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o ABSTRACT -

. L. . .
{ ' R -

A procgdure ‘for- the recoraing‘and‘storing of EMG_signals for the

. X . . P . . . \

“automatic extraction - of indivitiual motor .unit ‘rate codinb

EMG Signal, reoérded from a selective surface.of-a needle‘electrode

ensemble averaging the cannula recorded

motor unit potentlals. (“UP'S) iThe

e

.

’morphological information was develOped._ The extraction’ of th \?%(e

acrion potenrial trains. (MUAPT S), oQtained by decompOslng the cpmpoai\

' e O N | , ) / ‘
The morphologlcal information is derivad from ' the analysis ~of macro

| R

‘macrd MUP'S are the resuit of

- -

signalv' usingf the individual
3 :

B

3

' coding information 1§¥berformed by, “the- analySis of individual motor u 1t’

“MUAPT S as sources of synchroniZLng trig ers for the averaging process.'

_A standard 51ngle fibre or macro EAG needle electrode can be used: .
'-Signals recorded during isometric, constant\ slow: force o

varying 'contractions up"ft_ 50? of the maximum voluntary contraction:_”

v

. level canr be successfully analyzed.‘ The number of- motor units.

I i

"f51multaneously studied usually ranges from 3 to 5. The processing of

‘the data, for each second of muscle contraction, ‘can be performed by a

: PDP 11/34 computer in approximately one - minute, with 952 accurate, rate '

.rindIVidual motor unit rate coding and.. morphological information':;

. simultaneously, ailowing correlation of motor unit sizes with. firing.

-y

coding information obtainedv This speed and accuracy may increase the

Tty

'rates and identification of macro HMP S for high threshold motor units.

P

; clinical use of rate coding information- The procedure also provides,"k
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CHAPTER 1 | ' _'
w al .
T } ‘ INTRODUCTION _ o
. 4 ' i . - -
: ’ s . . : - e ’

- ‘ P BN
) It has been known for many ' years that muscle contraction 1s

jy “initiated and controlled by neural inputs. The basic contractile elemgrt

of muscle force production is the motor unit. A motor unit is defined as
. ‘ - _ N - ] ‘ o

i an alpha motor Heuron and all the muscle fibres inmervated by its * axon

4

AR o (Katz 1966). When the motbr neuron of a motor unit fires ‘#n® électrical
b X ) R PR + - g

impulse, all the muscle fibres of that motor unit contgact; causing a
muscle twitch. The twitches of many independently -contracting moter

units -~ summate to create a smooth muscle comtraction (Guyton 1977). In

this way, the motor unit acts as the basic incrementai element of force

used by the nervous system for the control of.musclelgension. -

N ' «

¢ = TR s e Lt - o e .
i One” way the' nervous .system -changes fthe level of muscle
- ‘ . contraction 1is to change the firing rates of the active motor units.

w;Thié method of control is falled rate'codiné. Contfblling the number of

: mdtpr' units active Is the other way the nmervous system contfdls muscle
o - } - . o . . A £ . .
‘contraction intensities. This control mechanism is called recruitment.

P .

. . - . '
- the control of muscle contraction (De Luca 1979). o
Motor uhlg’\foipholbgy.'deals with the = sizg, - number  and

distribution of 1ts component fibres. Muscles are cpmposed of a varying

~ number of motor units ‘ranging from less than one dozen to. several
L -7 "“thousand. The identified size of a motor unit 1s determined by the
- 1 )

These two mechanisms are the only ones used by the nervous system for «

.“\-9
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A

";

samplitude of'its twitch tension.. Motor dnit size is thus dependent on

the number of fibrés and the diameter of ‘the fibres in the motor unit.
The number of fibtes in a motor unit Tanges from several -to several’
thousand. The circular.'éreéV within .a muséle in which'fibres from a

spec1f1c motor unit can be found varles usually from 3 10 mm in diameter

{Buchthal et 1959 Stalberg and" Antonl 1980) This area is called
the - motor unit’ territory. lFibre distributions cwithin motor unit

a" territories‘are noruelly, random, uniformly distributéd (De .Luca 19f9);

The motor "unit territories. of many motor units overlap considerably

- (Bucthal et al 1958). Ly

. - o

Contraction of muséle is™ accompanled by Substantial electrical

activity The ba51s of this electrical activity. are the Jmuscle fgbre

action. potentials (MFAP), which propagate outward fromfthe innervation

" zone in both ﬂirections theflength of the muscle fibre eéch time a

'”-_4.' L.

muscle fibre contracts. The temporal pattern of this electrical activity

is caused by the neural inputs to the muscle.” The amount and spatial.

5¢d15tribution of this electrical activity is determined»by the nunber,

size and‘-distribution of'.the-'active muscle fibres..' Therefore,fthe

c

electrical activity a@sociated with muscle contraction ‘can ‘be considered

"'as ‘an information source ‘of - both neural input and muscle-morphology.
By the . use of suitable"electrodes. and amplification the
.electrical activity of museles can be measured.' This measured activity‘
ris called an electromyographic (EMG) 'signala EMG signals then, can.
contain information about both the neural input during contraction and;

~the morphology.of the muscle from which they-were recorded.,

. . " ' . B - . X . R ..d."f,;_
PR - . R

e
EAad

L



y\/* 3
Motor units active during a contraction and with fibres . in the

measurement volume of the recording electrode will contribute to the EMG

signal Due to the almost synchrpnous firing of all the fibres of the
. - » .

motor unit, their propagating electrical activities {their MFAP's)

)

potentiel {MUAP): Due to unique geometries of the fibres of each motor.
: ‘ =l _ : ‘ ;

) unit relative to the electrode, the recorded MUAP’s will "have unique

‘shapes and sizes._\Rate coding information can be extracted from the EMG

_ for these motor wunits by analy;ing . the temporal spacings of the

individual MUAP‘s in the EMG. Morphelogical information ¢an be obtained

by measuring ' features of the EMG that pertain' to the spatial

"distribution . of “the  electrical field created by the contracting motor
' L -~ . : . \ .
unics. o ‘ S . ~

+

Rate coding and -recruitment ‘information are of interest to .

physiological"reeearehers¢ ‘They hold the‘ key .asl to hon the muscle
PO . o \ R

contractions zsed for various different bodily funttions are controlled.j

-Clinically, this’ informatien may be .very useful. B Neural _control
‘,ehanges with different pathologies, may prove to‘be powerful diagnostic
‘indicatotsi, Presently however,‘ this information is .not_elinipelly
.enailatle, nor ate its clinical patameters. fuiiy ‘nnderstood.i Muscle

"'morphologieal infotmation,' also of interestl to physiological

researchers, is the prime diagnostie tool presently used by clinical

! oo w

: electromyographers. ’ This information allows the clinician to estimate .

" the fumbér of motor units in a. muscle, their size,‘ distribution and

fibre densities. These estimates when compared to normative.data, help "

determine the elinical state of the musele in’ question.

.

'summate at the recording electrode to create the motor unit action,
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The specific information in an EMG sigral is a direct function

of the type. of ‘electrodes used and the state of contraction of the

3

muscle. To extract Iinformation about individual motor wunits, the EMG .

4

signals must be recorded,with véry selective electrodes which registér

the activity of only a few motor units at an} one . time. "'Selective
electrodes ahd moderate levels of contraction will allow the components
of each individual motor unit to be recognized in  the composite EMG

*signal. This, in turn, will' allow information pertaining tc each

individual motor unit’té be obtained. If the EMG signal . becomes oo

complex to determine the individual motor unit contributions, only

b .

‘parameters dealing with the whole electrode ~measurement area will be

available. Individual motor unit control and morphological information

will not be obtainable. o . ‘ - e

-

The work presented in this thesis was initiated in an effort  to -

4

determine a signal collection and processing-technique which can extract
. Bothn@ndividual‘moﬁbr unit rate ", coding and morphological . information

from -an EMG isighal as accurately ~and efficiently ‘as pbésible-

) Consequently, this work will_be dealing with_selective'needle electrodef.

. EMG recording techniqﬁes.

The nature of the composition of EMG signals 1is outlined at the,

beginding qf- Chapter 2. Present needie electrode EMG recording and

anélysiS‘;eghniques and the- ihformagidn obtained ~ are then reviewed.
- S . _

x

. % ) R .

compositions as-a function of the type of recording electrode a

contraction protocol » used. It discusses the information~« that\ is
’ - < ol L . ~

presently extracted fgpm the EMG siénals récordgd under the wvarious

This chapter deals 7§peéificaliy _wiﬁﬁ; comparing different\EMG sign§l



——

vt

"protocols.

" .. It was evident from this review that the.. extraction of motor

unit specific neural_conijgl information is a tedious undertaking. This

- ﬂ.

has limiped the amount of thié-information' avéilqble. Therefore, the
emphggis‘~of the signal recqrding and proce;siﬁg protocol aeveloped hefe
i's on the extfaction of this type of neural control informatlon.

_ The %émaindér of Chapter 2 deals with the ‘recording proﬁocol_
adopted. ,Th? reasons it was chosen, its advantages, lihitations and the
information to be extracted is also reported. |

Chapter 3 ocutlines the data collection—-compression . scheme that

was used to efficiently digitize, collect and store the recorded

signals. The ldgical'need for data compressionsdnd the criteria used to

effect it are stated. The software and hérdware'componentS'of the data
s _ - , :

collection—compression are_explained.‘ The sQ;ucture‘of ﬁhe softwafe aﬁJ,
hardware iﬁtgrr;pts and the data buffers used to properly dompress and
store the digitizéd-recorded éignals is pres;nged; The: multifchanngl
capabilities of the ;éol}ection algorithm aré explained aﬁ& saﬁfle‘
coileétiong are Shqwn. Expécted error rates and possfﬁlg alignment
. pfoblems are discussed. _Lim%tatio?é.of the‘ﬁardwa?e pregentiy‘uséd anﬁ

. LY
possible future lmprovements are also considered The chaptef ends with

~a description of a compressed daﬁg display roufine.. h t;
‘The-extraction of motor unit spéé{fic.infOrmatioﬁ requiies the
décompoéﬁtion of ‘thg composite EMG signal iﬁ;o.itq constituent mqtpr
uni; ébgtributians; This-féﬁuiféé ﬁhe.feéognition of éach‘mator' pﬁit’s
cOptribution to the EMG signal. Such an analysis requires paéterh or

"shape recognition techniques. - Chapter 4 consists of an introduction to

v



b
-

pa erﬂ; recogﬁition and signal ‘space concepts as they apély‘té EMG
3

décompesition. Feature space representations, kﬁemplate concepts and -

istance measures are included. Some of the distance measures used in
s - .

éolﬁing the ﬁroblem of EMG décdmposition and why some were unsuccessful

are discﬁssed. The * importance ofi‘statiqpary‘ data or a successfui
technique for tracking the nohstati@na;yj data 1is . made . evident.
Addiéiﬁﬁ;}’ fhformation available by the ﬁathematical.modelliﬁg of thé
firing fﬁfbs of the motor units aslpoint éréEé?ées 1s explaln;d.“ How
- this information is ,u;ed_ aléﬁg. with shape information in“tﬁf final
recognition scheme is outlined. fhe chapter concludes with a full
- description of the complete decomposifion élgorithm.

Chapter 5 presents the algorithms used to  extract - the

morphological and rate coding information from the decomposed EMG data

This chapter deals with the assumptions used to account for a less than

100% accurate EMG decomposition and their justification. :The algorithm

for the extraction of the rate coding information 1is préseﬁted.( The

technique of filtering gross ,errors from the'individualﬂmotor unit

Rt

firing rate data is included. The creaﬁion‘of running weightgd averages

of the individual motor uni ring rates is discussed along with the
calculation of motor unit firi i rate variances, Various parameteré

“calculated  and plots created aré described.  The: morphological
! Rt N .

information extraction technique which is .similar to the Macro EMCG

.

.signal averaging of Staiberg (1980) is explained. Useful péramgtgsf of.

this analysis are presented. . " ) ‘ *

' A c
\ . : . . . &
. , , <



- described in-Chapter 6.

'

The recording and analysis process was tested by collecting EMG

signals from normal subjects. The protocol of these collections is

The methods used to evaluate accuracy of

hS

the

the decomposition and ;nfor&gtion'extraction routines is expléined. The

accuracy of both the rate coding and the morphological information

obtained by -the analysis technique for these tests dis ireported.
. E

Comparisons made to similaraihformation qbtainéd‘ by different methods

and a ‘summary of the overall system performance_are reported.’ - ¥

The value, limitations and possible- future uses of the-developed

i

p:ocedure' are given in a cbncluding chapter. Future modificagiqps and

-3

given to tﬁe clinical feasibility of the signal analysis technique."The

+ parameters of Ehe information cbtained that merit further study as

possible clinical diagnostic indicators -are, discussed.
LA . ‘i:“

-

improvements to the .process are mentioned. Spe¢4a1~'considerations are

e

g

HE




CHAPTER 2

EMG RECORDING AND SIGNAL PROCESSING PROTOCOLS ~ © ’

"y

.2.1 'Introduction 5 v . o
N ~

(Y

The. electrieal currents that iare created during muscle

.contraction can -be measured w1th suitable recording electrodes and

. "v‘ )

-

instrumentation. . The recorded potentials are called electromyographic

.

(EMG) signals.l EMG signals contain infor@htion about;the neurcmuscular

structure from which tHey were recorded. An understanding of the basis
: &

of EMG signals is- essential if the information extracted from them is to

\c

be accepted. Knowledge of present EMG recording and signal processing"

. - f' o~

techniques and the use§ of the 1nformation extracted prov1dess1nsight
. & o X o R

into the value of EMG analysis. t LT .

'~.‘“: oo LR,

ThlS chapter first deals with_the nature 6f the composition'"of

recorded EMG signals. It then presents a review ‘of, the types of needle

electrodes used and the composition of the signals ‘recorded. Some of .

\‘t

the ‘methods of signal pr;ZEééihg usedq and the 1nformatiom~wh1ch is

_,- LR

—— extracted from the EMG 51gnais recorded w1th the various eledtrode

.r

types; during differing muscle contractions, is then discussed. ‘Aihew

recording and signal processing protocol which.is used toiextract mptor

. unlt rate ~cod1ng and, morphological 1nformation,. is then_presented.‘

'

Similarities and difTerences with present techniques are pointed out.

r

Advantages and aisadvantages of the suggested scheme are also discussed.

Vi
IS
3
Y
-
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2.2° Electromyographic Signals

= :
-EMG  signals _can be measuréd: witﬁ a variety of electrode

-

. Ty . ' ' L .
‘ The EMG signal dis the measured poténtial difference between two
e e

electrodes.  The electrodes can both be in the active muscle area such-

',as w1th differencial. oy bipolar recordings. Alternatively, a reference

electrode in a nonactive area can be used Was with moncpolar recordings.

-

The comp051tﬁn1of the EMG 51gnal is, dependent ‘on the type of electrode

;2 1 is ‘a- schema®lc o] the EMC signll sources.

'configarationéz.and during many }arying types--of' muscle contracrions.

vused : their configuration and the level of muscle contraction. TFigure .

