioh. , . C

The S1ngle motor un1t compound actlon potentlal was

'dlscrlmlnated from other 51multaneously recorded motor unlt

o
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‘actxv1ty. o SRR

activity by .a time-window . discriminator. . -Accurate .

‘di%crimination of a ‘motor unit was confirmed by constructing o

first order histograms.

. . . 14

- Force,»full—wavefrectified surface‘EMG,:andfsinglefmotor

.iunit, post stimulus average response, hlstograms (ARHS)‘Q?re,‘

constructed on an  LSI- II/03 mlnlcompute;,;wlth-averagiqgs-

a

Programs; at'a sampllng rate of 40Hz A deflnedVleyel onythe'j’

E3

-;.rate of rise of the force trace was - used to tr;gger the_{,

!x,‘)

computer to average force, surface EMG and slngle motor ‘unit

’ ) - . -
5

= i .
- - . ~ . 5

e

e ' Mogbr unlts were actlve before the corresponding trigger
level on the force output was attalned, aﬁﬁ therefore, force, .

yEMG and 51ngle motor unlt act1v1ty ‘weére delayed before

averagdng Force and surface EMG recorded dg;&ng forcey

outputs of approx1mately 159 of MVC were delayed ‘by 130

'mllllseconds by tWO 1n serles Bak analog delay llnes, whereas

force and surface EMG recorded concurrently w1th the s;ngle
.Aq -

-jthlrty percent of MVC were delayed 682 mllllseconds w1th an

Ale31s Mlcroverb II dlgatal delay . llne before being sent" to

the'computer. The SV square - pulse emltted from the loglc'

C1rcu1t durlng motor unlt dlscrlmlnatlon was delayed 1325

"milliseconds w1th two 1nJSer1es Ales1s Microverb II dél‘

-

llnes.

motor unit act1v1ty as well as durlng force trajectorles to‘




e

Diagrammatic ayerage response histogramsctypical in form

to those constructed for force, rectified surface EMG and

single‘ motor unit activity is shown ‘in figure 3. Mean
background activity perﬁmsec,-B,_peak activity per msec, P,

and mean static activity per msec, S were calculated frbm'

values obtained from the siﬁgle motor unit and surface EMG

average‘response histograms with a subprogram on the LSI-

II/03 mini-computer. Mean backoround activity per millisecond ,

was calculated from the initial 200 milliseconds of the

surface EMG"histogram'and the initial 600 milliseconds of ‘the

Single motor unit average response histogram . Peak activity .

was ascertalned by v1sual estimate. Adaptation of surface

EMG and 31ngle motor unit activity was ccmplete within 1000

milliseconds after peak activity (Tanjl and Kato, l973'°

Lesteinne et al., 1981); therefore,'static activity was .

—~

cemputed by averaging the act1v1ty between 1400 and 2900

milliseconds after the peak Several of the trajectories,
A

completed to 30% of. MVC during.the surface EMG experiments,:

were of duration shorter'than 3-4 seconds (see’ figure 18).
In these circumstances steady state act1v1ty was averaged

over 1000 msec.

[

Background and maximum force levels for each condition

were also obtainred from the miriicomputer and converted into

torques?éy accounting for the distance from the axis of wrist -

- rotation to the xigid vertical handle. These values were

'expréESed as Newton-metres (N-m). Trajectories were also

40
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Figure 3 Diagrammatic average response histograms for A)
isometric torque B) surface EMG activity and C) single motor

unit activity. The dynamic and static phases of the surface

EMG and single motor unit average response histograms were
quantified with three indices: absolute dynamic, normalized

dynamic and static sensitivity. The latter two indice were

calculated in .terms of the torque trajectory. B = mean
background activity per msec; P = peak activity per msec;
S = mean static activity taken 1400 msec after peak.



'differentiated to obtain maximum speed of contraction f
o - - ' =

(@r/de). - o | e

£

Two indices were ca;culgted from the obtained va}ggiiggffﬁf,'fjf

o

guantify the dynamic componen;/;of/fthe#/iﬁéféée*'réSanse‘ ——

— - N \

histograms™

- @ E
/////////"/Egggluie dyggg;gﬂigdex)ffF~”FfffTi'//‘#/#/1‘
7:;/ffwffx“”””’/!zJ77/;ormalized dynamic index = (P -‘S)/(dT/dt)

The steady-state cémponent of thé surface EMG and the

single motor unit activity was quantified as follows: B ;ﬂggdé“ﬁ

- _ c.;.—-’r;"“;;’yp&, :/’ - '*7}
. (g;g;isﬁseﬁEIEE;Ity index = (S - By /AT -~ .

Qhere AT was the change in the step or ramp torque. —TFhe ~

statiéréingie motor‘uhit firing pattern was also quantified -
with respect to the absolute static firing rate particularly. B
) for those conditions .where the motor unit wasf{ecfﬁited ‘
during the trajectory since background excitation level could -

. y . )
not be quantitatively described. : : - e
4 b
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étatisiicai Analysis ;»
—— .
o ,ﬁ/x+~=4f“”xii’5E£EIé£1c;1 analyses ﬁ e—cempietédwaﬁ tﬁérsbfoargf” ‘
;ﬂ///ﬂ/,,,,J/packE§E’J§EgE;;§;;‘ﬂg12+ for the MacIntosh microcomputerA
system. - A»Jﬂ,##;,#fr—/f~,—A~if;~ﬂx o
- Sing{e M6£;;16;it Expefiﬁents: Data werqﬁgrbupedffrbm’all 7
subjects and dependent t-te5?3ﬂy§5§#2§E@MEQMQQmpazésﬁing;é;;;;;;:
— ”;:gf;jﬁﬁfﬁ:%%%gigégégggéiéééig;;f;aifs of Cond{;igiiggg?io : e
o the behaviour of two s "r'édf;imﬁifaneauslizuggér the ,,,_,rj
ﬁﬁffff~ﬂ¢ﬂf’sgﬁg”g;;aigi6h; ﬁééﬁ—values were considered significant;y -
différent at ps0.05. SﬁEéééig;S££g£;ggigL%ﬂLé%%%ﬁ%%ﬁﬁtﬁﬁﬁiﬁrﬁﬂﬁd’mf
S 7{§Fﬁ?3é”§é¥125;;75; it accounted for the sample size of the B
grouped data. - -This waS”impafféﬁﬁfﬁiééﬁig:ﬁha¥éam§£;:%£ééi’;ﬁﬂ‘v
*;ér;eglpgtweeafeacﬁ”s?gfg?zzggaitions complet§q }g7these °;J
i egperiments. - e e T T
e o , - - e
Surface Elegtromyogram Experimegts: During a given
o ,,,”,,r~expériﬁénﬁ"éubﬁe¢t§7é§£éggtgg,all the force trajectories ’

required (i.e. F(0-1), F(0-2), F(1-2), and sometimes S(ofg)ytfﬂ _
Therefore,kstagistically signiﬁicant differences beﬁween eachi
condition for a particular index value were determiged using . .-
one-way, repeated measures analyses of variéﬁce; If the AﬁbVAr -
indicated éréignificant difference betwéén‘thé”hééﬁrinde;
values of th;gifgergggwtrajehtoriesTJSpégifié:sta£%5£i¢§i”;w’f”ff

differences betweengponditions were investigated with Scheffe

multiple comparison tests (at p<0.05).
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,,;f —ixmimwiﬁ?e “of Rise < of Innca,_l:xpmmaa.ts,,__h One way,_)

repeated mkasures analyses of variance tests_followed bye-

Scheffe multiople comg

B determlne/é;gn;f;caﬂ%—dtffETéﬁées in the maximum rate of rise

of the . fO 2) trajectory completed at three different R
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o patterns were studled undQ£~§_gumbéf:§£’€OﬂﬁItIG~d’~ Th;;;yﬁ\ )

— seven experlments with eight suﬁjécfs W

. in el

e = ] == T e . P - - .

R well as to compare 51multaneously flrlng units. ~ Twenty-two
N e e T

ffffiif*u'wff—exée;ige;t;:j;ith sixteen subjects were -.completed to

- : investigaterdynamic and steady-state surface EMG activities

during two different ragge§_oﬁ;force output.

e~ gifgle Motor Unit Discharge Behaviour

- The max1mum step 1ncrement in torque durlng the 51ngle

'~ -~ motor unit experiments was mo greater than 10% of/;£21mum :iiii;
o _ six of the: eigpt subjects srgcefg¥§ wasfoniy
- "riﬂxlftwov SubjeCtS.;;Ihlgi_was due,?z;—limrtatlons ‘of“'the “force :

7 transducer in terms of 4the 7max1mum force measurable.,»,:ﬂ«w'
Therefore, the ninety-one units recorded during these low
increments in force have been considered as low-threshold

- motor units.
-Dynamic Phase: Fromfthe'raw data;*maximum~in§tantaheous R
- firing rates observable durlng the dynamlc phase were usually , -
{ﬁ\( less than 40 ;mm although 1t ‘was' possible to. perlodlcally e
I observe flrlng rates of 70 - BO pps R S ‘J{;;LTT*/" >5f
45 T T



L, ;7”, ___ The relatlonshlp between the dynamlc phase of the singleﬂzfrr-
T — '—,:’_’//H(

— = - —— - / T —

R fgtor)un&t~f1r1§§lpattern‘anﬂ*the rate of r;se,of ;sgmetrlc o

.force was 1nvest1gated by recordlng the—same‘metor unit =

g ;;,557 ‘ffirlng,dnr&ng~%§ﬁ?:FT€’IT“and the“S{G-&+\€£@drtlonsvand/or
e A

\\_‘“

dﬂfiﬂg“ the F(0-1) and F(0-2) condltlons Subjects were o——
SRR fllmiﬁstrncted‘t’/Eeep‘background flrlng rate constant between
the pairs of condltlons

Twenty nine motor units were recorded from six subjects

during the- F(O 1) and S(Orl) condltlons Typlcal averAge

S — - B S ——

" response hlstograms ‘constructed from the flrlng activ1ty of

the same motor unlt durlng the F{0-1) and S(O—l) condltlons

~ . =77 “are-shown in- fﬁ@ﬁﬁﬁaf4 —Qualltatlvely, it is evident from _
_ Eﬁgig.hlstegf&ﬁﬁfthaf‘fnere was greater oﬁershoot in the
- *“"t“miﬁﬁmﬁg Pa%’ﬁefﬁ Cfﬁﬁﬁ?ﬁreﬁ%:ﬁ versus the _

- S(0-1) condition. This behavrourmwas typ&cal ofrtﬂenty—31x of

xthe twenty nlne motor*unlts,recorded

ST —— . — . . . — S T - e = erT T

— . R __ — —

Y The absolute'dynamie index refieEted'the”qualitative,rer;:‘

observations made from figdre 4. It was s1gn1f1cantly4greater

for' the F(0-1) condltion /than for the, S{Q 11 cendit;on e

T Tp$.00027,;;/4£fgure~ 5#,f’however, when . thls,,lndex was

S normalized to- the rate of rise -of 1sometr1c force, it was -~

— ~—marhedly less for the fast condltlon than for theW7sid;%;ﬁ—

- TTE , I -
- - e condition (p£.0001) (flgure 6) . The absolute dynamic index -
and the normalized dynamic index values/shgﬂedﬂthe“saﬁe trend .

when the unit was recruited during the contraction. The
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relatively low increment in firing ratef@iring‘the F(0-1) o

__condition was also evident -at even -faster speeds of

'ang~giQ:2) canditions completed from a

tonic background firing rate. The speed of contraction of

77 7~ the F+{0-2) force iragectorxﬁwas much greater than the Speed

of the F(0-1) condition when the "as fast as possible"

— instruction was given for both conditions (Freund and

Budigen, 1979r. Therefore, although ‘the ?E%olute dynamga“

- - - - -—4indices did- not " differ between the F(O—l)  and F(O 2)

oo : : _conditions (figure 5 p< 56), theunormalizéd dynamic index

W&S’Slgﬁlflcantly greater for the F(0-1) condition than for

the F(0-2) condition (pS 023)(fi ure 6).  These results. _

support the obeervattons between the F(O 1) and S(0-1) | -
trajectories implying that. the relative increment in the
o - dynamic activity decreases, in a non- inear manner, with

faster speeds of contraction.

— TV

e - - - - - = e B I

- : _ . The. _relationship between the background exc1tation level

of the motor unit and the dynamic phase of its firing pattern‘

— was also investigated. This was accomplished by controlling
the unit's background excitation level between pairs-of‘
conditions. In one set of conditions the F(0-1) trajéctofy T

-was completed once when the anit was recruited during the
trajectory and again when it bigan from‘a minimal, tonic

firing rate. Nineteen motor units from seven subjects

completed these conditions. gn another set of conditions, 11

4

a
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on the“thamiczphaaegof the firing patterns was determined T

- Ehe differencee rn ‘normarized Adynamlc 1ndex vaiues and

— .
F(O l) condittoﬁ‘where the“nrtvbegan from a mtnimal firlng

\

rate. and then from a con51derably faster\tonlc backgreun T

fIfihg rate. The effect of the background_excltat1eﬁviever* T

— \;\

,with~the normalized dynamic.index;bEEEhse it accounted 'for

differences in’ the rates of rlse‘of\the comg; ted”force‘rt'

5

trajectorles wthh, theoretically, were - constralned to,be

similar under both'Conditfons. ‘The normallzed dynamte 1ndex
) B ax —— 1 4

—~—

value obtained when the unit began from a minimal rhythmic;:‘nr

firing'rate or when it was recruited during the trajectory

d1d not ‘differ 81gn1f1cantly In an attempt to deterﬁine if .

there was a relatlonshlp between the. amount _ of change 1in

background flrlng rate and the unit's dynamlc flrlng pattern,

the difference in background flrlng rate was plotted\agalnst

- -~ — 7}7”*"/ T

represented~%ﬁf thewfiiled_ttfél’s in flgure 7.7 The lower

e

background f1r1ng rtes and the correapondlng normalledm_wd

‘W‘CQYKEMTC indef“va}uES“ erewaiways subtractedtfrom_the values

_obtained when the unit began from a higher background flrlng

rate, ~ _The trend of thiswp%otﬂsuggesta that-at -a higherbl 7

tonic background firing rate the normalized dynamic index was

less than the normalized dynamic index value when the unit

began froﬁ "zero". The scatter in this plot maybe due to the

indefinable "zero™ background activity as it could represent

an excitation level anywhere from well belowirheobasertO'just
L

sub-recruitment threshold. When the unit began from a high

50 | @f



versus a low tonic background firing ‘rate the normallzed

dynamic index value was 31gn}£1cantly less (pS0.039). Thlsfm’

non-linear behaviour may suggest a saturation -phenomenon in

—-ithe motoﬁéuron's dynamic firing pattern. The open circles in

R

across all conditions, it was also calculated for conditions

figure 7 represent the. dlfference in tonic background agalnst'

the dlfference in normaljzed dynamlc 1ndex between these two

conditions. The observable linear trend in this plot. is

difficult to explain physiologically and therefore, will not

be interpreted.