-«

Point erectrodes measure‘the net current field, at specifig:i™

. . . N . - . ' N . : ’ . B .
measured is crEated by the summation of the- contributions .of all the

muscle fibre action potentials (MFAP) present in the muscle (Plonsey

f9§93. The contribunion of each MFAP at the recording site is dependent‘

on the principles of volume conductiona Volume conduction is the term

used for. the conduction of fhe‘currents, creatéed at the'membranes of the

_ contracting - muscle lfibres,‘;thrdugh'.the- interstitial tissue’ of the

. : g e
miscle. - s L o

_ By Ehe- use of solid angle geometry calculations and the

'modelling of the propagating MFAP as a moving dipole, the potential at a

point can be\determined (Plonsey 1974) This calculation shows that the

size of the potential diminishes exponentially as the radial distance

from the active muscle fibre or current source to the recording point

" s
* -

points, in “the interstitial “tiSsue of the muscle. The current field’
% ' ) - - - _ E

¥
increases, The conduction of the currents and the solid geometry also
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“cause the‘recorded potentials to be of lower frequency 'content as the

work of Lorente de No (1947) and Buchthal et al (1957a),

distance from the fibre increases. JaThis was demonstrated by the classic

-

The reduction in frequency content was further- investigated by

the work of -Gath and Stalberg CI977,1978). In ‘the- first paper, these

: authors.measured the radial decline of the'volume conducted MFAP using a-

"multi—electrode.and-'derived' a model transfer function for the muscle

3

-

.”tissuet 'Ihe:secondfpaper repcrted on.a study which»'further verified

this transfer function.. The transfer ™ function - suggested a greater

attenuation of the high frequency components of the MFAP, a8 .was shown

EIyl

by the earlier work of the other authors’ citedr Therefore;:theldfgtance _

“to the electrode from - the active fibres 1s of great = importance in

determining the size and frequency content of . its contribution to the
net current field at the electrode site. This is due to a reduction in
the current densities as the distance’ away from the membrane increases.

;ﬂy‘ This attenuation in the size of the contribution of a specific

MTAP to the current field at. the electrode site, puts a practical limit

e

on the distance from the electrode that a- muscle fibre can be and still .

make an appreciable icontribution to the potential' recorded. This
distance can be termed the uptake distance.‘ The uptake distance, in

conJunction ‘with_ the_‘electrode conducting or recording surface area,

T

results in‘an effectivefuptake area for the electrode., \;The definition

of an _appreoiable contribution 1s determined relative to ambient noise

~leveISt An‘appreciable contribution was defined by Gath and Stalberg

(1979) as one- having a peak potential larger then 0. 2 mV.

<



The calculation of the potentials measured by point electrodes

RN T

s

’ has been discusged above. ‘The net potential field that will be measured

conducting surface area of a recording e€lectrode increases, ‘the amount

of spatial averaging of the potentials present at the electrode surface
alsc increases. The increased amount of' spatial averaging and ' the

reduction in electrode impedance, with increasing electrode area, tends

to cause. the signals‘recogded to be smaller in amplitude and lower in .

- - . frequency content. However, -as ‘the conducting surface area of thef

‘rECording electyode .increases, so does 1its uptake area. “Thie implies
N the‘recorded signal?may also increese. This 'tends to increase the

amplitude of the recorded SLgnals and offget the effects of increased

spatial averaging “and reduced electrode impedance,' with increasing ‘

1

_/b\ electrode area.. The effects. of increased electrode area can then be
+ .> summarized by stating that"_the' signals recorded. will “be of lower
frequency content and may .be smaller ih amplitude. Generally; the

m“‘converée‘is true 1f the electrode area is reduced.
'L '

reference. If a. remote reference 15 not used the difference in the
-potentials‘ recorded by - each electrode must 1be considered. Each
electrode s-size and the separation between them Wlll affect the signals

recorded. “The term electrode will hence refer to the net configuration.

by an electrode of finite area is the average of all the potentials

existing at its surface (Ekstedt and'Stalberg 1973a). Therefore, as‘rhe :

 that; the number of muscle fibres. having an appreciable contributionAtd

oAb T The above discussionﬂrefers .to potentials relative to a distant -

BPEYT

.;,e.
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The nearly synchr?pous firing of all the fibres of the uécbi"

‘unit causes their MFAP's to summate. A motor unit action potential

"(MUAP) is the summated response of all the MFAP’s of a motor‘unit which

. are within the uptake area of the electrode (Gath and Stalberg 1976)

Each motor unit will have.a unique number ' of _contributing"fibres or

fibre geometries relative to the electrode. This results in?MﬁAP's of
unique shape.

.

* .. The duration of a MUAP is defined as the time spent above or

~ . . - *

below a noise, related threshold band. MUAP durations are'depéndent on

» both physiological and physical factors. “The main physiological factors

-

are the number of fibres contributing (in the uptake area of the

electrode), the spatial dispersion of the innervation zone, “the' variance

in the conducting velocities of the contributing fibres and, the distance

from the innervation zone (Buchthal et al 1954b) The physical size and

.configuration of an electrode determine its uptake area and the -amount

Il

of spatial averaging it performs. Increases in both of these factors‘

lead to longer recorded MUAP durations (Bncthaluet al 1954a) .EBAPT

~ durations, therefore, vary. not only with the type of electrode used, but,
‘also with the muscie from which the recording is obtained (Bucthal and
Rosenfalck 1955) and the 1ocation of the recording sfte‘ in the muscle

(Buchthal et al 1955). MUAP durations can vary from .3 ms to greater

than 25. Peak to peak amplitudes of. recorded MUAP ﬂepend on the

- number of contributing fibres, their distance from ‘the electrode, the

. MFAPS' temporal correlation and 'the electrode s surface area impedanoe'

and configuration. (Buchthal et al 1954a, 1954b) These factors result

in a wide range of recorded MUAP amplitudes from 0.1 wV to 20 V..

. LT
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As the leval of muscle contraction increases, .fhe motor unilts

become morey active due to rate coding and more motor units are activated
due toﬁrecrﬁitment? This results in more electrical activity i1in the
uptake area of an electrode and consequently a more complex signal. The

individual moter unit potentials may begin to overlap and summate or

. cancel each other. . The signal may no longer be .able to be decomposéd

" into its component action potentials. The converse 1s true if the lgvel

of muscle contraction is reduced. R

If the indiyidual motor unit contributions to the - EMG can. be

determined, then .the signal can be decomposed and individual motor unit

information can’be obtained."Alternately;_if the individual\motorA.unit

contributions_'to the EMG become superimposed in time anh\ggace, then an

“interference vpattern is ereated. lf ‘the individual motor unittix _:

£

‘contributions to the interference pattern ‘cannot be determined the =

“;\'\

information extracted from the signal . iergenerally of. a statistical

.nature.and represents all the active musclﬁ fibres in the uptake area of

3

the electrode.'. o o S
Electrodes with small uptake areas.are sub ject to movement and
. | e o . o
sampling errors. If the electrode moves slightly, it might be sampling

& different ﬁuscle area. The . amount,6f needle movement must ‘be, checked

! LY

in all individual motor , unit ahalyses’ to, confirm- that the same motor

.

‘unit population is heing studied throughout a contraction. ,The small

measurement -areas of selective electrodes require that recordings bt

taken from many areas to 'get a representatiye muscle .sample. This

-

requirement 1s‘veryrimportant‘in clinical studies.

%




measurement area or uptake area of the electrode is a circular area .-of

. . .
- . K . .
B : ST e

2.3 EMG Recording Needle Electrodes .. ' - : .

2.3§l Monopolar’yeedle Electrodes. -« .- o

Honopolar, concentric and bipolar‘ needle electrodes (to  be

. \

discussed later) were introduced by the work of Adrian and Bronk (1929)

The. monopolar neetle is 0.2 mm in ‘diameter and is insulated ‘but for the

. w T
_last 0.5 mm of 'its tlp. Honopolar needle potentials are usually

. Iy
-

measured relative Lo a distant surface referenée over inactive tieeue.

.

- 2
The: recording surface area'is about‘.300 mm .. Thejzefulting effectiveﬁ

- N

‘abodt 2.0 mm diameter (Stolberg 1980) This resﬁlts in a. large number‘

€
of muscle fibres contributing to the motor unit ﬂbtentials measured. .

.
mV to’ 1 0 mV range ‘(Buchthal 1957) .

wet

Durations of MUAP s range from 3 ms to 20 ms,}wffﬁ amplitudee in the .05

-

]

) The‘number of motor units in the uptake area can also be. large.

The;efore, at: moderate Levels of‘cod{gaction the individual motor unit

1 3

pdtentials of the many motor units active in the uptake area of  the: . ~

electrode begin to overlap fand; an interference pattern is-created.

e Sow <

. These electtodes _can be used to obtain information about individual

L
I . . i

. _mbdtor units at low’ contraction levels eor the muscle as a whole, by L

. ,

analyzing the Interference patterns created at moderate .contraction
¥ o

'levels.'i This . electrode‘Af;ie * popular with nanyrr cliﬁ;cal
. electromyographers. S ' } e
B - o . B L N A
. ) Y N ’ i
. .

2
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e ”’fgequency-components to the ,monOpolar needle recorded signals "are

Y

by s

'ﬂv;:hsmonpﬁ/lar needle _eléctrodes (Buchchal et al 1954) 2 . -
& , S

=
¥

2.3:2 ’Concentric Needlle Electrodes

N .
- .

Conctentrie needle electrodes are :widely used in  elinicall
electromyography. -They -are also known as co-axtal needle electrddes,

for like the;co-axial cable, .they_ are composed of an  outer sheath

conductor with an inner‘conductidg wire. The outer and inner cOnductors

are insulated from each other. ° The outer eonductor, the cannula of . the

needle, ranées' from ,.3 to .7 -um in diameter and is'exposed for its
. . 4+ * e
entire'length. #The inner conductor is exposed only at its tip,

résultiné“in,an elliptical'recording snrface 150 X .580-mm. - Potentials
- ) . - .';_" . . L
are recorded between the two - conduttors. These electrodes .have an
. = e C .

droximate upteke3 area"of'z 0 mm iﬁ'dianeter.- They typically record

fro 0-15 fibres of each motor unit (Stalberg 1980) This. is- still a-

sma fraction of the total 200—2000 i}bres contained in motor units of

l}narmal muscle (Stalberg et al 1976) _ The outer conductor (cannula) acts

o

as_ a reference 4%, the needle is substantially inserted into the muscle.-

¥ ihe Lo . L.

SignalE 51milar ‘to monopolar needle " results. canrﬂthen be .ohtained

. P

-{Linds com I9?7l.‘_lfHQWEVer, distant_.fibres which,‘cbntribute' Low

. Y] -

.
‘r.'.“

by the shielding effect of the cannula reference aﬁd are

~
- .

' cancelle'
. . I
2 not present in ,concentric ‘needle signals (Stalberg 1930)

- o 8 P ‘

S - i ' ‘

x -

:those obtained with a' monopolar needle electrode..;.Durationsj and

- \ s ' . . . A
amplitudes. of MUA? s measured with .concentric ueedle e{%ﬁtrodes are

- !

. -

therefore slightly shorter and smaller than MUAP s 51milar1y recorded‘

. . .
PN

e ¢ - 7 ‘ -

.-

.

,_ghiguﬁresults in a MUAP with somewhat different characteristics from '



2.3.3 Bipolar Needle Electrodes

Bipolar needle electrodes consist of two' insulated conductors

permanently .fixed ‘within. - the cannula of a needle (approximately .7 mm

diameter). Signals are recorded between the two conductors exposed only

at. the, needle tip.: The difference of the current field at two active

points close together, is-measured. This resnlts in‘signal’differencing-

© or differentiation when compared to monopolar or concentric needle.

.

signals. The effective.uptake‘area‘of‘the electrode depends on the size
of the two recording.'surfaces and .their spacing. Very selective

recording electrodes can be obtained this way (Andreassen and’ Rosenfalck
re

1978 . Gath, and Stalberg 1976) The signal composition will depend on

the selectivity of .the recording electrode. Bipolar needle electrodes

* are - gererally more. selective. than monopolar and concentric needle

ﬂelectrodes} Durations of MUAP ] recorded ‘with most bipolar needle

‘electrodes are shorter and the ‘MuaP amplitudes are smaller than those of

' . L
MUAP’s - recorded with monopolar or- concentric needle .electrodes.

kS

: (Buchthalnet al 1954a).

. ©' 2.3.4 . Bipoldr Fine Wire Eléctrodes .~ .° . " .

L Bipolar fine wire electrodes were made popular by the work of

v

BasmaJian and Stecko (1962) Like the bipolar needle electrode, fine

- " _\

wire electrodes have two insulated wires inserted into. the cannula of ‘a

- ' .
N

needle.. The fine wires of this electrode however, are not permanently

fixed to the cannula. - After inserting the needle with the wires . into

the muscle, the needle is w1thdrawn. The fine wires, ‘are exposed at the.
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ends and bent to stick to the muscle mass as the needle is pulled* out. -

The recording surface areas of the fine wires are adjustable, but their
p . - \ ‘ :

‘éephration in the muscle is not conmtrollable. This results in variable .

uptake areas. Although+.similar to bipolar needle electrodes;’they

usually have larger ﬂrecording surfaces and interelectrode spacings,
. . . * .

making them less selective. Bipolar fine wire electrodes are genefally ‘

less selective than ménopolar or concentric needle electrodes as well.

. -

Ranges. for MUAP durations and amplitudes will depend 9pfthe-specific

electrode configuration implemented. Bas@ajiaﬁ‘and Cross (1971) report

MUAP durations ranging from 1.0 ms. to 12.4 ms. Variabions of this
needle type haveé beéh'uggd by - other reéea;éhefs for . various studies
(Costa et. al. 1977 and Clamann 1969).

2.3.5 §ingle Fibre Needle Electrodes T

' . N .
As the name sugge§§s, the single fibre électrode is selective to

- the poiﬁé-'of.ibeing able_:ﬁh,-measure éingle muscle fibre action

'.fwith an internél ;OZS\mm;&iaﬁete

'potentialé. The initial work with single fibre*éléctrodés "wWas carried

.
e

out by Ekstedt and Staiqerg.(ﬁk

Ekstédt-19735.- These electrode onsist of a 0.5 mm diéﬁeEer ,néedle

.

port in the éannulg some 3 um from-dm"tip,,wThg!poEénéials are measured

“from “this small surface‘reiagive to thg,canpula. Due to the shiélding .

of the cannula, theiﬁpta&é area is gemi;éircular‘with a ‘diameter of .6
mn - (Gath and Stalberg 1979).  The mGtor unit actién po;entials recorded

Lo

have contributions from only 1-2 muscle fibFes (Stalberg 1980) and ‘tan

and Stgiperg 1973b;w§talberg and

conductor brought out through a side
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record from up to 30 motor .unitsusimu}taneously (Gath and Stalberg
3'1979). . The MUAP’S recdrdeq, range in amplitude from .2 mV to 25 mv;
aith:ugh typlcally- they are below 5 mV‘(Stalberg 1982). Durations can
_‘5€;1ess tﬁgn 3 ms (Stalberg 1980), but are typically 1.0 ms with .1 go

.15 ms peak to peak rise times (Stalbefg‘l982).‘ Durations of up to 3 ms

have alsc been measured. The aﬁbunt of superposition.of Ehe MUAP:in the

éomposite signal is small due to their short duration. This results in

"“the ability to record open signals, where each motor unit component ' can -

be determined, even at high levels of musgle contraction.

. v CE -~
L . -
]

- v e

© . 2.3.6, Macro EMG‘éihnalék‘

LS

Macro EMG sighal;, ingroduced by Stalberg-ﬁlQSO);.a;e the ‘synch
' averaged, c;;nula responses, of modified single fibre needle electrodes.
The indiviauél motor qqit responses lrecorded by the single: fibre
" electrode: are used as-é§;ch-p;iggers to_averégé thé,con@urrent.activity
mgasurgdbbx;ghé needle,égnn&iaéi Synchfénized avefaging‘ extracﬁs the
Afndividualrgétor unit cdﬁéribugiops to the cénqula recorded intér{efencé
pa;ﬁgrn (éka;berg 1980)., ﬁacro EMCuelectrddes differ from_single"fibre
) eIecﬁr;&eé iﬁi;hgt;pnly the last 15ipg pf“the cannula‘is-exposed and the
_single fig;é ré;ording éurface‘is pladgd 7.5 mm from thé tip (Stglberg

Sy - - .

1983). . | T o
Acquiring macfo'.EMG signals requires the ngtording of two

_ channels - of EMG. On one channel, recordiné is done between the cannula
Lo : o . T .
“and a remote reference. A subcutaneous monopolar needle or a sufface

[

. ' ' 5 )
- reference is useds The other channel records: between the -.025 mm

- ; ‘ 1
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diameter single*fibre surfdce and the cannula. Because of the large

recording surface 33 the cannula, it is capable of measuring potentials

-

from a larger. portion of. the motor unit than, monopolar- or concentric

L

needle electrodes. Hence, it contains information not available by more

, selective recording techniques (Nandedkar and Stalberg 1983)

H

2.4 'Signal!Processing Techniques_

‘214,1 Introduction

Using mostly monopolar or concentric needle electrodes, clinical
electromyographers study thekrelectrical activity of muscle. This

: analy31s ranges from electrical activity elicited spontaneously, ‘'such- as

-

-fibrillation and fasciculation potentials, to the study of single MUAP

e

shapés; to-the.analysis of the full interference'pattern recorded from

the active muscle. thsiological researchers have used mostly bipolar

NS

or fine wire bipolar_electrodeSwto study the discliarge characteristics

of various wmuscles under various contragtion protocols. This section.
contains-a‘review‘of‘the types of clinical  studies performed and the
types “of analysis -used td extract relevant muscle information. It

concludes with a review of the work ddneiin the area of motor unmit

rate
/

coding Aiq; recruitment. These reviews are not eghaustire in nature.
Nonetheleés, they ere intended ¥ to “bew repnesentative‘ of the work

bl : e, . L,
performed 4An these specific areas. T

S —
PR . . . - : .

. . Ea

oot
-’

o

-
+
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2.4.2 Spontaneous Electrical Activity

A healthy muscle has no electrical activity while at’. rest
(Buchthal 1957). However, some pathological nusciés do produce

o :

s ’ . T .
spontaneous electrical activity during” rest which can.be .recorded 'with .,
“ » . . . . ! M

needle-electrodes (Denny-Brown 1949?. Daube (1982) reviéwéd the Variohs
. o 3 ot -
types of* activity which can 'bEf;recorded. The‘ two main ‘types’ of

spontaneous activity are fibrillatlon potentlals and fasclculatlons.

Fibrillation potentials . are thought be caused by hyperactive

denervated nuscle fibres. Fasciculation potentials are the result of the
Rnsolicited firing of complete motor units. The presence of spontaneous
activ1ty usually signals a clinically abnormal muscle,_but ‘the etiologx

of the disorder can not be defined by this activity
2.4.3 Individual Motor Uit Action Potential Analysis -,
_ . . - S _ e
' .,3;0 . : "

- Individual MUAP's recorded with- concgntric or . monopolar,

electrodes durlng Weak levels of contraction have been analyzed=for the

presence of clinically useful information (Buchthal and Clemmensen

“1941). ' ‘Buchthal and Pinelli (1952) established a technlque for

‘\

measuring the indlvidual MUAP 5 ampiitude, duration and.’ number of

phases, These parameters are believedwl to have direct nqtor unit-

* L . !
.

morphological determinants whidh change with disease.n These parameters

‘ also vary w1de1y in both normals and patients ‘with neuromuscular

.

disorders and must»therefore be treated from-a statistical view point.
4 T - .

. . ;
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E diseases (Buchthal and Pinelli 19533, 1953b). ffSummarizing their’

R
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o Y

effects, amplitude ”can Teflect the size of the motor unit. Duration

'.'

If the rise time -is sufficient’ to diséountl volume conduction'
" ¢

reflects the spatial dibpersion of the end\plate region, the mean value

and variance of the conduction velocities of ‘the fihres of the motor

=
[ . .

unit, and therefore, the mean value and variance of their diameters.:, "
. . - : i

N

Most importantly, dunation reflects the size and .spatial dispersion of

the motor:nnit: The ﬁumher of nhases reflects™ the homogeneity of the-

motor unit. If the numbeg of phhses- is increased, this ‘indicates. a
3 - . 2

9

fractionaticon of the: motor unit. Therefore, . changes in these measures,
R b . i )

o

assessed statistically, indicate the morphological changes - occurring -

X i

as a result of neuromuscu1ar pathologies.

‘r-

In order to obtain a suffiCient statisticéi)éahple size and, to

have data, representing “the’ whole muscle,_tWenty different MUAP “s from

B

several different muscle areas are recorded and analyzed ) Heasuremen~§

.

C - Bl

of duration - and number of phases are found to be particularly useful

B .
clinical indicators of the etiology of various muscle and motor neuron

‘Ip‘- -

"1

findings, it is generally found that the durations of MUAP are

shorbened and the number of phases are’Tncreased for‘!‘opathies, whilei

¥ .

MUAP duration is lengthened and the number of phases are. normal* for

neuropathie problems.;‘: L ‘ S

T

l. ) This analysis, introduced by Butthal and his co—workers, though

.

time required for the collection and measurement of the twenty euitable

MUAP S. Lee and White (1973) developed a computer algorithm to perform

the measurement more quickly and accurately. However,' the ‘problem of -

. . o

’ clinically useful was not widely applied due to the large amount of A

el

a
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collecting’ the required number of euitahle MUAP's, free of background

-
2

" fioise, still remained.
. A system of averaging MUAP's from the same motor unit, which
suppresses background ‘ noise and‘interference‘from‘other simultaneously

firing motor units in the uptake area of .the recording electrede, was,f
B " . . < ' l.:__ Pyt

introduced by' Lang and Tuomola (l9745. Ayeraging of the MUAP's from a

single mofor unit to 1mproye‘ definitipn has also been ‘performed' by :

Partanen and Lang (1982} in theirm study of rMQAP parameterﬁp‘fnf
polymyolitis. Recently,lFalck (1984) reported the ,nséw of a special‘l
electrode with: both 'single fibre- and ¥ concentric needle recording:-
-surfaces. -Tﬁe single fibre potentiale recorded Iare‘“~used fasf‘% ﬁ:~ ”:f( ‘
syﬁchronization‘ triggers for averaging the concentric needlelrecerdedT"'

potentials. The’ reSulting average was a more precisely defined MUAP of .

a 51ngle motor ' unit than can be reproducibly obtained from a single- L
/

et . i

/firing of the motor unit. ' - y"\j; 2 ’33;\j1”f‘3¢_j?;_,*31’¥‘
Vs _ . g Sy e
* Stalberg (1984) has reported a technique of template matching:

- and averaging of' MUAP s to extract a single, Jpure MUAP from thef

i : : hd

background noiee._ The - first eight MUAP’s from a motor unit are chosenf'”n“‘

by trigger 1evel “and - displayed. Theseg‘pot tials are chéﬁ[ﬁse :

automatically, or by operator, control, choose th

—one as a template. : When eight MUAP 5 suitably simila zte‘thh”choaen

easurements'and

template have beep/found, they are averaged. Subsequent

.analySis are then carried out.‘ If continuous potentia electioniispr

performed by setting the trigger level near the level of ;the' ambient: .-
‘ n01se, small amplitude MUAP s can be chosen, by the operator as the ‘r v

initial template and suhsequently analyzed. It is pointed out that i ..

-
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lower ‘amplitude potentials are to be analyzed rise time constraints

should be ‘seti o assure . that volume conduction effects are not

u
K

. ‘appreciable factors in the parameters. measured.

Andreasson (1984) has developed a computer based collection and

' .fmeasurement 'system." The collection ‘algorithm is based on a pattern

. recognition‘and template matching " scheme. The -system automatically

selects suitable MUAP s from a population of active motor units. _The

iforce levels‘for these contractions are such -that 'a full interference
:pattern‘ﬂis‘ not created. The initial potentials are used a5 templates

classified as belonging to the template w1th -the least total square

difference._- Classification of~ a WUAP‘ to a specific template is -

+ »

equivalent to assuming that the MUAP originated from the same motor unit

tl

‘ff‘,as it s;template.-'Classified MUAP s_are stored in buffers w1th their

" respective -templates. When, for a parficular motor unit there are three
BT Lo . M '"' ) e, L : . o

-'.‘very:similar MUAP‘s -each is aSsumed noiSE“free.' They arez averaged and-

lmeasurements 'of the averaged result are performed automatically. The

"j algorithm continues until a sufficient number of diffgrent MUAP’s .have

- i

been measured. ' Statistical’ analy31s of the measuremen s 1is also
i . .

performed and displayed. This system is now commerciall: available.

The future common use of this system in modern clinics is expected.

McGill and Dorfman (1983) have also developed an analysis scheme'
which extracts averaged MUAP s from populatign; of active motor units.”é

The averages are’ based on synch trigger Spikes corresponding to- theﬁ‘

»

individual motor unit firings. The trigger spikes are obtained ‘from the

decomposition of the high pass filtered interferenoe pattern recorded

and success1ve potentials are matched to these: templates. The MUAP’ s[ '
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-
-

during wmoderate muscle contraction, The decomposition extracts the

-

firing times of each of the dominant motor units composing the 'measured

interference pattern. ﬁp to fourteen motor units can be resolved from

the composite‘EMG.

-

"unfiltered interference pattern.

and the

A
2

The averaged MUAP's are then obtained by using these
indiyidual motor unit firihg times “to gynch average the original

The averaged MﬂhP's are‘then measured
L g

data-statistidally analyced;‘ This method has the advantage of

lu‘-\ F“ " L

being able to extrace those MUAP’s which are aétive ,only during high

levels of

‘some situations.

contraction,g which might have significant clinieal value in

compiled by the authors.

Normative ‘data for this technique is presently being

Tk

Coatrieux et al (1983) proposed a pattern recognition scheme for

the automatic Vclassification of recorded MUAP’s. .The basisd of;
comparison is representative'- |
pathological hmscle.
subsequentlytrecorded MUAP - S‘.normaI. or pathological!r.based on a.*l
Vyncomparifaniof‘ characteristic features fofndtslehapeinith'those‘ofkthe.
representatirelpopulations.
; yet been reported.

Analysis ‘of single MUAP s

T

about the

-&. :’..

.

indiv1dual motor units.

_.i

-populations ‘of MUAP s fromi‘normal “and

~ The program then automatically classifies a-

o

‘ 5
-~ .
e
5 . ]
N

s . RS

provides morphological information; s

If a statistical population of MUAP’s

» from different areas throughout the muscle is analyzed morphological

information representative of the whole muscle can be obtained.

.

.

-

Clinical suceess of this‘procedure‘has'.hot[

a.
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Representative morphological information can also be.obtained by

L

,Janalyzing the interference patterns recorded with suitable electrodes

. during moderate -to high levels of force. The next section discusses the

basis of the interference pattern and techniques of extracting useful

information from these patterns. >

Wh

)] . . - o
2.4.4 Interference Pattern.Ad;lysis-rf e o

An interference pattern (IP) is created when the individual MUAP

'components of the .interstitial current* field 'as‘ recorded by an'

"electrode, overlap in time and_space. The result is a composite signal

in, nﬁich the component parts are either impossible or at least very

difficult to decipher. Information specific to individual motor units

- . T

is® not available. However, information, in a general sense, about the

B
‘size and interactions of the motor units represented in -.the composite
‘s -

-

The composition of the IP is dependent on the number of active

'motor units, their‘ size, spatial distribution and firing times. The

' 2

. §random nature of these factors result in the -IP being +a stochastic

r“ - x\
vl n

-process. : uThe:"IPf is; ‘therefore, best described by statistical_‘f

parameters. . ‘The IP recorded is also dependent on the type of . electrode
used, its position in’ the muscle, the ‘muscle and the level of

contraction. These factors mist be acdounted for in any ‘successfuli,
N [ ) . P :

analysis scheme, LT o 4 e



fIP on. discharge rates’ and the level of recruitment has_ sometimes 1ed .to-

el

2 _ L o Yy

The information contained in the IP is of a relative nature and

can be extracted by comparing the responses of different muscles durlng

similar ‘force producing contractipns. : The compositions of the IP’s

-

reflect the relative number, slze and firing rates of. the active metor

units of the tested muscles. This'comparative information can indicate,

the state of health or. disease of a muscle, . . ~
T . by ‘

A muscle composed of & certain numbgr of motor units with given: .

siée'_and spatial distributions, produces a specific level of fonce

through a certain interplay of recruitment and rate coding. This‘fau'

inEErplay _results in the creafion of a current fiedd, which whenk

T

. > \
recorded by a’ Sultable electrode, results in an IP." The IP will hgve

[ *

Lo
»specrfic statistically describablc features. Cnanges in the number’ of

wy

motor units, their'size or spatial distributions, wit], change the

_jinterplay of. recruitment and rate coding performed for\a specific levequ'

/‘-- -

of- contraction._ This should be reflected in the' values "of the 1

N

'statistical parameters used to describe the IP.I This dependence of the_‘

O'l

it being called ‘a discharge or recruitment pattern.;, T - °

The type of electrodes usually used . to recq:
)

becauSe of .their“ wideébclinical acceptance and for

relatively low levels of contraction, with which IP’s can‘be recorded.

Ls

Due to the limited uptake area of these vtypes‘ of electrodes and the »

’ statistical nature of the IP descriptive parameters, several collectiona

and measurements must be performed in different muscle locations. :
B . v a . - .
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concentric and monopolar needles. These needle elect odés are - used‘f‘

. a
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Early attempts ‘ at descrihing the IPswere  strictly of a.

-

qualitative nature. The 'IP . Was deserihed simply' Aas full or open

(Bucthal 19Q4? The first attempt at quantifying the IP was by Willison

. -'. J“
(1963) j_ &Esuribed the I by ‘the number of turns per second and by

A ey .. J ‘, »
the mean amplitude of the turns..'A turn-‘was defined ‘as a potential

reversal hav1ng an'amplitude greater than .1 mV and the mean amplitude

-

as the total absolute amplitude of all reversals div1ded by the number

[P

\

of reversals. The; analysis was done at different standard levels of

-
3 P "

force." This analysis attempted to medsure a'generalized firing rate and

"5

MUAP amplitude.”, The analysis Vwas found to be able to differentiate

v . between normal add myopathic patients Eﬁillison 1964)

v

Willison s original analysis wis done manually with photographic
film and . specialized mechanitai}.equipment. ,The ;process‘.was then

1mplemented using electronic cire
f

1965 Fitch 1967, Hayward and Willison 1973). 'The accuracy of the‘

_ electronic analyzer and’the variation of the results with level of force

of this study showed that thet‘electronic“‘equipment ;was faster and

;iproduct%pn was also‘investigated;(Rose and Willison (1967): The results

4,

L]
b

suitably aCCurate.‘ It also pointed out the importanne of maintaining

:

Vstandard levels of force throughOut the data collection.

S

=
Bt

o

. Colston and Fearnley (1967) measured the integral of the amplitude per_

second as, well as a turns count at a standard two kilogram force level.“

L

Fusfeld. (1971) electronically measured the average wave duration by -

triggering on zero ‘crossings.‘ ThlS was - believed ‘to .be-'a simllar

analysfs ‘as’ ‘Bucthal’s - measurement of MUAP duration. The author found

o . . P R

ts and couhters-(Eitchb‘and. Willison

Other early methods of quantifying the IP are also reported. .