Steady—state Phase: Firing‘rates during the steady—state>

phase ranged from approx1mately 7 - 18 pps, but the majerity

of static flrlng ‘rates were. con31stently between 9 - 13 pps.

‘The static phase of the motor uynit firing pattern was

~analysed both in terms of the absolute static firing rate and

the static sensitiviE§ index.-Although the definition of the.

LA

static sensitivity index required definable baekground firing

activity, in order to ensure consistency in comparisons

when the wunit was recruited during the trajectory and

therefore, had "zero" background aetivity.

~ "The. rate of rise of isometric force does not influence

the static firing behaviour of the unit since neither the

static firing rates nor the static sensitivity values
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Figure 7 Each point represents the difference in background
firing rate versus the difference in normalized dynamic index
for single motor units recorded during sthe F(0-1)-condition. -
Unfilled circles (o) are differences between a high and low,
toni¢ background firing rate, whereas the filled circ¢les (o)
represent differences between a zéro and a low, tonic.
background firing rate. Values obtained at: the lower firing
rate were always subtracted from values obtained when the
unit fired at the higher background firing rate. Unfilled .
circles, numbex or subjects ns;=6;, number of motdor units,
n,=11. Filled circles, number or subjects n¢=7, number of
motor units, ny=19. '

52



dlffered between the "F (0= 1) and S(O‘-l)‘ conditi-onsr w«:rien‘-the,;.lél;il

/state flrlng piopertles was 1nvest1gated by hav1ng‘s’

'7F(O—2), trajectory/ (12 17 pps)wa ésx h1gher, but ' not R

) phase of the flrrng pattern, 1nfluenced the steadz;gzwef///

flrlng {;ates//Eere sllghtly hlgher durlng._the S(Q;Z) ';_:j

.F(0-2) condition was not ,related to the trajegtory's faster

"

i

subject was 1nstructed to keep the un1t s ton1c background o

D
flrlng rate constant between the two condltlons/%figures BA

and BB}//”

"The>reLaﬁﬂ ”,rp between magn;tﬂde oﬁ force

— e

complete the Ffﬁ/lz and F(0-2) condltlons Background firing'.

rate was kept constant ~ When averaged across, the thlrteen,,~f;</

- i R = R

units recorded, the steady state flrlng rate'durlng.the e -

o

L e J—
31gn1f1cantly dlfferent from the F(0-1) condltlon<41019,pps¥*7“

T L

Lfiﬁigure 9a) . Therefore, s¢nce background fdrlng rate ‘was

. +
essentially constant between both conditions, static

sen51t1v1ty values were 81gn1f1cantly less for the F (O~ 2)

than the F(0-1) condltlon (pSO 6187(f1gure 9B) . @ovdetermlne s

b - e

whether the degree of adaptatlon, obServable/in the/dyﬁaﬁic

- J— - . N e

phase, “four unlts were~recorded from 3 s/bgecfs/durang S(0-1)—

-
and/ﬁi@e?) conditions, As WIEH//he fast condltlons, static

e

trajectory (range 10.0 - 19.1 pps) versus the $(0-1) .
condltlon (9.5 - 17.9 pps). Furthermore, threerbfﬁthéwTéuf,

units showed markedIy higher statlc sen31t1v1ty va}ues durlng

the S(0-1) condltlon than the S (0~ 2) condltlon- ThlS 1mp11es,

dthat the saturation in static flrlng rate“observed/during”the

R
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magnitude B ” - - S

'/‘éj/ﬁ, The - infiuence o?rbackground excitation level on steady—’

— = o o

e T e

stateaiig;ng behaviour was also investigated during the P

N —

F(0-1) trajectory as already described-for the dynamic phase.

Nineteen —units, recruited,,during' the trajectory fired

— significaatly/lowerfstafic/firing rates (p<0.01) than when'

they began the contraction from a minimal background/firing

IR

rate; however, the large difference in background activity

resuEES9ﬂigﬂgheista;ie~sensifi?ity index being significantly

—— ] greater, when the unit began from "zero" than when it began

from a tonic firing rate (p<0.0001). If the unit began/;;mn/”’/

— —
e e

a high versus a low tonic'.background//ﬁifiﬁgf”rate, its

absolute —static firing rate was significantly greater

(p<0.02), but itS/Eéiative'increase in static-firing rate

T

perlincreﬁent in force, Tepresented by the static sensitivity
e ////—/—"/ . N

////indeijfnas less (p<0.0065) than when the unit began from a
lower background firing rate. A plot of the 'change‘ in
background firing rate versus the change in static
sensitivity yalues,imseenwchfafigure‘”IO;””eiﬁandsuiﬁiwthesei -

‘ observed relationships. This figure shows a weak trend
amongst the filled squares indicating that the difference in
static sensitivity valuesgis”more marked when the tonic
background firing rate 1is high compared toe a "zero"
background'activity. Although the static sensitivitiﬁyalues

-

become progressively smaller when the unit begins from higher
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Figure 10 Each point represents the difference in background |
firing rate~versus the difference in static sensitivity index
——— " for single motor units recorded during the F{(0-1) condition.

Unfilled squares (8) represent differences between a high and
low, tonic background firing rate, whereas the filled squares
(®) mark differences between a zero and a low, tonic
background firing rate. Values obtained at the lower  firing
rate were always subtracted from values obtained when the
unit fired at the higher background firing rate. Unfilled
‘circles, number or subjects n¢=6, number of motor units,
n,=11. Filled circles, number or subjeects ny=7, number of
motor units, ny=19.



___background Eiring rates, the open squares in figure 10
demonstrate that the magnitude of the difference in tonic,
background firing rate between the two conditions. was not
related to the observed change in static firing hehaviour.

’ s -

e

7%; Interdependerice ojﬂ/byaamic"indﬂﬁgteady-state Phaseé:
T Thejdynamlc phase of the single motoneuron flrlng pattern is

e

related to the rate of rise of force whereas the stat;cﬂphaSE‘

(4_7/’,'/;

is related!tgﬂmagn%tude”of’the force output. To confirm that

the dynahic and static phases were,not interdependent, etatic
sensitivity and normalized dynamic index values, obtained
during the F(0-1) condition, were plotted against each other
(figure 11). The poor correlation (r=0.41) observed between

————— — these two indiceés, also seen— ﬁmwm%‘\

suggests that dynamic and steady-state firing patterns maybe
-governed and/or generatedﬂbirseparate processes.

Simultaneously Firing Motor Units

Pairs of wunits firing simultaneously were recorded

o - during the F(0-1) condition to assess whether the

motoneuron's firing pattern was predictable based on its

recruitment thiésﬁéid. The background firing rates of the
unit pairs were controlled. In one condition the ‘iow
--—~"""threshold unit began from a tonic background firing rate and
the high threshold unit was'recruited during the ramp phase.
Unit pairs were only accepted if the high threshold unit,

once recruited, maintained a tonic firing rate during the
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~ ‘static portion of the trajectory. In a second condition both-

’”‘"Gﬁit§~§1}éaitohically in the background.

~ . . e -

S

_ Dynamic Phase: Only the absolute dynamic index was used to

compare the dynamic firing behaviour between two units since

both units- were recorded during the same trajectory.

" Therefore, the normalized dynamic index would provide the

same information. Fifteen pairs of units were recorded from
seven subjécts when only the low threshold unit fired
tonically in tggﬂbackground. . The absolute dynami index
values did noﬁiﬁiffer significantly between the tw;§>nits7
nor was there any observable relationships between their
difference in background firing‘rate versus their difference
in absoluf@ dynamic index (closed triangles, figure 12).
Thésérgelationshiﬁs did not change in the second condition
wheﬁ poth‘units fired tonically in the background (open
triangles, figure 12). The scatter in\figﬁre 12, seen for

bofh conditions, may have been due to the relatively small

~ differences in recruitment thresholds between the recorded
units. This plot does suggesf that, among these “low

- threshold motor units,

S

used as a determinant of a unit's dynamic firing propertiés,

_ e
x

This position is strengthened in figure 13 because the

recruitment threshold could not -be - “—

difference in recruitment threshold between the unit pairs

was not correlated with their difference in absolute dynamic

index.
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~motor unit values were subtracted from the low threshold

motor unit values. Unfilled triangles, number of subijects,
n,=6, number of motor unit pairs, n,=10. Pilled triangles,

number of subjects, ns=7, number of motor unit pairs, n,=15.
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Figure 13 Each point is tHe difference between the absolute
dynamic index and recruitment threshold of two simultaneously
firing units for the same conditions as stated for figure '12.
Low threshold values.were subtracted from high threshold

% .

values. Unfilled squares, number of subjects, ns=5, number of

motor unit pairs, n,=8. Filled triangles, number of subjects,

ng=7, number of motor umit pairs, n,=10. B - oIl
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subjects, ng=7, number of motor unit pairs, n,=10.
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5’Steady-state Phase: The steady-state phase of the firing
“(pattern>was also compared between two simultaneously firingi
units. The }ower th;eghg}q~ggitigenerate& significantly
higher absolute static firing rates (pS0.0Z)rcompareq to the
eigher threshold wunit ‘;gen it was recruited dﬁring the
trajectory;'howeﬁer, similer to the trend observed with
single motor units at different excitation levels, the static

sensitivity index was greater (p<0.0003) for the higher

threshold unit when it was recruited during the trajectfry
The static sen51t1v1ty values, however, comparéd when both
s ,  units began from very similar background firing tates,vdid

- | not differ. The difference in background firing iate plotted
aéainstrthe difference in static sensitivity values between

the unlt palrs is shown in flgure 14 This plot has a very I —
e “s;mllar trend to flgure 10 (althoughA with more ‘scatter)

- o |
7suggest1ng that the steady- state behaviour of the unlt was

-

not nelated to its recruitment threshold, but rather to its

S

W e

‘background exc1taLLQnﬁ1evei— ThlS 1s supported by flgure 15
whlch dlsplays the very poor relatlonshlp between dlfference/'aafe\
in recrultment threshold . aad deference in static

sensitivity.

Surface Electromyogram Activity

The trajectories ,completed for the single motor unit
') f

= experlments dldﬁnot zgﬁge—wiﬂeiyzenangﬁ;inAmagnztade BE#E%%E“‘““”*

of rise of force to provide sufficient information on surface

EMG activity. Therefore, in order to investigate surface EMG
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77 activity during a number of different conditions, these:

experiments were completed separately 1n twordifferent force
ranges. Due to limitations of the experimental arrangement,ﬂ
magimum voluntary contractions could only be obtained from

: three snhjects who generated relatively small maximum
voluntary contractions.r From their maximum. yglnntary
contraction values, one force range, was aipproxivmate_lyrnZVLVS%u’o'f'rj S
MVC and.the other force range was approximately 30% of MVC.

Dynamic Phase - Low Force Range: . The first set of

results  were obtained when Sﬁbjects’;prodnced' force
trajectories to approximately 15% of MVC. The relationship

between the dynamic phase of the surface EMG act1v1ty and the

T " rate of rise of 1sometr1c force was investigated by hav1ng”

subjects complete force trajectories at three different' L

speeds 'of contraction. Typical average response histogwamsyofwnmm““”

e A~k~4~rect1fred sutface EMG and force for all four trajectories are

shown i figure 16. It is evident from this figure that the

dynamic phase of. the EMG activity was greatest during the

- - fastest rate of rise of force (p<.05) and was least at the -

Fa

slowest rate of rise of force. The absolute dynamic -index

used to quantify the average response histogram activity-- .

& -

concurred with these,qualitatiﬁe’obServations {gig 17A)

The rates of rise of force generated during these

trajectories were fastest for the F(0-2) condition (p<.002)

- and approximately seven times slower in the S(O*Z) condition
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Consequently, when the;absoluterdynamic index was‘pqrmalized

% to the speed of cqntraction riFig;'-17B)i there was ho
significant différehée.between fhé normalized dynamic indéx
'valgg§~ﬂcaleﬁiéfed for anyr of the conditions .(figure
/i7C)(pS.90y. " This suggesféa that fﬁe dynamic phase-éf the:

EMG was linearly related to the speed of contraction aﬁ\low

% force outputs. ' . ‘ ®

Within this force range the influence of backgroun

motoneuronal activity on the dynamic phase "of the EMG
I

-

activity was'ihvestigated by controlling the backgfound force

:level. The abSolute dynamic index:values between F (0-1) and

T, F(1-2) [(p<.90) did not differ significantly, nor did the
' normalized dynamic indices (p<.90) (figures 17A and 17C).

These results - ‘would confirm that speed of contraction is the

X only‘paraméter related to the dynamic phase of the surface .

EMG activity. . . ‘ : .

Higher Force Range - The relationship between speed of

14

larger force outputs. For these experiments it was assumed

‘that the dynamic behaviour observed during the-slow condition

’

was not unique to smdil force outputs énd, therefore, would

9 a

condition was omitted. ’ o

.

also be observed at larger force outputé. Theréfore, this-

contraction and dynamic EMG activity was,also -investigated at
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Typical average response histograms constructed for the

'?(0—1), F(0-2) and F(1-2) conditions are shown in figure 18.

As was confirmed by the absolute dynamic index values-(figure

19A),this figure. 1ndicates that there was N6 marked

difference in the dynamic EMG actiVity 'between the three

conditions (p<£.90); however, the speeds of contractions were
nearly two times faster during the F(0-2) trajectory (p<.01)
than either the F(0-1) or F(1-2) conditions <(figure ‘19B).