" e



~

reduced average wave durgtions in myopathic muscle. A computer based
system which did both IP ahd single MUAP analysis wds developed by Kunze

(1973). Kunze_meaeured the.integral of the amplitude per second, the
potential time per_second'and the number of .phases (sdmilar to number of

-

~,,turns)rper second. ﬁe,produced various plots - of these variables and

-

claimed the~ ‘ability to differentially diagnose wmyopathies and _

.
- -

- , - "‘\ _ ﬁ

.

neuropathies.
The usé of computers for this type of analysis was studied by
other reeearchErs as well. The ‘output of the electronic equipment p

introduced by Fitch was fed into a special Biomac 500 computer in a

later etudy-(Dowling, Fitch and Willison 1968). Thelapplication of the

~— : Co
. " .
PR 4

computer allowed not only'the standajd medsurements to be made, but also
histograms . of the times bebween turns and the amplitude per turn to be
PR s : ‘ i :

the -differentiation of negropathic and myopathic patients. Kopec et'al’

deyeloped a specialized computgr to investigate the 'I?;" -The system
. - . . . ! .

created histograms: of ‘mean duration, mean phase duration and mean number

.
: -
i’ S

- of'phaees‘for up 1024 collected MUAP'sl:‘lhE'“technigue 1is similar to

“that " of Buchthal, except that the MUAP’s are defined in' the IP and “ire’

_éompiled.' This additionaleiﬂformation was found to be very useful in

not gfeasured in iEolation. Hirose and Sobue (1972) 4nd fater Hirose et -

. . " -

al (1974a) _also performed the Willison technique using a computer for

=
the measurement and statistical evaluation. These authors found that

_the‘.technlque “had ‘successful clﬂnical yields for myopathic patients e

(F\;Lr_ose et al 1974). Hirose e‘:’ a'1~ (1975) ‘found"that AE. the definition

pf a2 turn was lowered to 05 V- and the muscle was contracting at

WL T . -

maximum voluntary effort 'that a better separation between normal and .



myopath@tie_nts *could be abtained. - .
. . e R
ST NS B - -

- iIhe effects of level of contraction, sites chosen in the muscle,
number of s%\es chosen. and contributions of other muscles to a produced
LT .

.

force,»on the measured Willisoh parameters of the IP was 1nvestigated.by

' .

s ' Fuglsang-Frederiksen and Mansson (LQ]S) This study suggested that thej

- chosen muscle sltesabe,evenly distributed, that at least ten sites be

o
L —

S ‘ "ﬂ_”?’ investigated and that antagonist actiVity during force production did’

R

not significantly affect the measured IP parameters. More importantly,
-t L]

theylﬂprOposed that the level of contraction should not be a fixed. level

. of force;ﬁbut“instead”be#a fixed proportion of the wmaximum voluntary

TR . T . ' - : L
wie "% 7 contrtaction possible. . This. “was intended to account for the different

o - relaeive strengths of the tested subjects. This protocol would then

. S e ”fr . ‘ Lo . - .

..»have each subject exerting an equal relative amount of effort. "In a
nsubseeuent study, this‘mpdified Willison technique, "complemented with

1

single MUAP ‘measurements'v resulted in 90X accurate.clinical diagnosis

)’/, ' p‘ (Fuglsang-Frederiksen et al 1976) The ratio of the number of turns ‘to
)‘ i ' the mean amplitude was found to be clinically most useful.
- B iy, h - .

stated that these techniques were not-widely,used;clinically. lThis
. ) . ) . : . . . : .v . " N . N i : .
might have been dUe to the disparity.of the reported accuracy of these

. N ‘ 7 . L]

. P
J [l

~successful ‘in only two out of seventeen cases. While Hayward (1977) and

-

In thelr review of quantitative EMG practices, Boyd et al (1976)‘-

. techniques. Valli et al (1976), in a study of the effectiveness of
-Cgﬂ . ‘ single MUAP-meaSurements and the'Willison‘technique for the detection ofl

. cakgiers in, Duchenne'_muscular dystropy,; found‘ the__latter to»,be_

Hayward" -and Willisen (1977), ’usihg a only slightly modified Willison

technique;tshowed reproducible changes,in measured parameters due to theu

i



. - . *
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effects of ‘age in - normals and in pat‘ients with chrenic denervation.

. "With such discrepancies in’ the success of the éxisting techniques being

P

reporteds alternate ways of ‘analyzing the IP were developed. Fusfeld

{iﬁdﬁ) electronically measured zero%crossing peak rates, negative wave

durationsﬂ and  wave rise times. He then proposed a method using 1inear

discriminants to determine the clinical state. of ‘a muscle (Fusfeld

1982). e C )

&

The dependence of the measured parameters ‘of the TP on the level

of contraction can be reduced by calculating the ratio of the 1ogarithm
‘of the number of turns to the‘logarithm of the mean amplitude of the

turns (Cenkovich 1533)._ This xatio was found to be independent of the L

force of the contractioh. Its clinicel value is yet to be‘ determined.
. - ' g
Stalberg et al (1983) avoided the need for standard contraction level by

‘plottlng the number of turns versus. the mean amplitude of the - turns for

f ;

r

various 1evels of muscle contraction. U51ng a populatlon of mormal -~

' subJects,‘an'area in the plot.or:‘cloud'_is ‘defined. -Patients having

* ‘more than two résponses outside the cloud area, on the same side, e

defined as‘abnormal. The method‘ is reported to have high clinical

vields: with mYQpathic and 'neuropathic reSponses falling in’ opposite

areas of the cloud’ . S ; ',‘_‘ o

All of the IP analysis methods described above deal' with--time

L

domain representations. However, .all of the parameters uaed can he

.

conceptualized in a frequency domain context. Frequency domainl studies-'

-

- of the IP were first proposed by Richardson (Walton 1952), who proposed

J—

a ratio of the pover in the. recorded signals above and below 400 Hz
. C

respectively. Walton Gl952) used an audio frequency'spectrometer to

.o
1

‘,. ) | R ‘« : | Gy
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measure the IP and found an increase in the high frequency components of

-
- IPfs recorded from’ patients with musculap dystrophy. Fex and Krakau

(1957) however, could“not reproduce Walton’s results.

The'frequency spectra of EMG signals collected from Amuscle

'~ stimulated. at - fixed. rates showed some differentiation between normal and -

. .

myopathic mdsoles (Cenkovich and Gersten 1963) 'This‘study showed_ that

. . W

the individual MUAP durationé and firing rates influenced the EMG

L]

spectra. These authors~proposed that a hyperbolic curve be used to test

for . significance of -high frequency,harmonicvelements in the'spectra.

e . The eqydation of the hyberbolic curve was determined by half of the

Cd
.

b
maximum product, of the 'frequency 'components- ordinate and abscissa;

values. High frequency components exceeding this hyperbolic curve were

déemad significant;' This' hyperbolic limit was determined empirically

e N
-

" based on, the EMG spectra obtained. It was. found that only the

- Y

‘ patholo icall short otentials the myopathic muscles cons1stently‘
. glcally P ~oE-

exceeded this threshold and it could therefore be diagnostically useful. :

Later, Gersten et al” (1965), studied EMG. Spectra from normals and"

patients with myopathic and neuropathic symptoma. Auditory feedback was

4

used to maintain relatively constant firing rates and some clinical

~

yield was reported o L . ‘ B o

Frequency analysis of the IP was also performed by Larsson

B

(1968) in a study w1th patients with neuromuscular disorders.- This work

a
clearly showed increased high frequency content in- EMG spectra obtained

from myopathic muscle and a»shift to lower frequency content of the-EMG

spectra with neurOpathies. These results proved the‘Value of this type

of analysis. - Discrepancies in the spectra: of EMG's reported for



. “w ' . -

= patients with lesions of the peripheral motor nerve were explained as

-

4

being related to the duretion ‘of the clinical symptoms (Larsson 1975).

' In. summary, it has beerd clearly demonstrated that the analysis

“ of "the recorded .IP can’ yield useful information‘ in' the clinical .

.
]

assessment of muscle-. Expected intra and inter patient variances, along

e

with ‘normal’ mean values, must be determindd for eacg descriptive

parameterlfysed for each specific clinical recording and muscle

. . . A

contraction protocol. The time required to perform the data collection

and analy51s has limited thé use of quantitative techniques _?B specialv

clinical .patients’ (Daube 1982)._ It is hoped that with further

development . of computer based collection and analysis systems that time

. will ne longer ‘be a factor. R ' . k N : ‘ e

L3

o

2.4.5 -Single Fibre EMG

*_ Single fifre EMG (SEEMG)-isithe collection and analysis of . EMG

signals . recorded with ‘the_nsingle fibre mneedle electrode'previpusly

+

. S ‘ o : ‘ ~ -
described in section 2.3.5. The analysis ' is performed to obtain

information. about normal and pathologic motor units. The filter

settinks used for . SFEMG are'typically 500 Hr at the low end to reduce

the " far field contributionswto'the*recorded‘signals and 10 xné at the

_ high end to suitably neproduce the single fibre action potential.

SFEMG is used to meaSure motor unit fibre Edensities (Stalberg

“and Thiele 1975) A SFEMG recorded MUAP is .composed of the

e

contrihutions of at most only a few muscle fibres - in the . motor unit.

The number of contributing fibres can very often be.determined by~the

- ste
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shape of the recorded’ MUAP. The average number of fihres thought to:'be

“

contributing to a£ recorde& MUKP 1is taken as a measure af the fibre

~. il H

den51ty of a'motor unit. This average is obtained by sampling twenty.

"

different sites in the muscle. B P

.

be studied by measuring neuromuscular jitter. Recordings are taken from

a motor'unit whose MUAP has the potentials of two distinct fdhres,

. . .
L \\

duriné‘ a constant low force muscle contraction. The variation of the

interval between these two potentials is the jitter. The:  jitter is

bimodal and \%ayésian distributed (Thiele and Stalberg 1974). This

1

) '“variatibn'is subject'to slow trends which can affect the results of a

Al

study and is therefore expressed as a mean consecutive dlfference (MCD)

- i
¥

(Ekstedt et al 1974) A study done on patients with myasthenia gravis

showed that they had significantly higher MCD values than normals

(Stalberg et al- 1974)' If the second potential is absent for a firing

“
v -

'of ‘the motor unit, complete neuromuseular transmis51on failure for that

flbre, ‘has occurred.. Complete neuromuscular transmission failure or-
blocking, i§ rare- in normal muscle and is an indicator of neuromuscular
® -"..

transmission:problems..*‘ﬂ

.

R

The selectivity of, the SFEMG also lends itself to the study of

firing patterns-of motor units.‘ Stalberg and Thiele (1973) studied the
variability;»of motor ~unit firing during constant forc% muscle
. £ 7 . , . :
. contractions. . They found that the variance of the firing rate was

- mostly dependent ‘on fluctuatlons.in the motornedf;;sjdepolarization _and

onLy partially due to threshold changes. They therefore suggested that

.
K

_ firing rate variances might be of ‘some clinicalvuse. SEEMG weedles were

“y . ) . : 54

- The consistency of neuromuscular transmission -in motor nnits can .
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-

also used in attempts ta diatinguish tonic and phasic firing patterns of.

motor units (Stalberg and Antoni 1981). - ‘ .

2.4.6 Macro EMG S .

i -
ir

. . Macro EMG as described earlier in section 2.3.6, is a new EMG

recording technique introduced by StalBerg {1980). The Macro EMé is the
result of synchrqnously averaging therelectricel fields "'sensed by the

N

cannula of a “needle’ electrode. . The synchrgnization is provided by a

single fibre recording surface located in the plane ‘of the. .cannula

T

',surface. The MUAP’s recorded by this-selective recording surface are

used as pulses to trigger the averaging process.

A

At low levels of.contraction, firings of a single motor .unit can

be obtained for 'triggering “the avéraging of -the concurrent cannula

4 +

response. The synchronous averaging.extracts the individual motor unit’

- AR Y .

contributions to the . cannula »recorded signal. The noncoherent

.

~

background activity averages toward its zeros mean value. The resultxng

average of the potentlals ‘recorded by the cannulalis the macro motor .

‘unit potential (macro MUP). o

Macro MUP's are the‘average'motor unlt response pver the entire

motor unit’ territory, as seen by - the cannula. Therefore;'they contain

" :
'

information—not present in other needle reqorded MUAP’s. Based ~§n
. — . . l.' ‘

models of single fibre action potentialsland needle cannula recording '
.properties, the_macro MUP was simulated (Nandekar and Stalberg . 1983).

The simulation was perfbrmed to -investigate the effects of several

; LR . PP
factors on the shape of the macrp MUP. The 'factors studied were:

o
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A
2

\\*presentlyfﬁeiﬂé‘carried‘out (Stalberg-l983). o ' .

)

" madro MUP’s aretgenerally lower in amplitude than normal “results. The °

.Vclipicaf:EﬁG'bfactice ahd of jits use 1in, conjunctipn with SEEMG is

nunher of fibres in a moter unit, fibre diameters, end plate scatter,
N y ) !
nerve branch delay,” motor dnit‘territory.and,electrd%e-position. It -was

found that the number of fibres and the mean fibre diameter acted asl

gain factors for the MUP at all needle positions. It was also found

that the macro MJP was sen51tive to the location of the recording site.

Near the end plate, the MUP depicted end_ plate scatter. Away from the.

end plate;. the macro MUP: displayed the fibre diameter distributiod&

Most importantly, it was determined that the area of the,macto MUP was

- -

amplitude.J s N _

Stalberg and . Fawcett (l982) collected -MUR”* from eeveral

different muscle; of norﬁa& subjects of varying ages. Their datﬁ is to.

. .

be used as’a data base for normal subjects. ?Results for patients with_

variOus >clinical symptoms have -also-: been dbtained. Stalberg (1983f

. Feports scme of the general cnaracterlstics of the macro MUP recorded in,

patients -yith different clinical symptoms. In primary myopathies: the

v,

Y

shapé ‘of macro MUP’s often'-hecome_fmore fractionated. The area and .,

-

©

amplitude Bf the. macro MUP is’ typically increased in conditions of "

LY

. . L . . . . .
reinnervation. In motor neuroh disorders, the macro MUP amplitudes range -

from normal to 1ncreased dependlng on the di sdase duration and rate _of

.
L3

PrOgress.. - Further» asbessment of * the value of macro EMG as a routine'
L - - .

more ‘indicative of ‘the moter unit sike than was its oéak to peak ..



- The mathematical and computer simulations showed that the shape

1 e
»

of the macro MUP- is determined by the morphology of the motor unit from
which it is” recorded. Therefore,- techniques aiding in clinical

‘diagnosis via automatic recognition of shape features of macro ‘"MUP’s are

o,

being developed. Some initial work: in this area has been ‘done by

. “wr

Nandekaﬁ; and Sanders {1984) and by Nandeksr et al (1984). This work

.consists of representing macro MUP’s by Aspecial orthonormgl'-basis

functions, - which are determined from a suitable selection of normal

macro MUP’s. Macro'MUP ‘s are classified as“'abnormal if they fall

outside a 982 probability cluster in the feature space of the normal

o . . S

population.; A study is consiﬁered abnormal if more than 2. -out of 20

-

..

macto MUB’s are classified as'abpormel. Work_of'this'neturé. in which

‘Computer based systems aid"the clinician ‘in the investigation and

-+ I . —
diagnoeis of patients, is of great value and: shows ‘much promise. B
2,47 Scanning‘EMG A .-

Scanning-EMG is a recording technique which investigdtes the" “T;fzz
‘orgenization’ of da motor unit. By mov1ng an EMG electrode through the |
: motor unit, a continuous scan or electrophysiological cross section is
itobtained (Stalberg and Antoni 1980). V A sinéle fibre electrode ‘is

-p031tioned im the‘ muscle to record MUAR's. - “from ' a vqluntarily,

. . ' -
consistently_ actiye} low threshold motor unit. A separate concentriel,
' needle‘electrqdetig"inserted close‘to-the single fihre electrode. The
- . . . v : . :
MUAP's‘.which .are recorded by the single fibre electrode ege used as
‘synch triggers to averege the activity recorded.by'the concentric.neEdle
M ’
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. electrode. A, scan of the motor . unit territory is then obtained by

r

’ -moving the concentric needle, in step intervals, through the motor unit‘

while recording and storing a synch averaged concentric needle MUAP at
each location. ,Specialized computer processing and displéy algorithms

then produce raster scans or grey, scale plots of the scan results..
' - These plots show the electrical activity recorded as the neédle

.

" - S

was drawn through the motor unit. The consistency and extent of the -

4 -"L- .
motok unit territory is evident. Fractionationlof ‘the motor unit is.

. - W'
EN . 3

seen if some patients~w1th muscular dystrophy. The technique,,with the

1l

7:modification of recording from the cannula of the concentric needle, has

T

also been used £0 show the stability of macro MUP’ 8, with needle

" .. position; within the,&otor'unit.