Therefore, when the absolute dynamic index was normalized to

the speed oOf contraction, the relative increment in the

dynamic index value was markedly less during the F(0-2)

(p£.04) than during the other two conditions (Fig. 19C), The

F(0-1) and F(1-2) conditions did not significantly differ

from one another (p£.90). From these results there appears to

be a non-linear relationship between the rate of rise of

isometric force and the dynamic EMG ‘activity. durihg faster

rates of rise of force generated in this force range:2 The

non-significant difference between the dynamic index values
of the F(0-1) and F(l-2) conditions would ' suggest, that
within this force range, the background excitation level of

the motor unit population did not influence the dynamic phase

)

of the surface EMG activity when the same rate of rise and

magnitude of force were completed. However, since~these

\ N .
trajectories were not completed at the same time as those in"

IRt

the fifteen percent of MVC force range the two sets of

‘!'

results can not be compared.
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Changes in the-duration of\the dynamic’ phase of the EMG
actlv1ty between the F (0- 2) and ?ld;ll conditions completed
to 30% of MVC, were also examlned to determine if duration of
the dynamic phase during the F(0-2) ccndltlon increased to
compensate for the saturation observable in the amplitude of
the dynamic phase. This was achieved by calculatlng the

ratio of the absolutefamplltude of the dynamlc phase between

{f‘the F(0-2) and the F(0-1) condition against the ratio of the

.

area of the_dynamiclphase between the same two conditions.

Sincevthe absolut dynamic index did not significantly differ

-

between the two trajectories completed in this force range,

- the ratio was approximately 1. Therefore, a ratio value

fgreater than 4 /between the values of the integrated dynamiC‘
phase would4§ ggest that the area of the dynamlc phase was

larger durln? the F(0-2) tra]ectory, p0331bly due to its

S

‘wéreater duration. Figure 20 does not demonstrate any clear
relationship between the ratio of the EMG amplitudes and the
.ratio of the areas of the dynamic phase between the F(0-2)

and F(0-1) trajectories. If duration of the dynamic phase

- R —

' was not greater durinq the F(0-2) than the F(Oil) condltlon,
the relationship in flgure 20 would yleld a regression with’ a:

slqpe approachlng 1. In comparing the absolute,«qalues.”

between the two tra]ectorles, however, it was= dbserved that
{ - B - . - B

for five of nine subjects,ﬁthe dynamic phase_of the surface
8 o
EMG activity was greater during the F(0-2) condition.
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Figure 267 The ratio of the absolute dynamic‘findex,

representing the amplitude of the EMG dynamic- phasé, of the

F(0-2) to F(B-1) conditions plotted against the ratio of the

area of the EMG dynamic phase of the F(0-2) to F(0-1)

_ conditions, This was done for the force trajectories taken
to 30% of MVC.. Number of experiments, ng=10.

71

N
gt



by

P ﬁ"
4

A) - > 201
-l i
N
-;E o
» i .
mg_lo _
a3 | .
, o
_— ]
- . -
'g 0 T — T T T T T “
& F(0-1) F(0-2) F(1-2) S(0-2)
Condition
a
B) > - ; . i
ﬂ 20 )
z - 4 A _
ﬂ 151 : ' {
wng ,
a | .
< 10 t
[ 5 .
o h %
z 0 T =T T L T — \
@ . F(0-1) F(0-2) - F(1-2)
' Condition

k]

Figure 21 Mean and standard érror for A) static sensitivity

index from surface EMG activity recorded during four .

different isometric force trajectories completed to 15% of

' MVC. Numbér of subjects, ng=9, number. of expg;iments, ne=11.

B) static sensitivity index from surface EMG activity

experiments, ne=11.

72

+ recorded during three different isometric force trajectories .
completed to 30% of MVC. Number of supjects, ng=10,’ number-of

8

jd



Steady-state Phase: The steady-state phase of the surface
EMG activity was also investigated for trajectories completed
- to small- and large force magnitudes and was quantified with

the static-senéitivity index.

The static¢ sensitivity index indicates the increment in

P

‘'static EMG per desired increment in force. No significant

difference 1in the static sensitivity index was observed

between any of the trajectory conditions at either low (P<.90)

or high force ouﬁpufs (pS.O&)(figures 21A and 21B). This
sfrongly suggests‘that étatdc EMG activity is related only to
the hagnitude oflthe forcé outpﬁt and is not influenced by
the rate of rise of force which precedes the attained force

level, nor is it influenced by the background activity level.

%

IS

Constraints on Maximum Rate of Rise of Force
Freund and Budigen (1979) showed that when a subject was

instructed to contract "as faSt‘as-possible", maximum speed

of contraction was constrained by the magnitude of -the

7

isometric.force trajectory. This was confirmed in this
study; .however, visﬁal cues can also constraiﬁ the maximum. -
speed of contraction (Fitts, 1954). Therefore,'nine‘subjecﬁs
were instructed to produce the same,fprce trajectory "as fast

as péssible"-during threé conditions in which. the time scale

s
an the oscilloscope was ,used to alter the visual feedback.
The results showed that when the timebase was very fast (0.1

sec/div) the subject wasféble to’ produce significantly faster
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Figure 22 Mean and standard error of maximum speed of
contraction for the F(0-2) trajectory traced "as fast as
possible” during three different settings of the oscilloscope
timebase: 0.5 sec/div, 0.2 sec/div and 0.1 sec/div. Number of
-~»subjects, ng=5, number of experiments, n.=7.
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maximum speeds of contraction (pS.OOZ) than when he completed
the exact same trajectory with the timebase -set at 0.5

&
1

sec/div (figure 22).
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DISCUSSION R

The results of this study indicated that the dynamics‘of
low threshold motoneuron firing patterns were not only
sensitive- to chanées ;n trajectory parameters, but were also
influericed by <changes in the motoneuron's background.
excitation level. Surface EMG activity was also related to
trajectory parameters'although different levels of background
excitatioh level of the motor unit population did not affect
) thergelatlve dynamlc or statlc EMG behaviour.. Furthermore,
”ﬁ;%;he s;ngle motor unit act1v1ty,,at'low force outputs, EMG

act1v1ty*was lénearly related to compoEents of the force

outppt‘( although saturation non-linearity was observable

. : . )

‘durin?4phe dynamic phase at faster rates of rise of force
withihrfhe thirty peroent of MVC force range. The follow1ng
discussion will concern the poss1ble mechan;sms contrlbutlngf
tp,_and the functional 1mpllcatlons of, the observed dynamic
and steady state phases of the single motor unlt and surface
EMG act1v1t1es.4 The'results w1ll then be addressed 1n_termsu

of speculated central input patterns to the motoneuron pool

or the synergistic motoneuron pools.

Single Motor Unit Discharge »Behaviour ’
This work has shown that low threshold’single motor
units are .capable of; a range of firing pattern during
controlled ramp- and-hold force trajectories. . The motoneuron

firing paEterns observed during these trajectories included a
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dynemic_and steadyfstate phase,'eacﬁ of which Qeéiihfiuehee&‘que,m
by different factors in arnen-linear ﬁanner.
bynamié Phase: The abeolute dynamic phesejof the single
motor unit pattern was‘shdﬁnxfe'irereese'during faster rates
of rise of isometric force. This,aqtivity was quantified by.
the difference between the maximal instantaneous firing rate
'and4the mean static firing' rate. Therefore, changes in the
absolute dynamic index wouid reflect changes in either one or
both of these yaiues. Mean static firing rate was shown to
be unaffected by speed of Contractionr(fiéure 8); therefore,
an increase in the ‘absolute dynamic index value would
indicate an increase inomaximum‘instantaneous firing rate.
Motor units were recorded over three different speeés of
contraction: ;wo fast conditions , one. of which Was‘twiee as
fast as the other and a slow conditioﬁ. ‘The difference in

e

absolute dynamic index values between the F(0-2) and the
F(0-1) trajectories; was not as marked as the difference-in
thfs index between the F(O—l) and the S(0-1) eonditions.\ The
trends of these  results mey Suggest that only reletively
small increases ig,the maximuﬁ'instahfaneous‘firiﬁg~rate are
necessary to produce large changes iﬁ'ﬁhe'rate of'rise offth;i
force output. If this was the case, it could explein;why
only clear differences in the absoluﬁe‘dynamic index,were
seen ‘wheedﬂthere was a six;fold difference iﬁ, speed of
contraction such as between VF(0~1; and S(0-1). A th—fold

difference in the speed of contraction betweeci: the F(O—i) and

E

- : 77



_F(0-2) trajectories may not have been large enough to detect

»/significant differences. Desmedt and Godaux - (1977) and Oishi

et'al.'(;988) showed a large increase in tibialis anterior

T - .

and adductor pollicus motor unit initial.inSténEaneohs firing"‘
rates, respectively, dfer a range of slow to very fast rates
of»rise of force s@éh that between any two*successiQe force
~trajectories aﬁ“increment in firing raté between
approximately 5 to 15 pps was observed. These quger
increments in instantaneous firing raté as compared to those
seen in this study maybé'attributable to the faster rafes_of ?b
rise of force,cqmpletéd by their subjects énd/dr the motor

unit population studied.

Possible Controls over Dynamic Phase:The changes'h{h

instantaneous firing rates can be affected by rate of

synaptic input, accommodation, after-hyperpolarization,
Renshaw cell inhibition as well as other factors. In human
work the contribution of these various factors can only he

speculated. ‘ , \ | s

Accémmodation (Bradley and Somjen, 1961; Burké‘ and .
Nelson, 1969) may have influenced the dynamié phase of the
firing pattern during.thé slow force trajectory. In cat,

accommodation has _Jdeen shown to have the greatest influence

/

2 fgiiig type motor units (Burke and Nelson, ilQQi)T”ﬁﬂghe

population investigated in this study were low threshold

units presumably innervated by small motoneurons; therefore,

[
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it is pessible that eccommodation may not heve had e_prefound

effect on the dynaﬁics of -the moéoneuron firing.ﬁattern.—flt g

is also possible that accommodatlon may have a greater effect
o i

durlng ramp phases much slower than/those 1nvestlgated in -

this study and therefore, its 1nfluence .on these motor. ,g}ts

S A

- . < f
o 1

was not particularly evident.

«

After-hyperpolarization (AHP) conductance was proposed

by Kernell (1969) and Baldissereiand Gustafsson (1974a;b) to

_ -

regulate repetitive firing behaviour. For instance, the
minimal rhythmic firing rate of a motoneuron was.suggesged“tglrf
N, -

be the inverse of the time course of afterhyperpolarization

" (Kernell, 1965c). Further[“adaptatigpmin firing rate was
attributed to the Asuﬁmation of afterehyperbeigrization
condﬁctance when successive spikes impinged on the after-
_hyperpelarization time eourse of the preceding spike
(Baldissera‘and Gﬁstafsson, 1971;1974) . Tﬁese broposals,
however, came from results obtained with current injections
into the motoneurons of anesthetized or decerebrated cats:
noE\partiCularly ideal thsioloéical models. More recently(
cat and human investigators (BuSsel and Pierrot—beseilligny,
1977; Hultborn et al., 1979) have relegated the after-
hyperpolarization conduetdnce chanées to a more mrnorirele in

‘the control of motoneuronal firing and shifted the emphasis

to synaptic gontrols. 5 a - o o
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1outputs.< Hultborn and Pierrot-Deseilligny (1979) observed

single motor unit recordings ,for this +thesis were

oy
b

i B

T

v
- °

ofrekcitatory and ihhibitory synéptic input. Renshaw cells

>

are inhibitory interneurons which are excited by motoneuron

collaterals and, feédbaék:vontoi,motqneurons. The ,lese;

-

proximity of the these interneurons andltheirvmonosynaptic

recurrent inhibition onto the motoneuron soma (Baldissera et

al.,719815’would suggest that their réSpggse could be fast

. . . L] . i 3
enough to control all phases’of'the motoneuronal " firing

pattern (Eccles et al., 1961),Q‘Fﬁrthermore, wqu'witH humqﬁ

subjects has delineated a difference in the potency of

w

Renshaw cell inhibition during weak and stronger force

-

that recurrent inhibition was ~greatest during weak

contractions of the soleus muscle.

-

.majority of the force trajectories compleEéd during the .

¥ ~
y 3

dpproximately 5 to 10% of MVC, it is possible that Renshaw
ppr ( , ) A

cell activity could have been a factor in controlling firing

rate. In addition to Renshaw cell inhibition, Ib afferents

are.aiSOxinhibitory to human motoneurons (Pierrot-Deseilligny '

=

ek al., /1979); however, the latency time for th}s feedback

Deseilligny et al., 1979). This time course may be too long

"to effect the interspike {ntervals betdéen,‘pérhaps, the

first 3 or 4 spikes. The potential imfluence of Ib afferents

"will be discussed in the néxt section.

‘80

Impinging on thg'motoneuron are many different‘sourées; -

Y& .

" Therefore, since.the
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"The initial excitation level of the motoneuron was aisg
shown to influence the dynamic phase of the firing pattefntin
é non-linear manner. Dynamic firiég rate behaviéur ;és>not
‘significantiy different %egardleés_of whether the unit was
recruited during the fofce trajeéﬁory or fired at a minimal
rhythmic firing rate ‘préceding the contraction. However, at
background firing ;aﬁes greater than Ehé unit's minimal
dischérge rate dynamic’index values were much less. These
" results may suggest thatrthe factors influencing thé dynamic
firing pattern génerated from a minimal background firing
rate versus from'a "zero" background activity geré similar.
Possibly, the influende‘éf AHP suﬁmation (Baldissera and
Gustaffson, 1974a) and Ib mu;cle afferent inhibition (Grimby
wana Hénnerz, 1979), gener&ted duriqé the period of low tonic

s
background ‘firing rate, does not have a particularly
sighificant effec£ on the dynémic firing pattern'és compared
to when the unit begins from reéti Thié coqld*éuggest that

recurren£ inhibition ﬁay have the predominant effécﬁ when
backgr;und excitation level is low. However, ﬁhe filled
cifcles in figure.7 indicate that at higher, tonic background.
fifimg“rates, comparéd to "zero" backgrouﬂﬁ actiﬁity, thg
dynamic,firing béhaviour decreased, possibly suégesting a
g;eatei influence of AHP accumulation aﬁd Ib muscle afferent
inhibition. This i#s supported by tﬁe consistently lower
dynamic firifig behavighr observed after the unit began from a

much higher background firingifate;f Therefore, the factors

already considered may have an/éQen greater hyperpolariiing

-’
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effect on the métioneuron resulting in' lower maximum firing
rates. For inptance,idyring the high background firing
i, : -

rates, AHP conddctances may sum to hyperpolarize the cell
I .

before the supe#imposed cont:aCtion. In addition,’ during the
increased forcé generated during the higher backgrbundﬁfiring

rates, Ib inphibitory feedback from the homonymous andﬁf/

synergdstie muscle{s) may also be greater (P}errot—
Deseilligny~et al., 1979; Grlmb;&ahd Hannerz, 1979). The
inhiﬁitofy'effece of these 1nputs, as already alluded to,
couldoresult in.londer interspike intervals. Further, cat

experiments (Hultborrn and Pierrot-Deseilligny, 1979)

demonstrated that tonic discharges fr&m the:motoneuron can

W

facilitate Renshaw cells such that ﬁgeﬂgain of the recurrent
inhibition pathway is increased. Tﬁerefore, it is possible
that when the trajectofy was preceded by high backérpand
firind rates, Renshaw ceil'inhibdtidh was greater than when
the unit began'from low firing :afes or "zero“f

~

Functional Implications‘\of- Dynamic Phase?“ The .

funectional 1mpllcatlons of the motoneuron's adaptlng flrlng
- o

behaviour was addressed by normallzlng the absolute dynamlc‘.