L. . B ¥ ~ . Lo
: ' e}
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‘2;5‘;Kate Coding and Recruitment Studies

. %, -
- P . b4 .

“Discharge patterns of single moéorkunits, or groups of active

v

motor units, during various voluntary muscle contractions ‘have been

A

7studied by the use of selective needle electrodes. The’ firing of

lindividual motor- units. can be determined by the unique shape of their

v - -

,.

".MUAP s as recorded in an EMG 51gnal., Firing rate stu es involve the

time intervals betWeen the firings of: the same motor unit or inter pulse

‘_interval (IPI) -These,IPI s are measured:and their .statistical .nature ‘

1

is. determined. ;Estimates;pf the mean motor unit firiné rate and firing

* ‘rate vafiances can be'obtained byestétisticalf analysis of the IPI’s.

The - way in which. the .firiné rates of the motor units change, with

changing or constant muscle force, is termed rate coding.

. -_-- . - - -~ - B
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The"investigation of recruitment is.a morerdifficnlt péik._ The

total number of motor units active aﬁ eny one time must be determined

Therefore the degree of-recru1tment during a contraction is measured in
relative, rather than absolute, terms. The force thresholds at which

motor units are recruited and the size of recruited motor units have

been studied. . o -

BRY R
N AR

'-.

performed mainly by physiologiets. The clinical use of this type of EMG _

analysis has not been widely reportea in the literature. Scme work iato

the possible use of this information has,, however, been done (Freund et

al 1973, Stalberg aad Thiele 1973, Prochazka]et al 1973). .

The statistlcal properties of motor wurit- firings have been

\

e

L

Research into discharge patterns of° motor units Hhas been

investigafedh The analysis of histggrams of the IPI’s have shown that

the firing of a motor unit is  a. nonstationary,” independent, gau551an

. renewal process (Clamann 1969). Th= variance of the IPI is found to be

‘a function of its mean (Person and Kudina 1972, Clamann 1969), with the

B r

variance increasing along with the mean. Slight but not 51gnif1cant

serial correlation of the IPI s has been repotted by De Luda (1979). It
n, ) .

has been suggested that the nonstationarlty of the IPI’s ‘is a function
- : . . ’ , .

.
. .

" of the force level and time duretion‘ of a"conrraction (De Luca and

~
e N

Motor units’ are recruited and'decruited based on a certain force

Ll

threSholds.» Once a 'motor unlt is recruited it remains active -

throughout a contraction or until the force drops below its decruirment'

threshold‘ (De Luca and Forrest 1973,‘De-Luca et al 1982a)._‘Moror unit

.recrnitment follows the size principle introduced by Henneman (1965).

.. .
A P.

e

FIRN
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This states that larger motor units “are recruited at higher levels of

force. This was also’ found by (Milner-Brown et al 1973b) in hand muscle.

They proposed that the force contribution of newly recruited motor units
Coun ' :

_was such that it was a fixed ratioc of the total force being produced ' by

the muscle. Crimby and Hannerz (i963), howauer, showed that the

recruitment order was dependent on proprioception and the .velocity of
~ N ' . ' . ‘

the contraction. ‘ "

Firing rates reported in the literature have a wide variance.

. The tates quoted vary with velocity and level oﬁ~contraotion and with
_the muscle being studied; Minimal rates are in the 5- 10 pulses per

second range, while maximum rates range to 100 pulses per second (De R

Luca 1979), Milner—Brown et al (1973c), measured a linear increase in

-

firing. rate with force increase,-‘independent of the recruitment

threshold. They also found that a change in the rate of force | increase’

changed this result. . In ,a ..study - of various muscles contracting at.

maximum effort it was found that the mean firing rates‘for each. muscie -

varied roughly in proportion to thﬁ&r respective ‘twitch contraction and

_half’ relaxation times (Bellemare et al 198 ) These authors proposed

that which is sufficient to produce maxim “Force in each-motor“unit.'“

Studi s performed‘withuselectediforce rates in different muscles

Ahame” ‘suggespged various strategles of recruitment and rate coding

interplay. Bigland and Lippold (195%),!recording‘from hand ,muscles at
low levels 3 force,:concluded that most of the muscle’ s\force 1ncrease
was produced by recruitment of new units. - They reported little rate

0
coding for the_increase of ree. Milner—Brown et al (1973c) found that

.
.

-that; the range of “firing rates %f ea h ‘motor unit pool._is limited to
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for the first"dorsal'interosseous muscle récruitment was‘primarily used
to increase force -at low levels, but at higher levels of force, rate

coding was the primary control element. Kukulka and Clamann '(1981)

compared | the recruitment rate codlng 1nterplay in the adductor pollicis.

and ‘biceps brachii. - They found similar control mechanisms td

' Milner—Brodn et al (1973c) for» adductor pOlllClS. However for the

'

blceps brachli it was found that both recruitment and rate coding were

.

used relatively equally to control force at 1evels up to 90/ of maximumu_ .

voluntary effort.

De Luca et’¥al (1982a) also stated that the fnternlay of =~

‘:recruitment and“‘rate codingAwas dependent on the muscle. Thei; study

I
-

3.analysed Sl”nals recorded frdm the dcltOld and first dorsal 1nterosseous

_..
“ v

muscles,during triangular force—varylng isometric contractions reaching

40 and SOZ of maximum ‘effort. -'It was .seen’ that ‘a’ highly - ordered

- ) N Y
recruitment scheme, based on the motor unit excitability, exists in the

muscles studked. The firing rates at” recruitment were consistently

higher than 'at decruitﬂEnt. The differences in the inter?lay of

recruitment and Tate coding found for these muscles was similar to those

’

‘ published by Kukulka and Clamann (1981) for the adductor pollic1stand

o the biceps brachii.w :

an

De Luca Et‘ al (1982b), performed crose—correlation analysis

between force and firing rates of the individual motor units and between

' the firing rates of the individual motor units, using the data extracted

by De Luca et al (19823). These analyses showed the existence of a

common drive for active motorneurons in a single muscle pool and “that
Ea

‘rate coding leads force production in a size related motor unit contrql

R

LR )

—
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*2.6 A New Recording and Signal Processing Rrotocol _ ’ ey )

The * above review of EMG recording and . signal- . procesSing_.

.

. . S . . Y
techniques reveals the  wide - elinical use of motor unit morpheological

data. The lack of the clinical use of ‘specific motor unit temporal or A
S : F . ‘ . " -
! discharge pattern informatlon is also evident. ‘The clinical value of >~

-

temporal data has not been thoroughly investigated. Nonetheless, it ;is'

logical to expect dlfferences in the way neural control 1s effected with
‘variou§ neuromuscular disorders. Changes in the neuromuscular structure
:Gyould‘ cause such adaptation kn the methods of controlling muscle force
.Tproduction.‘ These. changes. would then be rerlected in the results of a

discharge pattern analy51s. Témporal data might alsb be useful in
3 : - . - -
determining the’ existence of central nervous ﬁsystemn disorders. The
. e .

gquantification-,of "the firing patterns could indicate tremor or other .

-

*

pathologic conditions of supraspinal origin.
The research performed to study the neural control . of muscle has
primarily been_ done . by physiologists. " The techniques involved in this

type of research presently require the manual decomposition of the EMG.
"signal into its component parts or operator—aided computer decomposition )

“. T
(LeFever and De Luca 1982). Both of, these methods require too much - time

to be clinically feasible. ‘The inability.to readily measure gemporal

aspects  of the individual components of the . EMG, and to estimate the
‘ . )
amount of rate coding and recruitment being effected, ‘precludes the use

.of varying neural control strategies as clinical indicators of pathology.
. it
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- .

- ‘A new recording and signal processing protocol has BeenA*

developed. -1t 4s an initial attempt at developing a‘tool'which would

eventually be used in a clinicai setting to aid in th diagnosis of
r P

neuromuscular ~disordéts. The recording and signal pro essing preteccol

is designed. to extract both motor: unit specific - temporalt _and

morphologiéal' information, as utomatically “and accurately as_ is

practical, in limited.tine. The timenlimit; is depﬁndent one‘what ~is~ :
I_deeaed practical in a clinical setting. This tool may also be’ used to -

facilitate further physfological research” in this area.. A _general‘

» .

) description of the protocol follqgs. T

Wl g

Signals are obtained us/ng .a standard single fibre,__needle
N - e N S ‘
elpctrode,  during comstant force or force varying isometric

contrectibns. ‘Two channels of EMG data, along with a force. tramsducer

-output, are  recorded and stored. One channel records the potentials’

measured between the single fibre surface of’ the needle and ‘ didllnt-

-
[
1

surface 'reference.‘ The becond EMG channel records the response seen
'betWeen the needle cannula and the same distant surface reference. The,'

EMG. -51gnals ‘are suitably differentially amplified and band‘ pass-'

-

filtered The pass band of the single fibre channel is 500 Hz to 5 KHz, =i

while the cannnla resPonse .has a pass ‘band of 8 Bz to 1 25 KHz.

y i N PR »

A force target range as well as the subject’s actual force

output, as measured by a force1 transducer, are displayed on an

3

- oscilloscope. The force target range is set at the desired &onstant

‘levelv for constant fqrce contractions. Alternatively, the force target

can be swept through a triangular force pattern of 30 seconds ‘duration.

k)
- -

The Subject 1is instructed to perform a smooth-contraction with a force:

.

s



R
Rt My

her,

I

output within the force target range¢  Force ranges:}to‘ 50% maximum
fﬁoiﬁntary effort are performed., Figure 2,2 shows, schematically, the

[}

recordind sé?’up. o~

. 'LTQe neyral control'iﬁformation 1s obtained by the decomposition

-

~of the signal, recoarded by the selective surface of the needle into its
component * motor ' unit act}on potential trains‘ (MUAPT'S) by_ an
interactive, .. sgmi-automatic computer algorithm to be described in

complete detail fﬁ\Chaptet‘Q} The IPI s of the individual MUAPT’ s are

-

.xdnalyzed to produce the rate coding 1nformation. The  motor unit

morphological information is extracted by synchronously avéraging the

. cannulev'response using the individual decomposed MUAPT s as. triggers.

This results in macto MUP’S, similar to tﬁose deecribed by Stalberg .

*

.

(1983), for each motor unit found in the COmpOSlte 51gnal. .The various

force isometric tontractlions are used to elicit differing states of

v
’

‘neural :control. These. states can then be‘etudied by this techndque,

. .
which can track motor unlt firing rates and measure the relative sizes

]

k?f the active motor units analyzed.

I _ . -
Due- to the selective mnature of the .single fibre electrode,
. ! . .

N

“needle . movement hest. be monitored. This ';sf'té” ensure ' that the
populatioe of motor.units beingleampled_remains constant . and Ithat; the
.recorded MUAP;s‘ shapes do not change drastically. ‘Needle movement is

1"'asseeaed\%y the protocol used in obtaining a successful data collection.
The slope and amplitude of the selective needle signal is electronically_

) monitored. Amplitude and slope criteria  are set  to. ensPre that a

recording 1s suitdbly cloee:to;at leaet one'muscle'fibre of the motor

units studied. Amplitude values greater than'l mV with a slope greater
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.+ standard SFEMG needle was chosen because

\;obtained.

n

than 6 V/S are typical limits used.” The movement consfraint,'ﬁﬁich

states that these amplitude’ and Slo?g criteria must be maintalned

. X c
throughout the contraction, is then applied. A contraction is not
started until, at minimal force, this constraint is satisfied. If this.
. ’ ’ @ .
constraint is not wmet throughout a' contraction, excessive needle

movementkgg assumed, the data is rEjectedﬂ and another contraction, is

attempted. The pfesence of suitable amplifude and slope is indicated by

'flashiﬁgllights included with the eiegtronic monitoring hardware. A

'more'complete description of this hardware Ean be found £n Appendix 1.

:_‘This‘teéhnique‘is similar to combining SFEMG and Macro EMG. The

recording of the potentials of the single fibre channel relative to a

- distant surface electrode will make these recordings less selective than

conventional SFEMG. This increase in uptake area does not significantly

éltér‘ﬁhe,recorded MUAP shape, but does increase the potential number of
active motor units sampled.. The reduced high freqﬁéncy'éutoff of the

band pass filters compared to conventional SFEMG also does not

‘draﬁtically change the recorded 'MUAP shapes.. It. does allow a lower

f

'sampling rate ;B-be used.. The.usgfof a SFEMG needle instead of the

slightly modified 'MaCro,EMG‘needle results ‘in differences in the macro

’

a Mﬁ??gnobtaiqed.. The macro‘MUE;éhanges, however, are not 1afgea" The

-

.is ciiniﬁally more éasily ‘

:- . .The use of the SFEMG needle produces open signals with few .

?LSuperpoéitionsi of ‘the MUAP’s from different . motor units. Even at

’ .

_contraction strengths above 507 maximum voluntaxy éffon;, the number;::of

“superpositioné with this protocol is 1e§s than LOZ. JThis is due to the



“

-

-

-

*a

© too high (above 20%), -the decomposition time becomes excessive.

short durations of the measured MUAP‘s. The relatively few number of

superpositions‘ keeps the decomposition task tenable and the rsubsequent

time teqnired acceptably low. ‘If the number of superpositions becomes

Thus, the main'advantage of this protocol 1s that the jignals

L I . g ‘ : N
recorded by the single fibre surface can subsequently be detdmposed in

suitable time and with sufficient accuracy to be clinically u eful.' The

protocol introduced also has the advantage of extracting in ividual

- [+]

K -

motor. unit rate coding information and their corresponding macro MUP‘s.

This  allows "motor unit size to be ‘correlated with firing rates. The

-

decomposition allows the macro MUP s from high threshold. units to be

reliably obtained; Ihe primat? disadvantage of the recording technique

is the effeet on the recorded - single _fibre-_gignal to  minute needle
movements. 'Criteria and consttaints built into the protocol aétempt to

v ~

. overcome this, but visual verif&cation of the consistency of the data by

. the operator at the start. and end of. a collection, is necessary.

o

varying isométric contractions. are presently recorded on FM tape then

.

_‘digitiaed and stored on computer. The single fibre signals are’ then .*
_.decomposed - by .a operator assisted computer algorithm. The decomposed

SFEMG data along with the cannula responses are then‘-Processed to .

extract" temporal and morphological information. The next tﬁree chapters

.deal with these processes._

F

) Signals produced by this protocol during a variety of force
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. | CHAPTER 3 " o
7 ' : ' S . 5 . *
~"DATA COLLECTION AND. COMPRESSION . . : "
,‘ Iq . . . N ~
3.1 . Introduction : ST 2 ‘ ;
- ¢ , )
. 4 " . : -
g The new recording protocol disciussed in the previous’ chapter
proposed: ‘the recording of EMG signals from both a selectiye needle , )
" surface and the needle cannula, srelative to a distant reference. Thése {D
.. recorded EMG signals must be collected to be'analyzed by a computer

system; The term collected refers to the sampling, digitizing and

storing: of the data. The EMG signals recorded by the selective needle

surface are sparse 1in nature. This is to say, that for the majority of

the time, the recorded potential is simply ambient eléctrical noise. An

’ example of a céntinuous'cdllection'of this data can be seen in Figure
: ‘ rE : o S
3.1. ‘ S o o -

The events of importance for the new recording protocol are the
MUAP’s - of tﬁe"active motor units as reED:igE_Ey the selective needle

-égrface'and the concurtent activity recorded by the needle cannula.
oy race ar soncu " | by rees _ padte. 182
+  Therefore, the two ' channels of data must be simultaneously acquired. -
. The times of the MUAP occurrences are also important. The remainder of

the electrical activity is of no use and need not bevstored.

-

The extraction and storaéé of only the MUAP’s and their times of

occurrence - .during a data collection is termed data compression,

I3

. Compressed selective needle recorded data can be seen In Figure 3.2.
~ . Thé numbers: be;ﬁeen the MUAP’s represent ':g; eldﬁéed time in
48, :
- e - e s
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L . . »
milliseconds.  With the high sampling rates used to represent MUAP
' : & ’ :

~shapes and the small proportion of the total signal needed to be saved,

-t

. necessitates’ the use of data‘c?mpreséion techniques.