.;ndex value to the rate of rise of isometric force. The
normalized dynamic index indicated‘that aiﬁhough the absolute_
instantaneous flrlng rate 1ncreased during faster speeds of
contsa;£;on the actual flrlng rate increments were less. ThlS

same saturation non—llnearlty could also be seen when ‘the

instantaneous firing rates of human tibialis anterior and
\ .
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__-—adductor pollicus motor units were normalized ‘to speed of

contraction (Desmedt and Godaux, 1977; Oishi et al., 1988[214

The insertion of a short-interspike interval into an-

experimentally generated stimulation train has been shown in

" cats (Burke et al., 1976; Stein and Parmiaggini, 1979; Zajac.

and Young, 1980) and humans (Gurfinkel and Levik, -1972) %o
.produce a fast, non-linear increase in force output. - This
effect is optimal in cat motor units if the interspike

interval is around 10 milliseéonds (Burke et al., 1976; 2aijac

and ‘Young, 1980) and approximately 20 milliseconds for human '

muscle (Gurfinkel and Levik, 1972). Zajac and Young (1980)

demonstrgped that modulation of only the first interspike
interval was necessary to produce maximal rate of rise of

force from S type cat gastrocnemius motor units. This was

—~

unlike the F type motor units which required at least the

initial two intervals to be of particular lengths for fast,

rates of rise of force. Therefore, if the same behaviour was

also true for human low threshold motor units, small changes
in the dynamic phase of the motoneuron firing,pattern may be
sufficient to produce non-linear increases in the speed - of

contraction. . s

Steady-state Phase: The__steady-state fiiing behaviour of

-

howed saturation non-

B

low threshold single motor units s

Co4

linearity during larger force outputs\or when the unit' began

from high background excitation levels. The relatively lower

increment in static firing rate during the F(0-2) condition
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of contraction during the F{(0-2) trajectory. This was

confirmed when static sensitivity values were, less during a

S(0-2) versus a S{0-1) condition. Biglénd and Lippold (1954b)

_#,versus”fﬁé'?faiiyrcondition was not due to the faster speed

v . _ )
-observed a similar trend, but over a larger range of force

. . \
outputs. They recorded a very small total increase

(approximately 10 pps) in the abductor digiti minimi motor

unit firing rate across steady-state isometric force cutputs

ranging between: 15 and 75% of MVC. Therefore, i1f they had

normalized mean firing rate to the corresponding static force

output they would hdve observed a non-linearity in the

relative static firing behaviour.

Minimum and maximum firing rates were not determined

during any—of—the thirty-seven single motor unit experiments;’

i

subjects to obtain a rough gauge of the firing rate range of

low threshold FCR motor units. Five motor units recorded

however,” two additional experiments, were conducted on two

during slow increases in force consistently fired from a“

minimum firing rate of 8 pps to a maximum of 20 pps. Thié

L)

firing rate range during slow increases in force is

comparable to that seen, by Milner-Brown et al. (1973) from

first dorsal interosseus low threshold units. These results

-

may suggest that static firing rates approaching near maximum

N

would have been seen if subjects had produced greater torque

outputs.



- Y

Possible Contréls over Staady-gtatnv'Phaso: . The time
between the initiatibn of the conﬁractfon and thevéteédy-A
state phase of" thé trajectory was vépprokimgtely 300
milliseconds  quring the fastest speedgﬁ of contraction.

‘Therefqre, peripﬁeral feedchk, perhaps conveyed by Ib muscle
afferénts (Pie?rot-béseilligny et,'al., 1979), cqﬁld
contribute in the éoht?pk of the static firing rate of the
unit (Grimby and Hannerz, 1979). The inhibitory influence of
the Ib muscle afferents ‘could beg%n at the onset  of
contraction such that it could hagewén even greater effécF
whén the unit fired tonically béfore.the superimposed ramp-

and-hold trajectory, possibly resulting -in the small

intcrement in static firing rate.

Functional 1Implications of Steady-state Phase: The
functional significance bf the steadyestate firing behaviour
observed between the F(0-1) and F(0-2) conditions maybe
~lluded to in rate - tension cur&eé constructed for animal
‘{Rack and Westbury, 1969; BRotterman et al,1988) and hgman
muscles {Bigland and Lippold, 1954b; Bellemare et al., 1983).
Botterman et al. (1988) stimulated ventral roots -at.
dif}erent rates and plottedv them 'against percentage of
maximum integrated tension for type F and type S cat flexor
carpi radialis muscle units. Although the curves for the
type S muscle units were shifted to the‘léft'compared té the
F type muscle units, the relationship was sigmoid for all

muscle unit types. Rack and Westbury (I9%69) observed a
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gsimilar shape in the rate - ténsion-éurvé obtainéd’from cat
soleus muscle.. In human abductor digiti minimi muscle Bigland
and Lippold (1954b) demonstrated allinéar increase in force
'output at stimulation rates between 8 and 30 pps with a
plateau at stimulation rétes greater than 45 pps. A similaf
rate—ﬁénsion\plot has aiso been constructed fér adductor
pollicus'(Bellemare et al., 1983). ,Botﬁ animal and human
rate-tension c¢urves displayed a steep, linear portion
indicatiﬁg that/small increments in stimulaﬁion fa?etgeneraﬁe
‘large increases in fofce output. Furthermore, the FCR type S -
cat %wtor gnits ;ppeared to generate even greate¥ incrementé
in force per increase in firingrrate thén type F motor units
(Botterman et al., 1988). Bellemare et al. (1983) speculated
from the rate - tension curve of the adductor pollicus and
its much higher mean firing rates as compared to the soleus,
that the rate - tension curve of the soleus, which 1is
composed of type S mo;of units, would be shifted towardg
lower stimulation rates and would display a much steéper
"siope. Therefore, our results, obtaingd.from low threshold>
human FCR motor units duriﬁg the F(0-1) and F(0-2)
conditions, may suggest that during the force increments
generated by our subjects, only small increments ih steady-

state firing rate were reguired to achieve Iarge increases in

force output. °

The same increment in force required smaller relative

increments in firing rate when the unit began from a tonic
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firing rate parfiéu%ar;ira high backgrouhd;fi?ing rate. Bufke
et al. (1976) deponsﬁfatedf %hatl the s%me pattern bof
experimentally,geﬁérated degplariZingxﬁhlses injected into
cat gastrocnemiusimotoneurons; vielded greéter_fofgeroﬁtputé
when appli;d after a series ofadépolarizing stimqli than when
applied to a motoneuron which ﬁad been quiescent. When a
‘motoneuron fires before a superimposed contraction its muscle
upigWgontré;£s such that the inertial effects bf,activat%ég
muscle fibers are overcome before greater force outputs-é;e'
required: In addition, calcium release will have already been
initiated (Burke et al., 1976; Zajac and Ydung, 1980).
Therefore, sMall increases in firing rate from an already
active state may be sufficient to produce desired increases
in force output from the muscie unit, versus when the unit
must.begin from rest. A

Human férsus Cat Studigsf' Baldissera et al. (1987f
injected ramp-and-hold pattérns of curfentb input into
anesthetized cat V gastrocnemius motoneurons . and
iﬁtracellularly recorded the resulting discha;ge patterns.
Currents were applied to guiescent neugoné and the outputs
;ere qﬁantified in terms of the input. This group found, that
under these conditions, each.of the dynamic and static phases
could be described by a single value taken as the slope of

the linear relationship between current input and motoneuron

output.
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In this human

units, ramp-and-hold pstterns of”isometric contraction were .

controlled and the motoneuron firing patterns were recorded.

Therefore, unlike the Baldissera et al. (1987) ekperiments,

the " inpuE, i.e. the motoneuron firing patterns, -were

quantified in terms of the torque outputs. Our‘fesults
. indicate that,motoneuron-firing patterns change in a non-
linear manner with respect to . both tHe‘output parameters and

the wunit's exCitatory level before the superimposed

contraction.

The linearity seen in. the 'dynamie and steady-state
rvﬂ& . )
compoﬁgnts of the cat motoneuron firing pattern in relation

o

influence of afﬁerhyperpbla:ization ‘on the motoneuron's
hrepetitive firing properties.r . In their expe}iments
) afterhypefpolarization would .probably be the primary
coﬁ%rolliﬁg factofvas compared to Ib muscle afferentsor
Renshew cell ipﬁibition beeause these two inputs are known to
be compfbmised during anaesthesized p}eparétionsf In
addition, only the dctivity of a single, functionally
isolated, motor unit was investigated which would limit the
intensity of Ib muscle afferent input. This is unlike the

human model where the .motor unit activity was investigated

with the controlled output of not only the flexor carpi

radialis, but alsc its synergists' during wrist flexioh.f

Therefore, in these studies, Ib 'muscle afferent and Renshaw

cell inhibition may have had a large role in controlling the

study with flexor carpi radialis motor

-"to current inpﬁt parameters may reflect the predominate.

i
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motoneuron firing pattern because Ib muscle éfferents ffom

o

throughoﬁt the muscle, as well as from synergists, have wide

-synaptic connection within a motoneuron pool (Baldissera et

 al.,‘1981). In_adﬁition, Renshaw cells are facilitated by

collaterals of other motoﬁeurons within a motoneuron pool_és

well as by the collaterals of the motoneuron it feedbaéks

2

3

motor unit studied in these experiments may, therefore, be
due té inhibltion from Ib-muscle,affereﬁts and.Renshaﬁﬁcells
as well as afterhyperpolarization.
Simuitinaous%y Firing Motor Units

Dynamic and steady-state phases of the‘firing pétterns
of simultaneously recorded motor un%t pairs were compared in
terms of their backé;ound éxcitation levels and their
recruitment thresholds.
Dynamic Phase: Within the low threshold population
investigéted no signifiéant differences were observed in the

dynamic phase of motor unit firing patterns regardless of

whether both units or only- the low thresheld unit fired

tonically in the background. Differeﬂces between recruitment

threshold was also unable to explain the scatter observable

in the data. Within the popuiétion of cat gastrocnemiﬁs

motoneurons investigated by Baldissera et al. (1987),'smaller

motoneurons had greater dynamic sensitivity wvalues ’than‘

larger motoneurons: however, Palmer and Fetz (1985) indicated

89

‘onto (Baldissera et al.;, 1981). Thegsaturation,obserVed,in»

‘the dynamic and steady-state firing pattern of the single

€



thatllow threshold rhesus macaqﬁe.métof units.displayed,lESS‘
‘dynamic firing rate beha#iour than higher-threéhqld ﬁqtor
units. ObServed.'distribﬁtigg§\>of' ‘ayngmic‘ fifing rdte
behaviours across a motoneuron pool'may(‘howeverg be an
,~artefact‘becaﬁsé motoneuronal background excitation lejel was
not controlled in either ‘study. Two examples will be
preéented to emphasize the importahce;,gf; background-
excitation level én'mbtoneurgn firing rate behavioqr: Thesé
examples may- also explain the discrepancy between» the

Baldissera et al. and the Palmer and Fetz studies. Large

— x

motoneurons have small input resistanceS'(Kerneli, 1966) anazr
therefore, require greater cufrent inputs to reach their
rhythmic thresholdtthan smail motOneurohs.» If the dynamic
firing fate*beha%iour of a large. and #mall motoneuron are
investigated with identical current inputs, of a moderate
rate of rise ahd intensity, the smallef motoneuron would
reach rhythmic- threshold quicker and_display much‘shorter
interspike intervals ,than the larger mgﬁbheuron. This may
explain the observations oé' Baldisseré et al.leé?) better " -
than their suggestion of "neuronal intrinsic properties”
graded across th? motoneuroh pool., On the other hand, if Ehe
ihput had a very fast rate of rise to a large intensity the
firing propertie§ éf the smaller motoneyron may saturate»aﬁd
not display any dynamic phase in_itsjiirihg péttern. This
could have been the type qf behaviour observed from low

threshold units by Palmer and Fetz (1985). .Therefore, unless

excitation level of the motoneuron is controlled preceding

S0
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,'f:fhe application'of'§ currént or a éynaptiq input itvmay not

2

be valid or physioldgically accurate to suggest that dyhamic
firing rate behaviour can beApredictedﬁfrom:just recruitment

threshold.

.
‘
¥ o

Steady—giate Phase: Steady-state firing 'préperties

compared between concurrently active motor units were alsd -

not. found to be. correlated with motor unit recruitment

threshold, Instead, these experiments supported the

P

ohgervations made when the single motor unit behaviour was

*7

recorded from different levels of backgroundAfiringirate

.(figuré>10). The higher threshold unit, if recruited during
the trajector?,ldisplayed'a greater static sensitiwvity value

than the lower threshold wunit; however, there was no

difference in the static sensitivity values of the units if

o v

they bothtpreceded the SuperimpéSed ‘contraction with tonic

background firihg rates. ~This would suggest that, each’

motoneuron recorded in this investigation was capable of a
similar range of static sensitivity behaviours and have had

similar rate-tension curves.

The functional implications of concurrently active motor

~

units will be discussed with the surface EMG data.
A _ N
Surface Eldctromfogram Activity

»

JActivity of a\hot@r unit population can be measured via

surface EMGs (Milné}—Brown and Stein, 1975). Although

91
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surface EMGs were recorded from over thé”BéIIngﬁfgngéz}eggy

carpi radialis, it>was recognized that other wrist fiéiéi?':t?f;

ﬁd§c1es-‘particularlyv palmﬁfié llongus,"f;exor ~digitorum .

supefficialis ~and flekdf ”carpinwg;parié may ., also have. =

contributed to the surface EMG activityk sIfnfhis did~occgg!”
the sqrface‘EMG acfivity obse;ved would‘hot héVe‘necessarili
reflected'théLbeﬁaviour:of.flexor carpi radialis;»hbwever;.a

o study by Gielén et al. (1985),.ré¢6:ded simﬁlfaneously from
brachi;lis, biceps brachaii and brachioradiélis during
isotonic‘movements'about the elbow. Tﬁei foﬁnd fhat‘the o
integrated EMG activify from each muscle was linearly reléted‘ ;¥'
to velocity of movement. Therefore, any coﬂtamination'of the
surface EMG record due ﬁo- coﬂtributions by other 'inst
fléxoré»may‘not have obscured the-true behaviour ‘of the
flexor carpi radialis muscle.

As with- the single motor unit data, thé é;%féée'EMG
aétivity»was inves;igated in terms of a dynamic and steady-
staﬁe phase of activity. Each component was related to a
different force parameter’ which suggested functional‘
differences between the dynamic and steady-stéte phases.r

: , .Ov ,
Dyﬁamic Phase: Surface EMG_activityAfecorded during force
outputs to approximately 15% of maximum véluntary cohtfactian
(MVC) was linearly relatéd Eo only ‘the rate of iiéé;of

isometric force. This relationship did not change when

background surface EMG activity was altered. This was
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unllke the 31ngle motor -unit dynamlc flrlng»behaviour which
changed in a non—llnear manner in relatlon to both speed of .

contractlon and background exc1tatlon level. The dynamic

phase of the surface EMG act1v1ty, however, did reflect the

31ngle:motor unit- behav1our durlng -the fastest, tes ojfrise o

s

of forée completed to approx1mately th1rty percent of MVC byfr-
'd1splaying saturatlon non- llnearlty The dynamlc 1ndex

alues were not dlfferent»when the subject completed the .same
force trajectory fFom ‘two dlfferent levels of baqurounq EMG;
activity. }Therefore, vhnlike the” single ~motor—'unit'<theA
dynamio phase of the total'motor unit population activitylf
appeared to be related only to the speed of oontraction and

not to the populatlon,s act1v1ty level precedlng the

superimposed contraction.

Linearity in the dynamio surface EMG activity is most
likely maintained at moderately fast speeds of contraction by
the wide range of firing patterns displaYed:by motor units.

Motor unit firing behaviour in this study was quantified only

©.

for those wunits ‘which displayed steady-state .firing

behaviour; however, during the rate of’ rlse of the forcef’

trajectory motor: unlts'were cons{stently observed to be»-

recruited, flre a short senies of splkes at relatlvely.fast‘
£
lnstantaneous flrlng rates and then drop out when the ramp.

portlon of the trajectory was completed Slmllar behaviour

has been observed from adductor polllcus (G;llles, 1972),

first dorsal 1nterosseus (Freund - et al., 1975; Deluoa et al.,

- ‘ 93



1982) and rectus femoris (Person and Kudina, 1973) motor

units. Therefore, assuming each motoneuron is capable of a

s >

range of dynamic firing patterns, (where one end of the range
,includes the very phasic.activity just described and the
‘other end approaches saturation), the surface EMG recorded
dufing moderately fast speeds of contradt%on will not display
saturation as long as higher threshoid mqtor‘units can be
recruited to contribute very phasic fifing patterns.
It has been suggested that the linearity between dynamic
surface EMG activity and speed of contraction maybe dependent
on the underlying recruitment ‘and discharge properties of the
motor unit population.' During the dynamic phase of the
. trajectory to evenivery small incfemgntsiin force, it'was
obserVeq'thdt‘several motor units were recruited and aétive
even though the subjecﬁ was well practised in isolating a
singie unit at a particular background firing %ate.
Therefore, if the majorityrof FCR motoneurons are recruited
during low force‘outputs then it would be expected that the
primar&<contributiqn to the dynamic phaserf EMG would shift
from the recruitment ofradditional motoneurons to fifing rate
mbdulation during g*eater force ouféuts. The resﬁlt would be
that the dynamic phase of EMG would not .continue to increase
proportionally during faster Speeds‘of contraction because
the majority of the recruited units could achieve'largé

increments in rate of rise of force with small increases in

instantaneous firing rate. That 1is, it is passible that
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although the maximum .instantaneous firing rates increases

relatively little during faster rates of rise of force, the -

¥

muscle unit has not achieved fused tetanus and is sensitive

3

to small changes' in input.

Steadyfstate Phase: The increment in steady—state‘Surface '
EMG activity was proportional to the magnitdde of the féfce

trajectory, whereas tﬁe\?elati;é incremeht in single motor

unit static firing rate per N-m Qf torque was, extremely non-

linéar. The maintained lihearity between@tétatié EMG activity

and torque magnitudes of upto 30% of MVC can be best

explained by the‘recruitmént of additional motor units. Motor

units. recruited during the rate of rise éf force rwil;

continue to fire if the maénitude of the trajectory'g static

component 1is eéual to or greétér than the unit's recruitment

threshold (Gillies, 1872; Freund and B;aigen, 1975) . In this®
study, units récruited durinélggg trajectory displayed the

greatest static sensitivity values. Therefore, evén though

motor units already,actiQe before the cont;action would have

contributed relatively littlesr to the static EMG aétivity,

motor units recruited during thé trajectory which continued
to fire during the static phase, would have provided an

increase in the static EMG activity. Presumably, ﬁon—

linearities in the static phase of‘EMG activity may ®occur

during force outputs to large percentages of MVC: however,

Bigland and Lippold (1954b) demonstrated that during force

N

outputs of 80 to 100% of MVC, abductor digiti minimi motor
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units produced larger increments in firing rate than when

force outpﬁts ranged from 15 to 75% of MVC. This'type of -

behaviour may also be possible from human FCR motoneurons,
althoﬁgh the low threshold motor units investigated did not
display a lérge range of steady-state firing rates.,

N

The suggestion that significant increments in steady-

~

gtate surface EMG activity may result: from the recruitmént of:
additional motor units is supported by tﬂe comparative_
behaviour of‘;simultaﬁeously recorded 'units. The; static
sensitivity ihdex between two motor units of different
recruitmentvthreshold did nbt'differ when both these units.
began from a tonic baékground firing rate; however, ﬁhe
static sensitivity index was significantly greater when the

higher threshold unit was recruited during the contraction.

Bigland and Lippold (1954b) further support this postulation

by suggesting -that the recruitment of additional motoneurons

is more metabolically efficient for abductor digiti minimi

motor wunits than rate-coding for grading muscle ferce

FER
outputs. This may, however, only be valid during low :force

outputs. \
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Central Inputs to Motoneu:on§
Freund and Budigeﬂ (1979) demonstrated that for the
fastest fofce impulses or movements the maximuﬁ speed of
contraction was constrained in a linear manner, to the

magnitude or the distance of the contraction. = This was also

supported by Milner (1986) for isotonic movements. Small
- . .

motor units, which have slower contraction times and smaller

fwitch.tensions, are recruited before larger motor units.
Therefore, the maximum speed of contraction attainable fof‘a
small force output kwill be lower than for larger force
outputs because the lower threshold é;tor units, contributing
to;the small force output, generate lower maximum rates.Qf

rise of force. This relationship established by Freund and

Budigen, however, describes a constraint between two output

parameters. Mo&ement time was shown by Fitts (1954} to be
constrained by target width. This thesis has demonstrated

FY

that maximum speed of contraction was iimited by the speéed of
the visual cue. Both pieces of evidence suggest that central
inputs to the motoneuron pool can be influenced by percéptuai
constraints (Warren, 1988); however, the form of those
central inputs has yet to be.détermined. The following
discussion will speculate on the pattern of central inputs to
the motoneuron pool based on the results of this study.
&

The, distinction of two phases in the surface EMG

activity recorded during ramp and hold force trajectories

falso observed during isotonic movements by Lesteinne et al.

h ]
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(1981)]1 suggests that the underlying single motor unit

activity is also constrained td two distiﬁct phases.
Therefore, it is suégested fhat the pattern of cén;ral inputs
applied to thé motoneuron pool occur in two components: a
pulse and a step. It shouid. be emphasized that it is
uncertain what paramefers (such as 1length, wvelocity,
stiffness (Stein, 1932)) are cbntained‘in the central %nputs.
Therefore, the following discussion will be based solely .on
the assumption that central inputs to'the motoneurbn pool

influence motor unit recruitment and rate-coding to produce

force outputs of particular rates of rise and magnitudes.

The majority of the literature present <¢entral input
models for very fast (ballistic) contractions. The foilowing
are several examples of these types of models. A pulse-step
model was proposed by Ghéz and Vicario (1978) from EMG
recordings obtained Qhen cats completed ramp and hold
isometric trajeciories. In this model the pulse‘waérof
constant duration and modulated in intensity to govern the
recruitment and'dynamic firing patterns of motoneurons and
ultimately, the rate of rise of isometric foréel
Inextricably linked to the pulse was a step, which variedlin
duration andiwas also modulatable in intensity to control
increments in the static firing rate and thereby govern the
steady-state magnitude of the “contraction. Freund and
Budigen (1979) discussed a pulse model based on their results

from human subjects who completed isometric and isotonic

,
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impulse contractions. This pulse was aiso ;onsidered constant
‘in dufatiph and variable in in£ensity to control motoneuron
‘activity. Their pulse component was modelled to control‘both
the rate of rise and the magnitude of the contraction. This
kind of model has also been suggested by Lesteinne (1979) and
Brown and Cooke (1981). Recently Gottlieb et al. (1989)
suggested a pulge model whe;e both the pulse ampliiude‘and
duration wvaried dependihg Qﬁ whethér velocity of movement or

movement distance was the controlled parameter.

The pulse-step model propésed inkthe present study is
different from those presented above in a number of respects.
To start, it addressee a range of contraction speeds, not
just ballistic-type contractions. A pulse-step model whichl
can include a wide range of contraction speeds seems wvalid
for two reasons: (1) ballistic contractions mark the extreme
end of a continuunf of contraction speeds and have been
demonstrated to wvary dependent on a number df constraining
factors; (2) the observations of this thesis demonstrate two-
phases in the EMG activity throughout an eight-fold range in
the rate of rise of force. This model also differs from most
of the others by including two components: a pulse and a

f

step. The pulse and step are not considered to be dependent
on each other.- The pulse is to have a modulatable intensity
for controlliing the recruitment and firing patterns of the.

motoneurons during the dynamic phase. Therefore, the larger

the intensity o©f the pulse, the more motoneurons recruited
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and the shorter the interspike intervals in theuﬁgit's firing
pattern. A pulse of constant duration was first propbéed Ey
Ghez and Vicario (1978) and -later supported by Freund and

Budigen (197%), Lestienne (1%79) and Broanggq»Cooke {r981)

based on an EMG burst of constant'duration during iéometric
and isotqnié contractions of different rates of rise. Five
of nine of our experiments demonstrated a greater duration in
the dynamic phase during the F(0-2) condition. Therefore, it
is suggested that duration othhe pulse as well as the stép
may alsé be mcdulatable. - A pulse of greater durafion éoulﬁ
yieid a series of very short interspike intervals resuLting
in the production of greatef rates of .change of force. Tﬁis
maybe parti;;larly effective for higher threshold motor units
(Zajac and Young, 1980C). ,An examplé will Dbe presented‘to
describe the workings of oqé central inputs model in terms of

N
force output parameters.

Thi% example focuses on two force trajectoriés both
equal in magnitude of the sée%éy-state force output, but
varied in rate of rise of force {our F(0-1) aﬁd S5(0-1)
conditions). In this situation only the pulse would be
modulated, linked to a step of;constant;magnﬁtude; For the
S(d—l) trajectory the intensity of the ?ulse would be small,
and therefore zrecruit few mbtoneurons,'each cbntributing
relatively few spikes with 1long inters?ike intervals during

the dynamic phase such that the input of predominate‘

influence would be the step component. This would result in
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a sloﬁ rate of rise of force. The speed of COntraétibﬁ in
the F(0-1) condition would then be increased by a pulse of
greater intensity and/or greater duration which would_re;ruit
more motoneurons, . eaéh generating shorter inﬁerspike
intervals within the dynamic phase. The constant magnitude
of the - step would yield the same static firing rates in both

the S(0-1) and F(0-1) conditions.

Presumably these proposed central inputs would be. the
output of a system working within the constraints already

discussed (i.e. the influence of visual cues). Pulse

amplitude and duration may also be constrained to a maximum:

dependent on the magnitude of the contraction to be producéd

 {(Freund and Budigen, 1979).
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~Table 1: Backgrouﬁ%w firing rate, 'absqluf% dynamiac and’

normalizé&d dynami¢. indices (DI) for motor units recorded
during F(0-1) and 5(0-1) force trajectories when subjects
were instructed to keep background firing rate constant.

Means and standard ‘errors . are given at bottom of table. The
bgckground firing rates, the absolute dynamic index values
ahd the normalized dynamic index values were significantly

different (p<0.003, p<0.0002 and p<£.0001 requctlvely).