:data compression reduces dramatically the storage requirements of the

computer facilities used. The large number of MUAP's required to obtain
valid results and the collection of a second channel of data further

ER

~ The remainder 'of_. this chapter describes a ~new data
. oo . " ‘ .
collection—compression technique that collects and compresses two

- .
i

‘channels of digitized data, at differing sampling rates and stores the

time of oceurrence of each compression<epoch.\ Ihe structure of the data

\ F *

buffers and program interrupts used is'ohtlined;' The technique used to

]

establish thed\occurrence of a suitable MUAP is explained.’ Data
‘f. ¥ . N X [y

collection display routines are detailed 'Expected error rates ‘and

s

possible problems with the- technique are diseussed“ Finally, \hture

B

uses of the technique with dedicated hardware are mentioned.

‘.'-,.‘”‘\- E
R | ' S : R
T 3.2 Col]:ect'ign-(:ompression Structure - . '
. The collection—compression algorithm is implemented on & -

e,

PDP"11/34 computer u51ng aﬂLPS interface. The system can continuously
‘ : : : L

digitize, sample and compress data from two- channeIs. After

initialization and at the start of the collection process, the program

Y- o

moves thée data into a ring buffer.- The occurrence;of a_MUAP then causes

'ra“ section df the. ring ‘buffer, containing the désired MUAP to be

. A ce
transferred, to a compression buffer. The time. of occurrence of the

MUAP is‘stored.in a‘timing.buffer, fThis time is meaaured_as the number -

. - o
- . .
R 2
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v
v

., + of samples collected from the beginning of the collection, by an elapsed_

time counter.” A schematic of the this structure ican be seen in Figure

3.3.  When the compression buffer is full, it is written to a compressed.
. .

data file on disc via direct ' memory access (DMA) The

collection-compression is continuous but for these brief interru tions,

V b

“until ' the timing buffer 1s full or the 'program is 'stopped by the

operator. At this time, the current compression buffer contents are
. »
added to_ the compressed data file on disec and.a separate file is written

on disc, containing the timing buffer _contents and ‘information‘¥

4 ‘ pertaining to the details of the collection—compression. xﬂf)

Program initialization is the’ Q§rocess of quantifying program
+ . L.
'_parameters, the calculationm of necessary offsets or congtants and the

“

sqsfting of counters .or timers. Program termination routines’ stop. any

S . ongolng activity and store any remaining information needed. For‘the

Bction-compression program just. outlined 'the initialization and
terminatiom {is, performed by a Fortran master program. Inputs are

¥ obtained under this Fortran master and later passed 'to an assembly

-
-

language routine. Outputs are then passed from the assembly language

routine to the Fortran master at the *end of a. collection~compression_‘

Lo - s ! . - - - . 7 . *
: (;;)//, _sequence. _ ‘ ' C L -
: iy . B . E ' o . . e - .

- - '
The main parameters accepted by the Fortran program frgm_ the

operator and passed to the assembly language program, either directly or

W in a_further processed format, are: collection sampling rate, number of -

channels to be collected, number of samples to be compressed for each

e

MUAP, ratio of collection and compression sampling rates for channel

-

two, ratio of record to playback tape speeds and the minimum time
. g . ¥ .
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. between succé!sivgwyUAP's allowed. The Fortran master defines the
~ .

length of the ring, compression and timing buffers. Tt supplies their
_starting addresses to the assemb%y language routine jalong with ﬁthe .-

address of the DMA channel, the address of an elapsed time-buffer used
/-\-r‘

‘to time the DMA writing epochs and the maximum number of MUAP’ s that can

be coﬁpresstd. The maximum number of compres51ons that_can be performed y AW

is dependent on the length of the timing buffer.

‘i

S fhe.assédbky lauguage program, based.on'the information “passed

to it from the Fortran master, then initializes the necessary offsets,

incremeuts,__innters,. DMA paramefers, i;terrupt -'service rOutine
aodresses, interrupt priorities and 'the LPS A/D cohve}sion and: elock o s
. : ’ C N S o

hardware. The collection;eoupression process is then started = by

pressing. the:espace bar of tﬁe eomputer‘terminai, Which starts the LPS

clock. . - - - -t

The '"collection-coupression algorithm performs several
: K _ ) : ‘ T
simul taneous” functions. 'Two1ehannels of data are continuously sampied
and placed in a ring buffer.  When MUAB s are detected, appropriate dat&“‘ B

@ compression requests must be generated and the times of occurrence 1

stored. MMAP s do not occur in periodic fashion in a composite EMG

A si nal and several HUAP s ma occur clustered in time. Therefore
< . slg o o : - ;
compressiou requests must ‘be stacked and executed as.time permits. This ;}'““’fﬁf

{_ is accomplished by designing the algoritﬁm in the following way- ' ‘\\\\/ R

h/

The. collection~compression algorithm consists of five program

states. These program states are entered’ with the foll‘wing priorities. - 5-1.ti}vi

:_; The program first responds to a gampling ,interrupt. ‘It scquires— and - i“' .
" . .o “ . . } M ) ! _‘ . o -« . :
— transfers the new data samples to the ring buffer. The ring buffer e



7

’ pointer,andﬁfing buffer —counter ‘are - updated accordingly.. It fthen

.informa%ion to the timing buffer and the compression réquest stack. "The

- third priority state 1s the transfer of the: appropriate section of the .

services "any MUAP detection interrupts, by transferring ‘the necessary

_ring buffer to the compression buffer. This state‘iS'not-entered if'the

. compression request. stack is empty. The fourth state is a wait state.

'This state is entered if no interrupts are being serviced _and the *

’

‘com ression request stack is empty. The program waits for~the_next

m ;ing orvcompression request interrupt. Therifth‘state 1s the DMA

‘write state. The program performS'a DMA write‘of'the‘compression buffer

T

contents to the compression data file onr disc when the =compression

i buffer is full or. when a collection—compression/;un\is ended. The exact

found in Appendix 2. s . . -;_h.“:v

. is full). The LPS clock is stopped-,- The 'existing contents of the .

-

time taken to perform the DMA. write, usually 1255 than 300 ns fj%ethe 1o

kilo—word compression buffer used, is added to the elapsed time

Theacalculatipn of the elapsed time' is -therefore continuous. inhiS"

allows . the firinge rates; calculated later, to be temporally compared

with continuous force collections. A more complete descriptiop‘_can‘ be

1
-

ot

The process is ended by a second press of the space bar ot when f

the maximum number of MUAP -] allowed has been compressed (timing buffer'

Aow “

ression buffer are- then via DHA written to the compression data‘

_ file, the number ‘of HUAP.s compressed and program control is passed . to

" the Fortran"master. The Fortran program then writes the timing buffer

=

¥

- contents the value of the parameterl input by the operator, the ~number

Ve

- .
‘of MUAP' compressed ”and some‘textual information about the subJect and
. Tc .. - -.-. i ‘, . ‘» e '._‘.&"‘:' -_» .

" < - o b ‘ 2 .

unter.



the just completed collection—compression run to a separate file on disc

' before terminating the program. -

\ “/,' - - At \the end of a collection-compression .run, ° the nested
r ) . ' Pl 'Q

. compreésed data from both channels is contained in a compressed data
P -

file on disc. The times of the occurrences of .the compressed MUAP 8,

. - ' o R
- represented” as a number of samples count, are contained in a“separate
o : file on disc. The value of the operator entered'parameters, the  total

. s Y VN T . L .
number of MUAP ‘s compressed and textual information about the run 1is

.contained in the timing file on disc. The Ebmhination of the conteﬂts'-

"of these’ two. files is sufficient to suitialy analyze the recorded EMG

——
-

data. . L~

3.3 Detection of a MUAP

' Successful data compression is ﬂependent on the reliable
. ! an,

detection of the occurtence of suitable MUAP’s. The definjgion of a

-+_'suitab1e MUAP is dependent on the ambient moise level and’th; size and o
o LB
’ frequency content of the MUAP 8 desired.o‘ The noise is the sum of

L

ambieqt thermal electrical activity and electrode noise (instrumentation"

noise) and the biological activity recorded from distant motor units.

o

The instrumentation noise .can be characterized b S, low amplitude and

. . . - L

Wide frequency content. MUAP s rec

w i

from di tant motor units become.-
; . - ‘ attenuated and are. composed of low frequency components. Therefore,
»

they are easily differentiated from MUAP s recorded close to the needle,

¥ - . 5 0-

Ce ' . which are relatively large in amplitude and composed of . high frequency

components., Thus, if the recorded aignal is continuously monitored and

- - . N . . -
v B e b -

- . ‘ . : - .
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am

the occurrence of such differences is flagged, sultable’ MUAP's can be

detected.

K

- One technique for MUAP detection-uses continucus estimates of
# the autoregressive time series models of the noise and the present EMG

signal (WolIf 1984). A MUAP is detected- when significantly different

models occur. - Guiheneuc (l984) uses recursive horizon filters to

v

constantly measure signal and noise variance. When their ratio becomes
greater than a detection threshold, a MUAP is present. -Both of these

methods are very'powerful and have t ntage of, heﬁpg independent of

the rnoise level. The computation time and effort for ég;ir
implementation is a serious drawback.
LeFevex and De Lica (1982) usedJ:amplirude thresholds on . high

- pass _filtered data to det ct MUAP‘s. Distant motor unit activity is

- . ‘ ’ . o
-attenuated by the filter. The amplitude threshold is then set sultably

. above ~the noise level by the. operator. -The a@,;a'l MUAP detection was

-

performed on the sampled ‘data. - The technique- proposed here is an -

adaptation of this. ‘ Amplitude and slope criteria are applied to a,"-i”?ix

parallel, analog SFEMG signal channel to define the occurrence of’ a
MUAP. ' The slope requirement allows = the disrant slow wavegaccion

potentials to be ignored. The amplitude threshold can then be set
‘closer to the instrumentation noise level. This allows small amplitude,

high frequency MUAP‘s, of nearby units to be compressed. The use -of a

parallel analog signal _bannel to detect MUAP’s, allows the compressed

L IR . "*“'

e and frequency.content. High pass

'ilow fr§ﬁuency content the individual

MUAP‘s might have, conseque' “making ' :hem‘;more "similat : in shape.

-
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L4

Therefore, the unfiltered MUAR’s will have better separation as defined

in the. subsequent  classification process. Larger separation will

.

improve the performance of the classification scheme. : ‘.

The recorded signal is then simply electronically monitored for
amplitude and slope. The monitoring is performed by . the MUAP detection

circoit. “A full description of the MUAP detection circuit can be found

threshoids are exceeded within a set timé, The amplitude ‘threshold- is
ad justable.  Typical values range from 0.2 mV to 0.4 hv, The slope
threshold is also adjustable, with values in the range of 2 V/s to 6 V/s

used. The time interval in which both these threshold must be;met'was

'
v .

set at 0.1 ms. . oo : - ' v

The detection of a MUAP results in a pulse output by the MMAP

detection? circuit. The, pulse acts ‘as an input to the computer.and
. . 1 h - . .

~ “
3

“in Appendix 1. A MUAP i1s - detected .when both amplitude and slooew’

causes a compression request interrupt, which results in the correct -

v

compression of the MUAP, as recorded-on.both channels;'as explained.inud

the previous section. "

S

3.4 Present Use and Validatiom

e

"The collection—compression program and associaté\hhardware just‘

ighcribed was used to obtain efficient digital Storage of the data

recorded, using the protocol introduced in Chapter' 2.. This sectionf

reports onﬁe specific col‘lection-compreesion parameter values used for

. & _ - o . ‘ .
this d4ta storagé./ It deals with the assessment of the. consistency ’ and

accliracy of- the stored'daté: The results of these tests are included

- .
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along with possible problems with the‘technique. The section concludes
with a discussion on the limitations of the present implementation and
‘potential Euture'uses of the technique.

". ' The high frequency content of the SFEMG MUAP and the band pass

filtering used with the collection protocol, necessitates a minimum 10

*KHz sampling rate for this data channel. Due to the way some pattern

lrecognition schemes use the datau_ much higher sampling rates may be

required. However, the pethod used to° represent the MUAP’ s 1o the

- pattern recognition algorithm proposed later, allows the minimum Nyquist
sampling rate to be used. This will be further discussed in Chapter 4,
The , sampling freeuency requirement for the_cennula'deta’is much lower.
Therefore, the required rate for the'SFEMG data determizts_the required
lcollection sampling -rate for »hoth channels. A 10 KHz collection

&

\srmpling rate was used. - . o s .

"sampling rate. as . the SFEﬁG MUAP’s. This allows the use of a lower .

, compression sampling rate‘for the cannula data™ dnly every fourth

. -

collected data point for channel two was eompressed. This resuited in a

2.5 Kz effective sampling rate’ for the cannula data.

~

Due to the long durations of wmacro MIP’s, 50 ‘samples weTe

cgmpressed for each HUAP"detection.‘ This, combined with the reduced

- compression sampling rate, resulted in a 20 ms time rep;esentation for

each macro. MUP extracted. This is a shorter time than used by Stalberg

(1983)." Consequences of this will be. discussed in Chapter 5. The— 50°

.

samples compressed for each SFEHG MUAP reSulted in e,S ns dure;ion being

stored. This -duration is longer than required for most SFEMG MUAP s and

As just mentioned,'the macro MM’s do not _require the same

[



. 60

is. dealt with in the next‘chapter. The SFEMG data is monitored for the .

occurrence of an MUAP, as described in thé previous . sectiom. The
i . o

minimum time between successive MUAP's was set at 1 ms which is the

. AN
typical SFEMG. MUAP duration. T

o “

The ring buffer is written over when full, starting at ' the

beginning., The ring buffer must therefore be long enough or the real

time sampling. rate - low enough ‘that all the necessary compression
transfers. are completed before the original data is written over. Due

to memory limitations, a 5 kilo-word ring “buffer was used for this

limplementation. * This. limits the realltime sampling rates that can be

used when the frequency of compressipn requests is high. This resulted

in the need to use a 2.5 KHz ¥kal }ime collection sampling rate and a

‘tape playback speed four times slower than the-tape//;ecord speed when

the recorded dads' was collected and compressed. An effective 10 KHz

~ collection sampling-rate'was obtained; but not in real time.

v " K ’ . . .
The accuracy of the collection-compression routine was

determined by ‘visuall&, comparing the MUAP‘s compressed with . the

S

continuously collected signal;' The number * of missedd MUAP’s and the

7’

'number of falae compressions were used to a:jfss the system accuracy.

The slope and amplitude criteria used to defi the_‘gccurrence of a

'"suitable MMAP greatly affected the results. A 4 v/s slope criteria and

a¢;2 oV’ amplitude threshold was fcund most successful“for the ‘range cof

recorded signals tested. The comparisons revealed that(for thege slope

and amplitude thresholds, ;he desired MUAP S are successfullz_compressed

b approximately 992 of the - time, MUAP 8 from distant units with low slope

‘or amplitudé are not compressed and the nimber of false.compressions is

- .. . K



.compressed with each run were. then deternined.

o 61
o/
very low. . The ‘MUAP’s that are missed are usually the result of rare

superpositions which reduce slope or 'amplitude,, the minimum ‘interval

between MUAP not being met or minor-intermittent shape changes due to

_ slight needle movement. - i .
o5 . :
The - consistency of .the technique was tested . ‘'by

collecting-compressing the same segment of recorded data aeveral times

.

using the same slope and pmplitude eriteria. Chafiges in the MUAP’S .

«Studies of this nature

. showed the techni ue to be 1004 con31stent as far as_the s ec1E1c MUAP s
s S d P

compressed from run to i run. However, alignment differences’ within a

run, as to the actual triggering point in Ehe MUAP’s, -were'“observed.

.