[

Subject Background = |Absolute DI|Normalized DI
' (pps) (pps) {pps/N-m/s)
F{(0-1)i8(0-1)}P(0-1)|S(0-1)}IF(0-1 8(0-1)
TP 16/03/8%}7.6 8.2 10.3 7.7 - .57 3.66
i78/183 T ' ‘
TP 05/04/89}7.1 7.3 . 119.2  [3.s6 .65 1.34
199/207 : - ' N
TP 05/04/89{5.6 5.8 21.3 9.2 .61 1.11
233/239 ~ b ,
TP 02/06/89}6.7 8.1 23.5 12.1 = |1.20 2.80
114/129 ' .
TP 02/06/89}7.7 7.2 121.6 8.4  ].96 1.70
1617165 ‘ B ‘ )
LS 11/10/88}7.5 10 4.7 8.1 1.47 3.31
161/165.
lLs 27/10/88}5.2 5.9 10.7 7.6 1.02 13.33
226/225 . . '
Ls 06/06/89]8.9 9.2 9.9 2.6 2.11 2.05
100/104 ‘
LS 20/09/8917.5 8.6 9.9 3.1 3.60 5.00
205/210 : : ‘
SF 27/11/88}6.9 8.1 2.5 3.6 .23 1.68
1259/260 ' L
IsF . 27/11/88}95.9 7.4 6.4 8.3 .61 13.90
113712 ,
SF  14/03/89}9.1 10.4 8.2 5.2 - 2.88  }11.50
94/98 . -
SF . 05/04/89}7.9 7.5 9.1 4.6 1.13 3.96
24/33 . .
SF 01/06/82}7.5 9.3 2.7 9.6 .23 6.36
67/73 ' N :
VL 06/03/89}5.4 5.7 16.4 7.8 98 1.79
104/118 : ;
VL 06/03/89)6.4 8.4 10.2 8.8 '1.05 3.09
120/127 ‘ .
VL 15/03/8%}6.6 8.3 10.3 4.8 1.70 4.70
136/150 ' . -
BH 02/06/8945.9. 6.5 16.4 4.6 .96 1.30
36/48 ) , ]
PB. 02/14/87f7.1 - 8.7 3.4 5.2 .37 1.14
45/54 -
B PB 02/14/8719.1 9.9 16,5 4.3 1.06 3.94
58759 . v af .- [ -
8 o
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PB  02/21/87[7.2 7.9 8.9 5.8 .85 12.12
66/67 - .
|PB  02/21/87)7.2 9.4 11.8 9.2 1.59 4.6

15/76 o ]
PB  02/21/87110.¢ 10.7 13.8 14.2, 1.65 7.63
82/83 :
PB  02/12/88l¢" 7.5 10.9 8.3 1.00 4.61
112/113 s
PB  02/12/88]8.9 8.7 10.6 5.1 1.31 2.77
126/132 , . .
PB  02/12/88}10.5 14.1 9.5 9.6 1.17 5.2
128/134 . - .
PB  02/12/88f8.0 9.0" 13.8 8.7 1.72 4,78
138/142 - ; '
PB  02/13/88]6.9 6.6 16.7 10 1.57. 5.68
167/171 : . _
PB  27/11/88fg5.9 8.0 10.7 6.5 3.47 9.15
167/171 , : ,
MEAN 7.6 8.3 11.4 7.1 1.27 3.94
STANDARD 0.27 0.32 1.0 0.50 .16 .45
ERROR i

|

|
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-Table 2: Béckground firing xate;v absolute dynamic and

normalized dynamic indices for motor units recorded during
F(0-1) and F(0-2) force trajectories when background firing
rate was kept constant. Means and standard errors are given

at bottom of table. Neither background firing rate nor the

absolute dynamic index -was significantly different (ps0.17)
and (p<0.56), respectively. Normalized dynamic index values

were significapntly different (p<.023).
k : ;

SUBJECT Background Absolute DIINDI

(pps) | tePs) | (pps/N-m/s)
i FO-1 JF0-2 |F0-1 |F0-2 |F(0-1)]F(0-2)

BHE 02/06/89%{5.9 6.3 116.4 10.1 .96 .36
36/42 ,
BH  5/10/89}8.6- 8.9 - 10.1 10.9 1.30 .61
49/67 ' S : :
BH - 57/10/89%18.5 8.2 16.8 19.8 2.17 1.12
52/70 A .

Ipr 07/09/8916.7 8.6 7.9 11.6 .70 .66 .
223/227 '
PB 11/27/88}9.9 17.2 10.7 19.4 3.47 4,11
30/35 . . : - ‘
SF 05/04/89]7.9 7.8 9.1 13.2 1.13 .99
24/27 - : : »
SF  01/06/8917.5 8.9 12.7 1.1 .23 .04
67/70 : : ‘
SF 27/08/89 9.6 5.7 7.2 5.1 1.12 .57
9/5 » .
SF 04/10/89110.5 11.3 14.7 2.1 1.12 .13
27/32 :
TP 05/04/89)7.1 7.4 119.2 14.1 .65 .31
199/200 : . :
TP 02/06/8916.7 10.9 23.5 27.0  }1.20 .76
1314/119 ’ _ - T
TP 7/09/89}6.9 7.4 115.7. 22.8 .40 .49
233/239 L R |
TP 7/09/8917.8 9.2 J1;;t1,///~2ﬁ;'.9‘"*,.80 .76
243/247 . I B
MEAN 8.0 8.6 12.7 13.8 1.17 0.84
STANDARD 0.37 0.38 1.50 2.16 }10.23 |0.28
ERROR ] '
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Table 3:

trajectory from a low,

Background fifing

rate,
normalized dynamic indices when ‘unit completed the F{0-1)

aSSQlute

dynamic and

tonic firing rate (Low FR) versus when

Lo

the unit was recruited durlng the contraction (Zero) Means
"and standard errors are given at bottom of table. Background
firing rate, was significantly different (p<.0001), but
absolute and normalized dynamic index values were not
(p<.36) . ‘ :
'SUBJECT Background Absolute DI No:malizedb pI|
' (pps) {pPs) (pps/N-m/s)
Low FR|Zero Low FR%Zerd Low FR|Zero
BH 02/06/89}5.9 0.0 16.4 16.2 .96 .86
36/39 . T | » RRE
BH- 05/10/89%§8.5 2.2 116.8 16.9 12.17 1.93
| 52/75 : _ 5
BH 05/10/839}8.2 O.Q 15.8, 15.1 1.48 1.65
43/62 : . S
DT 07/09/8%110.0 0.0 14.6 10.3 1.30 .80 °
216/212% ) S . .
DT 03/10/89}10.8 0.4 6.8 15.6 1.47. 3.47
14/18 ‘ , < : 4
LS 22/02/89}17.0 0.0 14.7 24.2. 1.73 2:43
61/62
LS "04/03/89}86.7 0.0 12:6 113.5 1.11 1.13
154/146 » : . . e
LS 01/06/89{6.4 0.1 18.1  }19.0 4.83 3.66
7/3 7 - °
jrLs . 06/066/89]8.9 {0.86, 9.9 10.9 2.11 2.38
100/110 : 7 : : S
LS 27/08/89110.6 0.0 . 13.9 20.r  11.97 @ [2.82 -
183/179 , 1 o
MW 05/10/8%}8.8 0.0 17.8 '}17.8 .93 4.96
81/96 -
MW 05/10/89110.7 1 0.0 25.0 21.0 1.52 2.40
115/123 - - B e RN A
PB  14/02/87}19.1 _ 0. 6.5 12.4 TI06- 24
58/48 L
SF 05/03/89}%.4 0.5 9.8 0.7 __ J2.15 16
88487 _ » .
SF 05/04/89}6.3 0.05 9.1 5.1 - 11.35 75
12/11 I 7 :
VL 06/03/89]/6.4 0.1 10.2 20.8 1.05  {1.49
120/121 .
VL 06/03/8%§5.4 0.0 16.4 5.4 .98 .27
104/110 7 . .
VL 15/03/8%}6.6 0.0 10.3 9.2 1 1.70 1.40
136/133 . :
VL 01/06/8916.8 0.0 22.8 6.6 1.70 .55
258/250 . :
MEAN 7.9 0.23 14.1 13.2 1.66 1.54
STANDARD 0.41 0.12 1.14 1.57 |]0.20 0.24
ERROR )
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Table 14' Background flrlng rate, absolute dynamic and
‘normalized dynamic indice- values when unit comj lete& the .
F(0-1) trajectory from a low, ténic backgre d firing rate

" (low FR), versus a higher, tonlc rate‘(hlgh FR)v Backyground

firing rates are signlflcantly different Ap=0. 0001)t Absolute

- dynamic  index 'values are. not statlstlcally dlfferent

(p<0.06), but  when normallzed with respect to the maximum

‘dT/dt, the means of the NDI- ~values - are 31gn1ficantlyv

o

7 dlfferent (p<0.039) . B ‘:g;‘g
|SUBJECT . |Background ' - |Absolute’ DI|[Normalized DI’
. rfteps)yt o I(pps) | (pps/N-m/s)
"“”%Low FR nigh:h'nov FR |High Low FR|High
SRR _|FR ‘v~ |FR FR
BH  05/10/89 8\5»‘g¢ '1d.6 % 16.8 [12.0 2.177, [1.31
52/57 . " | = L : D
LS 04/03/89]7.0  |8.1 30.6 7.4 1.72. - |.65
143/151 NS B - - - _ : :
MW . 05/10/8946.4 «110.4 21.7 19.2 1.07 1.13
©]102/207 - N & -
MW 05/10/89]9.0 9.7 13.5 11.0 2.04 1.26
112/1286 . =} B :
[mw 23/11789]7.9 _ 11.7 4.9 12.3 3.10 2.60
66/73 " . S :
SF - .05/03/89[7.6 9.3 15.0 6.7 13:30 1.53
173/184 . : , . 4
sF 04/10/89)11.3 f14.3 [3.4 ]2.1 .13 21
32/36" R - 1 e
TP 19/12/88]6.3 9.7 18.2 10.6 .25 .16
146/151 R - : : -
TP 05/04/89[7.1 9.3 19.2. }9.7 .67 - [.32
199/214 ' 1 - ‘ y :
TP 07/09/89[6.9 10.6. 15.7 24.6 .40 .89
233/130 ) :
JvE--.15/03/89}6.6 10.1 10.3 11.4 1.70 1.50
136/142 - - :
MEAN 7.7 10.3 J|15.4 J11.5 |1.50 |1.05
STANDARD = [0.45 0.48 1.55 | 1.81 }0.33 0.22
ERROR : o _ R

: "‘\)

107



- >

Table 5: Mean steady-state firing rate and static
sensitivity index during the F{0-1) and S(0-1) conditions.
Means and standard errors are given at bottom of table and

did not significantly differ (p<0.16 and p<0.82).

Subject Steady-state . |Static
firing rate (pps)|sensitivity
. : _(pps/N—mh -
- F(0-1) S(0-1) F(0-1) S(0-1)
TP 16/03/89}8.9° 9.9 . 90 1.31
178/183
TP 05/04/89]8.5 9.9- .67 1.26
199/207 ) : 1 : .
TP  05/04/89}8.5 9.9 .67 -~ }.56
12337239 . C .
TP 02/06/89]9.8 10.5 2.40 1.70
114/129 -
TP 02/06/89}13.7 10.3 3.60 2.10
161/165 , : :
Ls ,11/10/88}11.8 11.9 2.61. }2.71
161/165 .
Ls 27/10/88}10.1. - 11.4 2.58 3.23
226/225 ,
Ls 06/06/89}11.4 12.1 - 4.31 5.37
100/104 ' .
LS ~20/09/89{11.5 12.0 10.00 10.00
205/210 - . - -
SF 27/11/88/10.8 12.3 2.42 2.41
259/260° " :
SF 27/11/88 13.9 12.5 2.37 3.07
'13/12 ;
SF 14/03/89 11.0 12.3 5.28. - 15.60
94/98 » 2
SF 05/04/89 10. 4 . 10.0 2.10 2.34
24/33 ) ‘ _
SF 01/06/89 11.4 12.7 - l2.69 2.3%
67/73 - .
VL 06/03/89]111.8 . 12.0 {4.96 4.88
104/118 .
VL 06/03/89]11.5 11.6 3.57 2.04
120/127 .
VL 15/03/89§10.0 11.7 5.40 4:90
136/150 .
BH 02/06/89 9.9 10.1 3.28 2.88
36/48 ° - .
PB 02/14/87 13.9 18.9 5.44 1,14
45/54 \ .
PB 02/14/87 11.1 12.1 1.92 2.13
58/59 '
PB 02/21/87 9.1 9.7 - 1.16 = -}1.10
66/67 J
PB 02/21/87- 7.8 = 10.3 - 1.63 .82
75/76
PB 02/21/87 11.8 10.5 1.19 0.0
82/83
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PB 02/12/88}110.3 16.9 _ 2.46
112/113 . '

PB 02/12/8819.2 9.5 .20 .53
126/132

PB 02/12/88]11.1 16.7 .40 1.73
128/134 ) |

PB  02/12/88]8.6 10.4 .39 .94
138/142 :

PB 02/13/88§16.3 8.8 6.0 1.47
167/171 - . 1 /

PB 27/11/88}10.7 9.8 2.10 (\ 4.74
1677171 " ’

MEAN 10.5 11.0 2.63. 12.57
STANDARD 0.33 0.31 0.40 0.39
ERROR : .
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Table 6: Mean steady-state , firing rate and static
sensitivity index during the F(0-1) and F(0-2) conditions.
Included in this table are four wunits (marked with *)-
recorded during S(0-1) and S(0-2) conditions. Means and
standard errors are given at bottom of table. Although static

firing rates did not differ (p<0.095), static sensitivity.'
index values were significantly different (p<0.0031).

SUBJECT Steady-state Static

firing rate (pps)|sensitivity
- (pps/N-m

FO-1 FO-2 FO~-1 FO0-2
BH 02/06/89}9.9 10.3 3.28 1.56
36/42 :
BH 5/10/89§11.1 11.8 2.45 1.41
49/67
BH 5/10/89}12.5 13.5° 3.98 2.58
52/70
DT 07/09/89]10.8 12.0 3.87 ]1.40
223/227 : - :
PB 11/27/88110.7 6.6 2.10 0.0
30/35 ' :
SF 05/04/89}10.4 10.7 2.10 1.43
24/27 :
SF 01/06/89}11.4 12.8 2.69 : 1.38
67/70
SF 27/08/89 13.5 13.4 5.34 12.64
9/5 .
SF  04/10/89]14.2 15.0 3.39 1.82
27/32 -
TP -05/04/89}8.5 10.1 .67 : .63
199/200 i : .
TP 02/06/89{9.8 11.6 2.40 .27
114/119 ,
TP 7/09/89]8.3 18.5 .74 - l4.12
233/239 . : :
TP 7/09/89110.9 11.2 2.50 .94
243/247 , ' .
* TP 05/02/90 [12.2 13.0 .86 .94
195/199
* SR 05/02/90 {14.3 16.4 8.10 4.20
177/181
* SR 05/02/90 117.9 19.1 5.40 2.80
135/129 . ,
* 1S V6/02/90 }9.9 10.0 4.30 - 3.50
212/208 o =
MEAN 11.5 12.7 3.19 1.86
STANDARD 0..58 0.77 0.46 0.31 ' ¥

ERROR
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Table 7: Steady-state firing: rate and static sensitivity
index values compared between when unit completed F(0-1)
trajecto{§)£}om a background of a 1low, tonic rate (low FR)
versus beifg recruited during the contraction (zero). Means
and standard errors given ,at bottom of table were

"significantly different (p<.010 and p<.0001, respectively).