This can' re in MUAP’s recorded from the same motor unit having phase

differences. Va

ing triggering points of sififlarly shaped MUAP's from
1% : - : : o - :

. . T ) ’
the same motor unit can occur due to randqp noise, but %2 not occur

‘often. Consequences of this effect will be discussed in the next ”l

. chapter. & e N

The present implementation‘of this technique results in some

1imitation, which could be overcome. with different hardware. Typically,

- a 20 KHz sampling rate for two data channels is obtainable. Collecting'

at this‘rate, however, would quickly fillvup the ring buffer. ‘The time

between samples available to perform data compression would also be

.

" reduced. = The ring buffer would be written over and the compressed data

contaminated. If a larger memory were available, a larger ring buffer

could be used. This would then allow sufficient time for the necessary~

data compressions to be successfully performed, even at higher sampliug

rates. Real time data collection«compression would be possible and the‘
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intermediate‘step of recording the data -on “tape could. be avoided.

Increased memory would* also allow more .compression to be performed
_ » b .
“continuously due to the use of a larger - compression buffer. A4 . larger

total number of MUAP could also be compressed if the timing, buffer size

4 L ;
could be increased. T

*

The program+and the-associated electronic monitoring device were

developed with - a specific' goal in mind. This goal was the_efficiedt

storage og‘the data required for the new protocol introduced in Chapter

2. . The developed system can, however, be u:g??for the storage of data

..resolting from any. source'éﬁhat cén be co eptualized as having a

structure similar to the data of the application reported here. The.

\

hardware changes proposed would allow the system to become -a more

general collection—compreseion technique. It would allow for the real

time collection-compression of data from many similarly structured
: RN

sources.,

3.5 Data Display‘Routines‘?" ’ 2 .

lhe collection;compression routine described in the previous
] sections ‘stores the samples representing the MUAP s, as recorded on the‘
two data channels in nested format in an’ unformatted compressed "data
file on disc. The times of occurrence of the MMAP represented as the

number of full ring buffers collected-- and " the number of samples

collected in the current ring buffer are placed in -an unformatted timing

.

data file. The values of th_}collection—compression parameters input by'

t

the operator during program 1nitialization, the total number of MUAP’s .

. 1
. . e " . i P

W

.



compressed and'some textual nformation is%also included in the timing

- v et

Afdsta file.’ A program was wrjitten to display this data on the” screen of s '
v ‘a Tektronix 4006 -1 displai £erminal and 463l .hardco;y ;nit:. This g
isection'reviews the capabflities of this proéramu P “ lfi ‘ .
splayedﬂone channelﬂat a“{ime'or‘oothfghannels _

t. The MUAP's are plotted from left to 'riéhcfés‘.

) ‘ . The data can bej

can bé disdlayed toge
potential versus time. Consecutively compres%ed MUAP s are plotted in a:

~

continuous row* from left.to right. Amplitude scalesw in- millivoltsf at

’

each ‘end of the«displaf“indicate tHe-recorded size of'the MUAP's; 'The ST

@ .
:

scale multlplier ‘used is adJustable after yiewing the first row OE_SZ .
'ﬁ" I3

® ' v

*display. This allows the display to® be deusted td optimally fill

suailable- spacu. Continuous Vertlcal lineSydemarcate the compre551on'f_ -
v epochs and numbers indicate the elapsed time in millisec;nds ‘between the"‘ ‘
_ conseCuthely compressed MUAP s. The rows afe codtinﬁous from,ri;nng y

edge eo le;t ~edge ‘for sinéle -channel display;ﬁmaﬁd* are’ likeqise'?f"n "

. .
* o ~

' continuous in pairs for two channel displays. . B L £

. . T " . ¢ N

The display is headed -with textual information abnub the-‘ <:.
'-_collection—compression. This information includes‘ : tﬁe flle name,ﬂ3:' :

Pl .

+ - S NG

total number of MUAP s ;ompressed multipliers for the MUAP amplitude ‘
wscsles, number of pages rEquired to display a1l compressed MUAP s, ,é ,

turrent’ page number, qumber of * " channels compressed channel-'numbers, .
: ) .

dfépla}ed number’ of samples compressed ‘per HUAP number of samples ' :.;, =,

. displayed per MUAP collection to céépression sampling rate vatio for a S

channel two data, 'effective sampling rate lfor channel one, total

collection time, MUAP detection slope. and ampli:ude Yeriteria and’ the,

" . -

- ’ minimum time allowed between consecutively eompressed MU, Ihclusion
. ) . W ¥ R 7 #

’ 1 . . . £



o

' of. these parameters 1s necessary to efficilently document . the’ data
" eollection. .. : o £

-

. C . . x

R : W The number of samples.diSPIayed per'MUAP‘can(be less mhan the -

number compressed. “This allows for a variable time resolution and

’

‘duration ih the display. The operator can choose between 25 50 or 100

samples to be displayed. The number of samples chosen fon display must

<

. be less thaa of egual %] the number compressed The number of samples

digplayed ' must .be 'the sare for, bqth‘channels when two channels are

‘.displayed‘together. The saﬁples displayed for each compression ‘epoch

. are always centered on the time of its corresponding compression request
interrupt. The data can also be displayed differenced. This means that

the value of ‘the difference between adjacent MUAP data samples is used . »?
_ to represent ‘the MUAP potential. e .:' : & ' : S : R A
v R .} .+ . Thé display for' a- single channel conszsts ‘of' lO 'rows fof 56 ‘j Lo
o ‘gnusf's each for a tdtal of 200 MUAP | displayed at one'time. The first o ot
L l: 200 MUAP 8 are fnitially * displayed. ‘ Successive displays "of the
»

. " remaining MUAP s ‘can then follow. The time between. each MUAP is . = &

' - Y
' . .

L

o ) ;{,.included in the display next to eapﬁ MUAP. An example single chapnel - ‘-

' d.sp"y is shown in Figure 3s " This’ figure ahows;ZOO MUAP 'S collected' SRR T

.»with -the’ selective needle surface of the reconﬁing needle electrode. An S .
. . R LT
‘effective 10 KHz sampling rate was used for this compression and 25 t '

g . T~ “ .- B '
O o _ samples per MUAP are displayed Therefore, each compression epoch has a N L

e 2. 5 ms, duration.i Either channel can be singly displayed in this manner. o V~n‘lﬂ
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Displays which include data from both. record

66

resgg‘tive' MUAP‘s in alternating rows. One row isplays the data from
'chanpel one. The next row displays ‘the coricurrent second channel data.
rﬁgs alternation of the data displayed continues through to the tenth
roe. ‘The two represeetations of.théﬂﬁame NUAP‘therefgre appear‘next to

each other vertically; with the channel one representation. on top. The

total nugber-of MUAP’s displayed at once is 100. The times between the |

,MUAPl are displeged' next - to a channel one MUAP repsesentation, theﬁ.a

gt ‘," . i

. ey s
second channel MUAP representation alternately across - the row pairs.,

Figure 3.5 1s an example dispiay oflboth channels together. The data is
the same as is’ displayed in Figure 3.4 with the addition of the -cannula

response. " The effective sampling rate for the .selective ‘needle

recording is again 10 KHZ . -A collection tq compression sampling rate

ratio of 4 was used for the second channel. Therefore, the effective.

sampling rate for the_secend channel is 2.5 KHz. -The'number of samples

.displayed‘ per MUAP is 50. Thereforeﬂthe compressioﬁ epoeh is 5 ms for

channel one and 20 ms.for channel two. The use of - the data display

routine in- the analysis of the ' récorded deta:isfdiscussed'ip later

v ¥

chapters,

- L
v L
iy ‘
ST
R
E s -
. - {

e .
channels plot:the
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CHAPTER & . ‘ : .

. PATTERN RECOGNITION AND SIGNAL DECOMPOSITION ~

4.l Introdnction Coe

The extraction of individual motor unit rate coding information

“

and the calculation of a macro motor unit potential (MUP), for each

. motor unit of a populafJZn of concurrently active motor units, raquires

the decomposition of the composite EMG signal into its component motor o

= .

" _unit actiop pﬁtential trains (MUAPT g)." The decomposition of an EMG

signal requires tﬁe' recognition_ of . the individual.,motor unit
contributions to thefconposite,signal.‘ Recognition of tnese_ individnal ' e p‘
contributions involves the differentiation of the shapes and: firing
-patterns of the individnal motor unit action potentials (MUAP’ s) present
in the composite signal. The classification of each individual MUAP 8s

belonging to a specific MUAPT, is effected by pattern recognition . )
lmethods.' o

This chapter outlines the concepts of pattern, ;Spognition as’
they are applied to the decomposition of the EMG signal. The pattern

representations class definitions and comparison methods utilized are -

oz

,wintroduced. The signal and_feature space representations adopted are

1xplained. . éhape tenplates and similarity measures .are defined.lf'J/' v

of:

i”vafibﬁgi” distanceé measures considered for theclevaluation of the
sinilarities of two shapes are reported. The ‘value of additional

inﬁormation, contained in the firing patterns of the motor units,_to the

'

. N

68 "
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classification process is discussed. - e

. \"—w ) - . L .
The chapter concludes-with .a full description of an algorithm'

developed to decompose the ‘composite SFEMG signals, stored with the .

collection—comgression_ rOu:ins outlined in  Chapter 3. Templace
initialization and updating ' methods are detailed. The order *in which
the compressed MUAPFs.‘are classified 1s presented. The assigmment

‘criteria and timing. constraints used ~for tﬁe classifications .are

M »

defined. The handling of superpositions of MUAP s is explained and the

format for the presentation of the decomposed data is descrihed.

-

» . - BN
) r .

4.2 Pattern Recognition . .. v 5
< ” B . D . -~
4.2.1 Pattern Recognition Concepts m\ﬁ’ S e

Humans perform pattern récognition “of -sensory events by the

s

ol . P ) )
following perceptual process.» .The event is'first sﬂgsed .the Sensory .

A —

‘inputs are then analyzed and finally classified or recognized as being

~ »

familiar Eﬂ previous sensory experiences or not. The event may be of'

.
o

_any sense (hearing, visual t;Ste, etc.) or a combinetion of several.

More abstractly, the 'event may refer to conceptual or logical’ thuught“

‘ processes.,

RSN
.

For pattern‘recognition to " be performed automatically or by

-

machine, thel_data must also be handled in a methodical way as with the
‘ e . “

‘ h‘gan experirxce. The event must first be’ measured and the measurements :

must be stored by the machine. The'stored measurement mnfjsthen be

analyzed and comipared  to, defining .prorotjpesf sfore' - in  memory.

LIRS

Recognition or classiffication is‘rhenldependentﬂhngthis comparison. As
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with human pattern 'recognition,‘ the events may be stored in  many
different data forms and ma§ be quite abstract in nature.
7

v The goal of, automatic pattern recognition is‘ to provide, a

machine with a-perceptual capability so that it canr be used to automate

4the analysis and extraction of useful information from data. Figure‘&:i;

“ ghows. . the parallel between human and machine pattern ,recégnition

schenes:..In each case, memory dffacts the sensing (qeasurément),
. . > _
analysis and recognition of the patterns._ Following, is a-discussion of

the pattern recognition concepts used for the automatic decomposition of

the EMG ™ signal. A more general’ and detailed account of pattern

recognition techniques can be found in Duda and Hart (1973). s

* ‘
Patterﬁ“?ecognition,.as pertaining to the decomposition of EMG

signals, 1is the attempt to automatically determine, for a particular

N o

' event, which of a number of‘classes‘of events, if-any, it is .a member.

. Belonging to or generated by a specific class means that the event has .

K

similar properties as other events in its clas§. It also means that the

event ‘‘has properties which are. different from-properties\of xke events
, < n'

. » - “
belonging to the other existing classes. The classes“of_events must be

suitably separable or have different properties for pattern recognition ‘

to be possible. . - . S ;‘ T

The properties of an;‘event whichﬂidetermine‘-membership to a

certain class .are. defined-as featurig. ’The features of the_event being“

e s e b

classified must then be quantified aLd compared to the featuredEth the

..;

prototype event - for each exi?ting class.  The features of the '

: L A
representative event of a particuﬂar-class'create a template for that

S :
class. An event {s assignedvbr recognized as belonging to the glass
: ‘ : f - : ‘

v,‘,{

a

A
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whose template is most similar to the Ffeatures of the ,event  being

" classified.
-~ ' _ ‘ ’ ' . ¢
The quantification of the similarity between class\templaEes and

, L event features iscalled a distance measure., The defini@don of distance.
i ‘ o
) measures are. dependent on the way in which the events are’- represented.
" Usually, as distance measures increase, the similarity btetween .the
. ~.-.‘ v i .

=« compared events decreases. . -

-~

‘rﬁé nunber of classes and their definition must be determined.

If this is ,determihed automaticeily .and adaptively :by the‘pattern
recognitiongelgoritﬁe\the process lS ‘termed unsuperVLSed classification.
-Clustering- tEchniques such as PS5 clustering, introduced by Vogel and
WOng (1979), are examplcs of unsupervzsed cla551fication. ﬁlternativelj,»—

if the number of classes and their initial templates are determlned
before the pattern recognition algorithm gfarts or‘ are inputiuto‘ the

A - ' ‘ .
algorithm the process "is called Supervgted classification.

L)

R _ _ ' The events” to be classified “in‘.this applicatiow are 3the
o o -individual MUAP’s compressed “from the SFEMG channel as described in;

‘Chapter 3. The MUAP s are represented by their compressed\ samples and”

times of occurrence.._ The N samples compressed can be eonsidered as'

S .elements x of a N dimensioual vector X,.whe o - o
T e \ _ _ . TS
N x(i) =x-. = l,N . 4.l
\ 1 K . o
®. o Each’ ‘ofcpthga compressed sa'mi:les ‘then -',repr_;es’ents:'-"a single.

S dimension in the N dimensi%nal space.. ‘This geometric -conceptualization
" of the conpressed data 15 called the signal sface reoresentatiqn. <3?;

3
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Each vector of compressed data samples represents the shape of

the MUAP’s. Shape-comparisons between MUAP's is the'prime basis of the

‘classification'scheme developed in this work. The time of occurrence

also” contains ugeful information. The ‘ndture of this information and
its use in the classification process will be explained in section 4, 3.
The quantification of the comparison.of _the shapes of MUAP 5

requires the definition of distancevmeasures. A distance measure 1s a

mithematical equation which Ls intended ‘to measure the similarity or’

'fdifference'. of two shapes. Distance measures are based on. the

Cf the MUAP projections intd\ﬁthi‘s space.
R LN

4

differenees or similarities of fedtures of the{'compared shapes;A A

' feature is an element or property of a shape which aids in the shape s'

differentiation from other shapes. A feature can simply be 'a 'specific

data point in the signal space or it can be the result of a calculation

1based on all or some subset of the data points in the Signal space.

Cow
. ..

The selected features of a shape create’a feature Spaee of equal
or less dimensionality . than the signal space.w The signal .Epace

. : L, . :
representation is then mapped or transformed into the feature sphce when

.. the dimensionality Cof - the ' signal ‘space. This reduction in

. dimensio_mlity reduces thep time. Arequired for ’ distance measure-

R

-calculations. The features used to represent .the MUAP 8 for template

e -

initialization apd distance measurements are determined based on - the

desire ‘for, minimum feature spﬁbe dimensionality and maximum separation

-

__-,the features : are calculated or - selected: The number‘étT‘ﬁeasggﬁgi)

_extracted from the signal Space represﬁﬁtation is generally less than

1w

&
- B
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Dinning and Sanders (1981) proposed a method of selecting
features for the real time unsupervised classification of blological

action potential (AP) shapes. The resulting features are data samples

_chosen from the AP sample sequence which best differentiate 1t from

other AP shapes. The samples: are chosen on the basis of maximum

separation between classes, for a specific data_sample.agd a minimum

‘ﬂé:variance of the values of this data sample. The technique uses the

o

compiete set of unclassified collected: data as a learning set to
determine the optimum number of features to be used andb the specific
samples to be used asgfeatures. The process is'compietely,;utomatic‘but
less successful for data sets with more than two classes present.