SUBJECT Steady-state Static
firing rate (pps)|sensitivity
(pps/N-m)
Low FR Zaero Low FR Zero
BH 02/06/89{9.9 8.1 3.28 7.23
36/39 ;
BH 05/10/89{12.5 12.4 3.98 '110.30
52/75 _ . .
BH 05/10/89111.8 12.9 3.56 12.93
43/62 :
DT  07/09/89%)15.4 115.0 4,42 12.19
216/212 .
DT 03/10/8}13.2 - 113.0 4,80 25.50
“f1a/18
{LS 22/02/89111.4. 10.3 3.83 8.70
61/62
LS 04/03/89[9.0 5,8 3.96 9.84
154/146 :
LS 01/06/89}10.1 8.3 g.04 18.40
7/3 ‘
LS 06/06/89f11.4 11.9 4.31 19.51
100/110
LS 27/08/89}113.9 A 10.2 6.87 20.00
183/179
MW ~ 05/10/89]12.3 13.6 2.56 8.00 ]
91/96
MW 05/10/89)12.9 13.7 3.57 15.9
115/123 . .
PB 14/02/87111.1 7.1 1.92 5.44
58/48 : .
SF 05/03/89]10.5 110.6 6.83 16.50
88/87
SF  05/04/89]8.9 7.9 2.50 7.38
12/11 .
VL 06/03/89]111.5 - 19.6 3.57 6.11
120/121 _
VL 06/03/89(11.8 : 8.4 4,96 6.50
104/110
VL 15/03/89(10.0 7.7 5.40 11.60
136/133 7
VL 01/06/89}13.3 111.0 .15.00 8.46
258/250 .
MEAN 11.6 9.24 4.38 12.1
STANDARD 0.39 0.83 0.36 1.30
ERROR
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Table 8:

versus a higher,

(high FR).

Steady-state firing rate and static sensitivity
index values compared between when unit completed F(0-1)
trajectory from a background of a low,
tonic firing rate
standard errors given at bottom of table are significantly

tonic rate {(low FR)
Means and

different (p<0.02 and p<0.0065, respectively).

SUBJECT Steady-state Static

firing rate (pps)|sensitivity

. (pps/N-m)

Low FR High FR |[Low FR High FR
BH 05/10/89112.5 13.3 3.98 2.70
52/57
LS 04/03/89}11.4 8.9 7.46 3.10
143/151 '
MW 05/10/89110.3 12.8 2.35 1.56
102/107
MW 05/10/89§11.0 11.7 2.74 2.32
112/120 _
MW 23/11/89111.3 13.0 6.92 2.71
66/73
SF 05/03/89{12.0 12.8 7.21 5.74
173/184 -
SF 04/10/89115.3 15.0 1.82 .48
32/36
TP 19/12/68}112.4 13.0 11.01 .52
146/151
TP 05/0478918.5 10.3 .65 .38
'199/214
TP 07/09/89]|8.3 11.9 .14 1.20
233/130
vL 15/03/89}10.0 12.8 5.40 3.50
136/142 .
MEAN 11.2 12.4 3.66 2.14
STANDARD . 0.59 0.43 0.80 0.50
ERROR N
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Table 9: Static sensitivity and normalized dynamic index
values of each unit recorded during the F(0-1) condition to
assess whether there 1is an observable dependency between
motoneuron static and dynamic firing properties. Means and
~standard errors are given at bottom of table.

SUBJECT Static Normalized
' Sensitivity DI
(pps/N-m) (pps/N-m/s)
F(0~-1) . F{0~-1

TP 15/03/88§°.90 .57

178/183

TP 05/04/89} .67 .65

199/207

TP 05/04/89] .67 .61

233/239

TP 02/06/89}2.40 1.20

114/129 -

TP 02/06/89]3.60 - .96

161/165 : '

LS 11/10/88}2.61 .47

161/165

LS 27/10/8842.58 1.02

226/225 .

LS 06/06/89}14.31 2.11

100/104

LS 20/09/89110.00 3.60

205/210 , .

SF 27/11/88|2.42 .23 N
259/260 ' L
SF 27/11/88 2.37 .61 e

13/12 . Lo e o
SF 14/03/89 5.28 2.88 e
94/98 : , R
SF 05/04/89 [2.10 1.13 PO
24/33 Caem
SF 01/06/89 2.69 .23

67/73 . ‘
VL 06/03/89f4.96 . 98

104/118
VL 06/03/89}23.57 1.05

120/127 - \
VL 15/03/8945.40 1.70

136/150 ‘
BH 02/06/89 3.28 .96

36/48
PB 02/14/87 5.44 .37

45/54
PB 02/14/87 1.92 1.06

58/59
 PB 02/21/87 1.16 .85

66/67
PB 02/21/87 .63 1.59
75/76
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PB 02/21/87 1.%9 1.65
82/83
pB 02/12/8843.16 1.00
112/113
pe 02/12/88}] .20 1.31
126/132 . -
pB 02/12/88].40 1.17
128/134
PB 02/12/88} .39 1.72
138/142
PB. 02/13/8810G.0 1.57
167/171
PB 27/11/8842.10 3.47
11677171
MEAN 2.63 11.27
STANDARD 0.40 0.16
JERROR
S
\x
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‘Table 10: Background firing rate and absolute dynamlc 1ndebe

values for . low and higher threshold motor units
simultaneocusly recorded during the F(0-1) trajectory. The kow -
threshold unit fired tonically in the background whereas the

higher threshold unit was recruited during the contraction,
Background firing rate values were 81gn1f1cantly different

(p£0.0001) but absolute dynamic index “values were not

different (p<0.73). Correction for "the rate of rlse of the
force trajectory was not considered to be necessary since
both units were recorded under the same condition; therefore,
normalized dynamlc index values were not 1nc1uded

SUBJECT Backgroun __(_pp.s), Absolute DI _{(pps)

: Low High Low High
Threshold, Threshold |Threshold |Threshold

BH 05/10/83%410.6 0.0 12.0 15.1

57/62 :

LS 04/03/89{7.0 10.0 20.6 13.5

143/146 i

LS 15/03/89]5.9 10.0 .018.9 8.3

-1 164/163° . -

LS 01706/8%18.3 0.1 6.4 19.0

4/3 : . ]

LS 01/06/89)6.4 0.2 18.1 15.0

7/8

MW 07/09/89]9.2 1.3 16.9 13.0

205/203

MW 05/10/8%§9.7 0.0 11.0 21.0

120/123 - d

PB- 14/02/87}7.1 10.4 3.7 2.4

45/48

PB 21/02/87|7.2 10.3 8.9 ) 3.0

66/69 ]

SF 05/03/85]19.3 0.5 6.7 , 0.7

84/87 N

SF - 14/03/8919.1 0.1 8.2 4.9

94/95 - '

TP 04/03/89}8.6 1.5 18.0 5.5

134/137 *

TP 16/03/89]8.5 0.0 27.1 28.0

171/172

TP 16/03/8%17.6 0.4 10.3 . 121.8

178/177 2 . ,

vL, °'15/03/8%§10.1 0.0 11.4 17.0

142/143 : .

MEAN 8.3 0.3 11.5 12.5

STANDARD 0.4 0.1 1.6 : 2.5

ERROR ’ '
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Table - 11: Backgrgund firing rate and absolute dynamic index
values for low arid higher threshold, simultaneously recorded
motor units during thé F(0-1) trajectory. Both units fired
tonically in the background. Neither background firing rate
" nor absolute dynamic:- index values were Ssignificantly
different (p<0.17 and p<0.35, respectively) . Correction for
the rate of rise of the force trajectory was not considered
to be necessary since both units were recorded under the same
condition; therefore, normalized dynamic index values were
not ‘included. ‘ '

SUBJECT Backétouad {pps) - |Absolute DI (pps)
. Low ~  |High Low ~- |High
_jThreshold |Threshold |Threshold !Threshold

BH 05/10/89}§8.9 8.2 10.9 ' 19.8 1
67/70 , , : - ,
BH 05/10/8959.2 8.2 18.8 15.8
45/43 ‘ ‘
DT 07/09/89}17.8 6.7 7.8 7.9
F221/223 - 1 N
LS. 04/03/8918.1 6.7 7.4 . 12.6
168/167 : '
LS 15/03/89{7.9 7.9 10.0 18.7
151/154 ' '
MW, 05/10/89{9.0 10.3 13.5 10.1
112/115 : A
PB 02/12/88110.5 8.9 9.5 10.6
128/126 ) )
SF  05/03/8817.6 7.7 15.0 8.9
173/177 N )
SF 07/09/89}18.6 g.8 7.3 11.7
253/255

-1 SF 07/09/8%9110.3 7.5 7.9 7.8
"258/1 _
MEAN 8.8 8.2 10.8 12.4
STANRDARD 0.3 0.4 1.2 1.3
ERROR '
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- Table 12: Torqgue threshojd values %or two - simultaneously
recorded motor unitg labelled &5 low% threshold and high
threshold. -The low threshold unit fired tonically before the
contraction whereas the higher threshold unit was recruited
during the contraction. Ingiuded in the table gls the
difference in background firing rates between the two units
as well as their difference in#absolute dynamic index

.values. High threshold values were subtracted from low -

threshold wvalues. -
: : . .

SUBJECT Low High ABkgd " |ARbsolute
Threshold {Threshold | (pps) DI (pps)

, {N-m) (N-m) : -

BH 05/10/89]2.63 5.11  |10.7* ? [-3.1

57/62 - )

LS 04/03/89}.19 1.14 . 0 7.1

143/146 . -

LS 15/03/89].41 .98 5.9 . 4#0.6

164/163 , _ 2

LS 01/06/89} .24 .35 ' 18.2 ~-12.6

4/3 ' :

LS 01/06/89} .35 ' >.35° 6.2 3.1

7/8 : :

MW 07/09/89}1.65 2.45 7.9 ~6.1

205/203 -

MW 05/10/89} not : not 9.7 - 1-10.0

120/123 obtained obtained = | .

PB 14/02/87}§ .43 1.63 6.7 1.3

45/48

PR 21/02/87%f .25 .88 6.9 5.9

66/69 : ' 2

SE 05/03/89} .49 .67 . 8.8 6.0 .

84/87

SF 14/03/89}.18 .25 9.0 3.3

94/95

TP 04/03/89]3.68 ->3.68 7.1 ) 12.5

134/137 ;

TP 16/03/89{2.04 5.55 18.5 -0.9

171/172 . ,

TP 16/03/89}1.85 4.44 7.2 -11.5

178/177 . ] :

vL 15/03/89}1.18 >1.18 10.2 . 1-5.6

142/143" ,
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Table 13: Torque threshold values for two simultaneocusly
recorded motor units labelled as low threshold and high
threshold. Both units fired tonically before the force
trajectory was traced. Included in the table are the

difference in background firing rates between the two units

as well as their difference in absolute dynamic index
values. High threshold values were . subtracted from low
threshold values. :

SUBJECT JLow High " JA  Bkgd.|AAbsolute
Threshold |Threshold | (pps) DI (pps)
_ : (N-m) ' (N-m) ’
BH 05/10/89}2.63 5.11 .7 -8.9
67/70 : , . ;
BH 05/10/89}.73 2.63 1.0 =0 - - —
45/43 : i i
DT 07/09/8%]<1.15 1.15 1.1 1-.1
221/223 - :
LS 04/03/89).19 1.14 1.4 5.2
151/154 .
LS .15/03/8%} .25 1.12 0.0 8.7
168/167 ’ : : ]
MW 05/10/89}not not - -1.3 -3.4
112/115 obtained obtained -
PB 02/12/88}11.34 5.35 1.6 1.1
128/126 , . e
{s¥ 05/03/89].49 . .67  |-0.1 6.1
173/177 -
SF07/09/89] .13 | .19 - J-1.2 -4.7
253/255 : i
SF 07/09/89} .13 .26 2.8 . .1
253/1 :
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Table 14: Steady-state firing raté "and .static sensitivity
index values for low and 'higher threshold, 'simultanéously
recorded motor units during the F(0-1) trajectory. The low
threshold unit fired tonically in the background whereas the
higher threshold unit was recruited during the contraction.
Means and standard error values given at bottom of table are

sigpificantly'different (p=.02 and psS.0003, respectively).

SUBJECT Steady-state firing|Static sensitivity|.
: rate (pps) . (pps/N-m) '
Low High Low ‘IHigh ,
A - {Threshold |Threshold |Thraeshold |[Threshold

BR 05/10/89%{13.3 12.9 12.70 12.93,
57/62 L . — 1 . i
LS 04/03/89§11.4 o 5.8 7.46 9.84
143/146 : _
LS 15/03/89{8.7 : - {8.2 3.21 10.00
164/163 - , 7
LS 01/06/8919.5 8.3 2.67 18.40
4/3 )
LS 01/06/8911G.1 9.3 8.04. : 19.78
7/8 ' N ] '
MW 07/09/89|12.0 11.9 3.25 12.77

1205/203 -
MW 05/10/89111.7 . 113.7 2.32 15.90 .
120/123 N -
PB 14/02/87}113.9 7.1 5.44 + 15.36
45/48 - - s B
PB  21/02/8719.1 9.9 1.16 5.90
66/69 ’ . ]
SF 05/03/89]12.8 10.6 5.74° '16.50
84/87 » : '
SF 14/03/8%111.0 ‘9.5 5.28 26.10
94/95 . , '
TP . 04/03/89t9.8 - 9.7 - .45 2.80
134/137 : . - v
TP  16/03/89]10.0 7.3 .55 . 2.70
171/172 :
TP 16/03/89{8.9 8.8 .90 - 15.56
178/177 : .
VL 15/03/89(12.8 8.7 3.50 - 111.00
142/143 ) .
MEAN : 11.0 9.4 3.51 . 11.70

"I STANDARD 0.4 0.5 0.62 1.74
ERROR :
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Table 15: Steady-state firing rate values for low and higher
threshold, simultaneously recorded motor units during the
F(0-1) trajectory. Both units fired tonically before
contraction was completed. Means and standard error values
given at botfom,of table were not significantly dlfferent

(p<0.43 and pSO 68, respectlvely) S .
SUBJECT S'teady--sta‘te’ FR{Static sensitivity
- (pps) (pps/N-m) x
Low - High Low , High .
- Threshold Threshold Threshold |Threshold

BH 05/10/89]11.8 - {13.5 11.41 }2.58

67/70 . : .

BH ©05/10/89}11.9 - f11.8 2.57 - ]3.56

45/43 , ‘

DT 07/09/89]12.2 110.8 . 4.15 - 13.87
221/223 - - ! -

LS 04/03/89§9.9 - ]9.0 3.10 3.96;
168/167 . .

LS 15/03/89{5.6 8.6 2.07 ]1.85
151/154 . -_

MW 05/10/89}11.3 13.3 2.74 . 13.57
112/115: -

PB  02/12/88}11.1 9.2 10.40 .20

128/126 , ' , .

SF 05/03/89]12.0 12.7 7.2 - 18.20
173/177 . - : .

SF  07/09/89}13.4 112.9 - 6.63 14.26
253/255 - _ ,

SF 07/09/89}13.4 10.9 - 4.25  l4.62

1259/1 ‘ :

MEAN - .111.7 - 11%T.3 ' 3.45 3 57

| STANDARD 0.4 - 0.6 0.68 0.69
ERROR . '
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Table 16: Torque threshold - values for two s:.multaneously
recorded motor wunits labelled as low threshold and high
threshold. The low threshold unlt fired tonically before the
contraction whereas the* higher threshold unit was recruited

-during the contraction. Also included are the dlfference-in

background firing rates between the two. un:.ts as ‘well as

“their difference in static sengitivity (SS)  values (high

threshold unit. subtracted from low threshold un:Lt)

SUBJECT 'Low : High ABkgd = - |A 88

2 Threshold |Threshold | (pps) (pps/N-m)
L (N-m) (N-m) ~ - ' '
BH 05/10/8912.63 . |5.11 110.7 ~-10.20
57/62 , N _
LS 04/03/89).19 . o l1.14 7.0 ~2.38
143/146 : '
Ls 15/03/89]).41 - 7 ]1.98 5.9 ~6.79
164/163 B : )
LS 01/06/89] .24 .35 8.2 -15-73
4/3 = : , P
LS 01/06/89].35" . }>.35 6.2 -11.74 -
7/8 - : : - '
MW 07/09/89]1.65 2.45 . 17:9 -9.52
205/203 _ i
MW 05/10/89)not " |not . 9.7 ] -13.58 "
120/123 - obtained. Jobtained .
PB 14/02787] .43, 1.63 6.7 .08
45/48 S -
PB  21/02/87}.25 {.88 6.9 -4.,74
66/69 . - » /
SF  05/03/89)] .49 .67 ~18.8 ) 4-10.76 -
84/87 C
SF  14/03/89].18 .25 . 9.0 -20.82
1 94/95 . . . .
TP 04/03/89f3.68 1>3.68 7.1 -2.35
134/137 N “ 1 - : 1. .
TP 16/03/89}2.04 5.55 8.5 |-2.15 -
171/172 -
TP 16/03/89]1.85 4.44 , 7.2 -4.66 -
178/177 : ] : ..
VL 15/03/89}1.i8 >1.18 10.2 " 1-7.50°
142/143 . .
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Table 17: Torque threshold values for low threshold and high
threshold motor units simultaneously recorded during the
F(0-1) trajectory. Both wunits fired tonically before:"
contraction was completed. Included in the table are the
difference in background firing rates between the two units.
as well as their difference in static sensitiﬁity (SS)
values. High threshold values were subtracted from 1low
threshold values. :

SUBJECT Low - |Bigh |ABkgd. 1A : ss
) _ |Threshold |Threshold | (pps) (pps/N-m)
' (N-m) ({N-m) ) )
BH 05/10/89][2.63 - 15.11 .7 -1.17
67/70 : -
BH 05/10/89} .73 2.63 1.0 -.99
45/43 : .
DT 07/09/89}<1.15 1.15 1.1 .28
221/223
LS 04/03/89{ .19 1.14 1.4 -.86 .
168/167 : <
LS 15/03/89[.25 1.12 0.0 ‘ 1.22
151/154 : : )
MW 05/10/89|not not -1.3 - }-.83
112/115 obtained obtained i
PB 02/12/88]1.34 - ]15.35 1.6 , .20
‘1128/126
SF 05/03/89]) .49 .67 -0.1 1-.99
173/177 : .
SF 07/09/89} .13 “1.19 ‘ -1.2 2.37
253/255 : e '
SF 07/09/89] .13 .26 - }2.8 -.37
259/1
.”4‘,{
- L
&
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Table 18: Absolute dynamic index for surface electromyograms
recorded during four different traced trajectories completed
to small force magnitudes, Means and standard  errors are
given at the bottom of the tableT The absolute DI for all the
fast conditions was greater than the S(0-2) condition

"(pS.05). The F(0-2) condition was significantly greater
(p<.05) than either the F(0-1) or the ?(1-2) trajectories
which were not significantly different (p<.90).

SUBJECT A Absolute Dynamic Index (mV)
FO-1 F0-2 Fl-2 S0-2

'PS 19/5/88 1.078 -,111 < 1,013 . .005
KM 17/5/88 .036 .053 .018 .014
TP 13/5/88 .082 .19 - . .122 .034
NG 17/5/88 .011 .012 .057 ¢ | .014
PM 13/5/88 .146 ,242 -}1.138 .010
SB 15/5/88 .031 .060 .022 .014
MC 19/5/88 .057 ‘ .129 - ' .081 011

{Jc 19/7/88° .044 .048 : .030 .002
PS 19/7/88 .112 .147 .053 .006
DT 18/7/88 .023 .037 : .025 0.0
Mw 19/7/88 . .045 » .111 .043 .018
MEAN 0.06 0.104 0.055 0.012
STANDARD 10.012 0.021 0.013 0.003
ERROR :

Table 19: Maximum rates of rise of isometric torque for
four different traced trajectories completed to shall force
magnitudes. Means and standard errors are given at the bottom -
of the table. The maximum dT/dt for the fast conditions were

significantly greater than the S(0-2) condition (p<.001). The
F(0-2) condition was significantly faster (p£.002) than
either the F(0-1) or the F(1-2) trajectories which were not
significantly different from one another (p<£.90).

SUBJECT Maximum speed of contraction (N-m/s) °

' FO-1 FO0-2 Fl-2 S0-2
PS 18/5/88 62.4 87.2 47.6 8.4
KM 17/5/88 15.0 27.6 14.7 3.4
TP 13/5/88 18.5 43.2 17.2 8.7
NG 17/5/88 21.5 34.4 20.5 6.3
PM 13/5/88 20.5 34.2 18.0 8.5
SB 15/5/88 13.3 126.9 12,2 5.5
MC 15/5/88 23.8 47.3 38.0 , 17.4
JC '19/7/88 49.1 2.2 36.2 8.9
PS 19/7/88 53.1 63.2 25.6° 4.9
DT 18/7/88 43.3 77.7 39.4 11.0
MW 19/7/88 64.0 94.4 55.0 8.7
MEAN 35.0 55.3 129.5 7.5
STANDARD 5.9 7.4 4.3 0.7
ERROR
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Table 20: Absolute dynamic index normalized with respect to
the rate of rise of isometric force (normalized dynamic
index) for surface electromyograms recorded during four
different traced trajectories completed to small force .
magnitudes. Means and standard errors are given at the
bottom of the table and were not significantly different from

one another (p<.90).

| SUBJECT Normalized DI (UvV/N-m/s)’
F(0-1) F(0-2) F(1-2) S(0-2)

PS 19/5/88 1.25 1.27 .27 .53 )

KM 17/5/88 | 2.41 1.92 1.22 4.1 ‘
[P 13/5/88 4.43 . 4.39 7.07. ~ 13.88

NG 17/5/88 .51 .35 2.78 2.22

PM 13/5/88 7.12 1 7.06 7.66 1.18

SB 15/5/88 . 2.33 2.23 1.80 2.56

MC 19/5/88 2.39 2.72 2.13 1.48

JC 19/7/88 .90 .66 .83 .22

PS 19/7/88 2.11 2.32 2.07 1.21

DT 18/7/88 .53 .47 - 1.63 0.0

MW 19/7/88 .70 1.18 2.48 1.77

MEAN ’ 2.24 2.23 2.48 1.77

STANDARD 0.60 0.60  |0.76 0.41

ERROR : .,

-
e .
L 3
3
AN
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Table 21: Absolute dynamic index for surface electromydgrams
recorded during three different traced trajectories completed

to large force magnitudes., Means and standard errors are

given at the bottom of the table,
different from one another (p<.90).

and were not significantly

Absolute Dynamic Index

mV)
SUBJECT FO-1 FO0-2 Fl-2
BH 09/11/89 .038 .10 .12
CS 29/11/89 .039 .027 .031
DT 29/11/89 - | .065 .04 .06
LS 14/11/89 .027 .010 .024
LS 29/11/89 0.0 .006 0.0
MW 09/11/89 .059 .086 .12
PB 14/11/89 .15 0.0 .14
PS 09/11/89 .10 .09 .10
RC 09/11/89 .12 .13 .18
SR 14/11/83, . 1 .073 .072 .018
YZ 29/11/89 & | .017 .039 .028
MEAN 0.063 0.055 0.075
STANDARD 0.014 0.013 0.018
ERROR '

Table 22: Maximum rates of rise of isometric torgque for
three different traced trajectories completed to large force
magnitudes. Means and standard errors are given at the bottom
of the table. The F(0-2) trajectory was significantly faster

(p<.01) than either the F(0-1) ot the F(1-2) conditions which

were not significantly different (p<£.90).

SUBJECT. Maximum speed of contraction:
‘ (N-m/s)

SUBJECT FO-1 FO-2 F1-2

BH 09/11/89 111.7 270.2 173.9

CS 29/11/89 77.1 136.6 100.6

DT 29/11/89 45.2 117.5 73.9

LS 14/11/89 63.6 88.5 75.0

LS 29/11/89 25.4 46.7 37.9

MW 09/11/89 210.7 537.5 255.3

PB 14/11/89. 84.5 173.4 89.7 .

PS 09/11/89 83.3 136.4 83.3

RC 09/11/89 109.1 189.5 128.6

SR 14/11789 | 25375 398.0 267.3

Yz 29/11/89 27.9 51.9 25,1

MEAN 93.3 195.1 1119.1
1STANDARD 21.8 45.9 24.4 4

ERROR
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Table 23: Absolute dynamic- index nommalized with respect 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 (p<.04) than either the ,
F(0-1) or F(1-2) conditions which did not significantly

differ from one another (p<.90). -

SUBJECT = |Normalized DI (uv/N-m/s)

’ FO-1 FO-2 Fl-2
BH 09/11/89 .34 .37 .69
CS 29/11/89 .50 -} .19 .31
DT 29/11/89 71.40 - .34 .80
LS 14/11/89 .42 - .11 .32
LS 29/11/89 0.0 .13 0.0
MW 09/11/89 .28 .16 1 .47
PB 14/11/89 {1.80 0.0 '11.50
PS 09/11/89 1.20 .66 ‘ 1.20
RC 09/11/89 1.10 .67 1.40
SR 14/11/89 .29 .18 1.04
YZ 29/11/89 .61 .75 1.10
MEAN . : 0.70 0.30 0.70
STANDARD 0.20 0.10 0.20
ERROR

Table 24: 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
(V*ms - not calibrated)
F{0-1) F(0-2)

BH 09/11/89 0.8 23.1

CS 29/11/89 8.4 6.6

DT 29/11/89 13.5 . ) 4.6

MW 09/11/89 3.0 11.9

PB 14/11/89 5.9 4.6

PS 09/11/89 25.2 37.4

RC 09/11/89 12.0 17.0

SR 14/11/89 10.7 , 24 .2

Yz 29/11/89 3.6 2.7
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Table 25: Statié sensitivity for surface electromyograms
recorded during four different traced trajectories completed

to small force magnitudes.

Means and standard errors given

at the -bottom of the table are not significantly different

(p<£.90) .
SUBJECT static sensitivity (UV/N-m)
F{(0-1) F(0-2) r(l-2) S(0-2)
PS 19/5/88 4.14 4.16 3.60 .13.39
KM 17/5/88 13.60 11.44 11.90 11.58
TP 13/5/88 147.10 37.20 '50.50 27.00
NG 17/5/88 9.8 7.9 15.1 16.2 .
PM 13/5/88 F 20.80 12.00 12.50 8.40 -
SB 15/5/88 20.45 17.24 17.24 16.80
MC 13/5/88 19.45 19.15. 22.58 26.03
JC 19/7/88 3.67 2.717 3.89 3.40
PS 19/7/88 5.40 5.49 6.81 8.44
DT 18/7/88 7.02 5.65 '5.31 5.51
MW 19/7/88 5.00 3.50 4.10 5.20
MEAN 14.20 11.46 13.89 '11.92
STANDARD 3.86 3.07 4.11 2.56
ERROR ]

Table 26: Static sensitivity for surface electromyograms
recorded during three different traced trajectories completed

to large force magnitudes.

Means and standard errors given

at the bottom of the table are not significantly different

(p<.06) .
SUBJECT static sensitivity (UV/N-m)
: F(0-1) F(0-2) F(1-2)
BH 09/11/89 4.6 4.9 5.8
CS 29/11/89 3.5 4.7 3.8
DT 29/11/89 13.0 . 14.0 18.0
LS 14/11/89 10.0 9.9 12.7
LS 29/11/89 3.9 4.0 3.8
MW 09/11/89 6.8 8.0 11.0 )
PB 14/11/8b 23.0 42.0 58.0
PS 09/11/89 11.0 10.0 16.0
RC 09/11/89 11.0 10.0 14.0
SR 14/11/89 4.9 6.3 8.3
Yz 29/11/89 12.0 9.0 11.0
MEAN 9.4 11.3 14.8
STANDARD 1.7 3.2 4.5
ERROR
- o
/
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Table 27: 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 (p<£.0056) than the F(0-1)

trajectory. . : . ‘

SUBJECT - ) Maximum d7/dt (N-m/s)
F(0-1) F(0-2)
BH 02/06/89 16.1 B 30.8 -
BH 09/11/89 54.5 90.8
LS 02/04/89 29.0 62.7
MW 06/06/89  }47.1 _187.2
MW-09/11/89 58.6 ~° 1110.4 : : '
PB 02/04/89 6.3 ' 10.8 ' /}
PS 09/11/89 - '57.5 ] 100.6 '
RC 09/11/89 25.9 41.7
RH 02/04/89. 16.5 30.8
MEAN 34.6 69.5
STANDARD 6.7 11.6
I|ERROR

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 faster than the F(0-2) trajectory traced with

timebase set at 0.5 seconds/division (p<.009).

SUBJECT Maximum speed of contraction

: (N-m/s)

F(0-2) F(0-2) F(0-2) .

.5 sec/div}.2 sec/div}].l1 sec/div
BH 02/06/89 31.6 30.8 31.7
BH 09/11/89 94.4 90.8 123.5
LS 02/04/89 25.9 62.8 - 54.0
MW 06/06/89 81.2 87.2 , 118.2-
MW 09/11/89 89.7 110.4 - 120.7
PB 02/04/89 9.3 10.8 ~ }did not do
PS 09/11/89 97.7 100.6 S j112.1.
RC 09/11/89 38.8 : 41.7 46.0 '
RH 02/04/89 -}126.2 42.1 did not do -
MEAN 55.0 64.1 86.6 '
STANDARD 11.7 11.6 - 113.5
ERROR '
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