,Bak and Schmidt (1977) used AP amplitudes at/ unique points
during their time course as a singie‘feature to select specific;shaped
AP’s from multi—unit data. The. process wae.rpérformed using specialk
hardware and an oscillosdope .dieplay. - The shapes were selected by
placing an .amplitude 'window at specific' points during the AP‘s

: .~

occurrence which best differentiated it from the other AP’s present inf

the.data record. The window,size and location was determined by viewing'

L the oscilloscope' display. The'techni?d;‘;as successful, but'required

[

much operator time and input; ‘ Separate 'rune;‘-with -different windowv
‘sizes aqa 1ocat ns, had . to be performed to. extract. each differently

shaped AP. : ‘ ,-_};" ' o .
) . . B . . »'_‘ﬁ‘
Zalud et al (1976) selected four features of the AP shapes to .

ne shape .

‘ differentiate neuronal Bpike data in. real time. -The selected features

were functions of the AP shApes. The 'selected"featuree. were peak
N ) . LT R . _
positive amplitude, peak - negative spike wave value, time interval -

.
e
> L]
R .

g
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between consecutive crossing of‘two‘preset levels and the sequence of
. N ’ :
positive and negative components of the AP shape. The success of this

approach was not reported. -

L

- , Abeles and Goldstein (1977)::¥r0posed the use of principle

" component analjais ‘to prouide 'an orthonormal set of basis functions

which are used to represent the sampled shapes of AP’s. The basis

dfunctions are created from a learning set of representative AP shapes.

4??. The requirement of a learning ‘set of representative AP shapes makes such

KA

an analysis unlikely for the EMG decomposition problemy,,Th;dlearning

sets would bﬁfome too 1arge ‘because of the 1arge number of possible MUAP
shapes and the required accur:ry of the - resulting representations.

A variation of principle component ,analysis, also ueing a

51earning .sétipwas proposed by Nandekar .and Sanders (1984)‘f0r the

efficient'fepresentation'of MUA?'S. "The .MUAP’s so represented would

&

then later be

lassified as normal or pathologic based on their computed -

. features. andekar et al (1984) reported on ‘similar work using.'macro;

"MIP’s  and Hermite polynomials. - Learning sets are feasible for'these

~of the ~lower" accuracy of the resulting

representations’ ne The lower accuracy is sufficient because only

normal versus abnormal responses are differentiated.
'}

5

. ‘I ""'
"The features chosen to‘define the shapesw'of the MUAP’s can,

affect “the sampling rates that are -needed for the initial signal
representation and the required dimensionality of the signal space. . lf

;the data 'sam es are directly used as features for the‘construction of

-

templates, the required sampling rate may be as high as seven times . the

minimum required Nyquist rate‘4(HcGill and Dorﬁman‘1984). _This is to
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‘reduce resolution errors in the shape definition of the MUAP’s to
acceptable levels (Lefever and De Luca 1982). Alternativelfj. if the

compressed data samples are Fourier transformed anq} the .resulting

Fourier coefficlents are used as features to represent the MUAP shapes,

‘the sampling rate can be the minimum required Nyquist rate (Bendat and
Piersol 1971) ' o ‘. ’

. L e . .
The Fourier representation is one using onthonormal * basis

functions and is, therefore, optimum in the me}n square sense (Nandekar

and ‘Sanders 1984, Abeles "and Goldstein' 197/). The MUAP’s are then

.
transformed into the frequency. dbmain. The dimensionality of the

feature space is equal to that of the signal space in this case., ~ The

required dimensionality of the signal -space 1s, however, greatly

reduced. - <

A further reduction in the dimensionality of the feature space

'can be’ achieved 1if- the MUAP s are represented by the’ value of their
_frequency domain power spectrum coefficients. The num‘gr of features
required is then reduced by half as compared to the number of frequency
.-domain coefficients. A—further reduction';% one is accomplished when
the DC coefficient is set to zero by re&pving the mean. — - '. .
"3 This feature selection results in -a representation whi@h |
1contains no phase information. 2 phase information is lost with/tﬁé
'hcalculation of the power spectral c efficients.‘ The consequences of
‘this are both beneficial ‘and detrimental. In the time domain or in‘the
ffreuuency domainfwhen ph@se information is used to help differentiate 1'
between MUAP shapes, alignment is ‘necessary. to find the minimum distance

or optimum match between shapes. Alignment of MUAP templates is 'not
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1
L]

necessary when  phase infornation is— not useq. This lallows the
comparison of MUAP shapes with the minimum 6?\\pqmphtational effort.
Howevey, if the difference in two compared MUAP shapes lies primarily in
their phase differences, the lack of this phasel infosFation will ‘make,
their successful differentiation 1e55likely. The net effect of these

consequences on distance meaﬁgses and succesaful MIAP <¢lassification

will be discussed later in this section..
The resulting dimensionality iquction that can be obtained by

using the power spectral coefficients as features for the MUAP

representations as compared to thé use of the time samples, is by a
“

factor qf\greaten than eight. ‘The dimensionality reduction is primarily
¢

due to the ability-to Sample at‘the Nyquist rate.  The reduced number of
_features together with the ability to calculate distance measures
without aligoment of the MUA?'S, gre tly reduces the required'.time for
’ distanCe measure calculations. This will be explained more fully later .
in this section. Ihe time saved during distance calculations qutweighs

thé time required for the ‘calculation of the 1 power spectral

.

coefficients. This makes. the use of the power spectra coefficients of

“the MUAP’s as features for all distance‘”measurements‘ an inViting,'

roach.
-

4.2.2 Feature Space Selection

Initial pattern recognition attempts, 'using the ‘time . domain.

samples of the MUAP s as features for distance calculations were

-
w

extremely slow due to the computational encumbrances of :large*-feature '

»
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space dimensionality and the need for template alignments. These

attempts, combifed with the discussions of the previous section, led to

o

the’ use of thé\power spectrhl coefficients of the MUAP s as features for

N‘wn
5 ~

. e
The compreesed SFEMG MUAP shapes, as defined by ;the compressed

'samples . contained in  the date files . created during

AN e : . )
collection-comprelgion, as described in Chapter, 3, are considered as
. . ‘ i - '

elements xjj of «Yectors X3, where; ° o -

X (1) = x::‘”j':lml,N =11
i i S ~ _ \

v -

. N'is the number of samples compressed per MUAP -

L is the number of MUAP's compressed
. } '

' . L

The time domain vectors X (1) are Fourier transforﬁed into the

frequency domain vecto?s F (k) by - the following equation.

e
. ‘ N-—l ' —Jz‘mk/N . -
1-* (k) =2=> x (1) *e - -k = 0,N-1 ,g = 1,L 4.3
A e, e j 7 1=0- J =
RS R - &
' T . _j2 k/N > o v .
where, e ' 1is a complex sinusoid

F (k) . 1is the kth complex frequency coefficient

_of the jth MUAR. o

* The vectote P (m),-containing the power spectrum coefficients of
the SFEMG HUAP .are obtained from the corresponding frequency

coefficient vectors F (k) by the following equation'

P (m).=2 *|r (m)] m= 1 cn-n/z
0.
where- P Q?) is the oth power spectrum coefficient
B .. . \: _ ’ ' : y
o ~

\

Ii..b_' -
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The absence of a DC power‘speetral coefficient,'and‘more details

of these transformations and calculations will be presented in section
4.4, The power sSpectrum coefficients, contained in the P (m) " vectors,
are then used as; features to represent the MUAP shapes in the EMG
decomposition algorithm._ Figure.Z.Z illustrates the representation of

A . . . : N

some typical MUAP’s in the time and power spectrum domains.

4.2.3 Distance Measures - -

* The features chosen to represent the shape to be classified are

placed-in a . m dimensional vector X, where m is the number of features

chosen.{‘lhe,features of the representative shd%e or 'template for a

‘specific class'are also'plaéed 1in a m:'dimensional ﬂector T. Distanee

- measures are usyflly based on the sum of the squared difference od* all

normalized to sum to one to 'remOVe"any scale bias in the compared '

Y-

of the corresponding elements of the feature vectors being compared.
The difference is squared to ensure it is positive and - to reflect .the

power or energy .in ‘the difference.‘:Both feature vectors-are usually-

on

The following equatioz reflects the typical distance measure..

(x(x)-r(m 4.5
. 5 1" ) . . - h . . .

ﬁhere X(i) uis the'ith elEment”of the m dimensional feature vectet”

T(i) is _he ith element of the n dimensional tEmplate Vector

.\“ -both X and T are normalized such that.-. T g
. e :,\\\; _ ST : .
T(1) = I and _x(i),-'l,,_ . -7
i= =1 o ? I |
. ‘ N
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‘A shepe is generally assigned to the class whose template

results - in the smallest distance measure when compared to. the shape in

w

question. This means that the sh:?e is c;pssified as belonging ‘to the

class with the most .similar templ

[

The representatioﬁ of the MUAP’s 'by their power spectral

coefficients  already exists 1in an energy or power domain. Therefore, -

the sum of the absolute wvalue of the diffefepcé’ of corresponding

elements, of * the ' feature vectors 1is an aﬁbrop;iate variation to the

&

- . 1 . . ) P .
- standard distance measure. The amplitude of the recorded MUAP's i an,

important feature for their differentiation. Therefore, the feature

. . . ¢ .

vectors are not normalized, but are left as originally calcﬁlated;_ ‘The

resulting ﬁedified distance measure becomes:
m g h ’ . ' o !
Zl(xu) - raan| - S o he
i=1 : . ‘

e

. . . - LEC RN

where X(i) is the ith element of the m diﬁensional feature vector

.. T(i) is the itH element of the m dimensional template*vector

‘»

both X and T are not normalized

N -~ . ( ' --.

-

The:values o ~distance measeres obtained were compafe&ﬁ qi;h'

_ subjective est;metes "of tﬁe similafitye of. ehe MUAP sﬁapes.# Q&;E: B L?i?_
estidétes were determined visually in the time domain using ‘the display;‘ ~\9;7
programs described in section 3. 5. These cortela ions were performed to
determine the effects of lost phase }nformatio and tao check the‘ '
ape;opriateneee bf the altered distance meeseree;l. |

o 1i; -
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This analysis of the results of the distance measures revealed ¢

that the lack of phase information was generally of little conseq;ence.

Occasionally, the outcome of the distance neasure-wquld;not reflect the
¢ . 3 a N

actual situation as seen in the time domain, but these occurrences were

‘rare.
These visfal comparisons also showed that the ‘distance measure
used should take into account the amplitude of the teigl;te,'from which ”

‘ ‘ ‘ . o : . e Lo
“-distances are being measured. Distances calculated from large templates -

”may result in large distance measures, compared to distances measured to
smaller templates, strictlyfhecause of the template -amplitude and might
- not reflect the.true‘ similarity of the tompared shapes. Therefore, a “

‘bias towards the classification' of shapes to classes with small: ,

templates exists.

. * f- t .
- To avoid. this situation, the dAstance measure cail be normalized

by the, size of the é;mplate.

ore, the resulting distanpe measure

r
+ - . becomes a percentage of the templite sgize. Classification of a shape is

-t

! .

then, to ‘the class which has the most similar template, pr0portignally ’

-measured based on each'class template size. A shape may be further

from a large' template of one class than a smaller template of another

" class, as measured by . Equation 4 5, but still be assigned to. the_ class
with the larger template, if the.tptal measured»giffefence frcm’the:>;‘ P
.1arger_temp1ate; proportional to fhe larger templatersgsize 13";iﬁiﬁég. {; :. T .
. This is'a reasona le aSSignmentvcriteria:becaeseathe total variations inf -~ :
the'recorded’sha‘ g, from a single motor/pnit, arefseen- to " p¥~ greater
=::;;u' _u.s.ﬂr with' lang;r iﬂUAP S.. A change in the variability of MUAP shapes with

. size was also reported by LeFever and De Luca (1982). - % &; S L\'
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The larger variations'may be caused by an increased sensitivity

of the larger  recorded MUAP to needle mgvemeflt. This incteased

sensitivity may exist because of the exponentid
potential sizes withildistance 'from 4 muscle fibre and the close

proximity of the needle to the muscle fibres creating the large MUAP’s.

- Another . reason largez\ﬂydf}$ are more variable may be due to a possible

lafger\-number of contributing fibres. The recorded MUAP s imay,

. therefore, be subject "to larger amounts of neural transmission and

N
N

’ conduction velocity variations, which can cause changes in’ the, recotded

~can take - various fdrms. . Th

shape.-‘b

. The normalization of the- istanceameasures to the template size.

L3

equations below describe two that were

3

Cstudted. S -

m

mo L T B
= I(x(i) : T(i?)l / ;E;‘T(i) L . X

L iwhere X(i) is the ith element of the m dimensional featu}e vector
T(i) is: the ith element of the m dimed§ional template.vector

both X and T-axe not normalized B
3 N SR

'
i .

' ‘The;normalization factor:is the power in the

The - eomparison"of:dth;jresults of this distance measure with‘df‘"“:

. 2

‘assessed visually in the time domain, réLealed that this d‘:tance

A f v w
\

:-measure contains a bias. The bias is that shapes are more likely"to be.

-

Lassigned to classes which had 1arge templates., The nermalization factor

S S

cis too. great. It overcompensates for the template size. The~foll?Wing'

) adjustment was tried.

e ) e

decay of recordéd ¢



W

,shape‘ Sé
 will re

{shape being ‘co aredi must be aligned with the template to ensure the.

some’ MUAP shapes.due to thevlack of phage information.' Thennet effect

- . | | i
D .= Z|('X(i) - T(i))_l__/_’ T(1) _ : 4.8
< 1=1 . : . 1=1 . \ ‘ K g

where X(1i) is the 1th element of the m dimensional feature vector:

T(i) is the ith element of the m dimenéional template vestor ‘

both X and T are not normalized ' ‘ .

.. The normalization factor is ‘the square root of the power in the

I

" template vector. This resulted in a distance measure which based on

. w’ 3 .
visual comparisons of the time dom#n shapes, appears not to be biasedl

to either large or small temalates. This diskance measure was used in -

the developed decomposition algorfzhn to beiﬁescribed in section 4.4,

.

s . -
The diggs measurés detined above assume the template and ‘the

are aligned with.each other. Any relative Shl t“

t in a higher than minimum distance measuré. Therefore, the" )

7

minimum distance measure. result.u Such alignment can be a time-consuming
: -] . -t

process. _ The 'time required to calculate the value of the distaﬂce'

A . - .

_measures defiaed above increases with -the‘ dimension of ‘the feature -

~ u -

' vectors. hAs! the: dimensionality of the feature space, m, increases, ic

can be seen that the time-required to. calculate a npsult for equations

o

4 S to. 4. 8 increases.

~

Using power spectrum coefficients as features, therefore has the

. . Ny

advantage of greatly reducing the time required for calculating distance

o measures. The disadvantages, of this representation are’ the thnel

' required to’ calculate the features and a reduction-in the separation of

.
i e e
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of power spectrum coefficlent representation is judged beneficial.

e

'

.

The number of motor units firing ‘and the representaﬁive shape of

LY

the MUAP’s: of each motor unit (template for each class), must be

" gection. o ‘

initiallyldetermined for pattern recognitién to begin. The methods used
to initialize the templates and for the updating of the témplates will
be discussed in section 4.4. The firing patterns of each metor unit

should also be helpful in the classification process. This factor and

. -

how it is used in the decomposition algorithm is discussed in' the next

. * ,‘
4.3 Motor Unit Firing Model |

" Throughout a muscle contraction, motor units fire on a regular:
. : .

basis. The times between firings or interpulsé 1ntervals:(IPI's) of a .

'specific motor unit are ‘in no way deterministic, but they can be

modélléd as a randpm"variablé (RV) of a qtochastic. process. A

v

stochastic process is defined in.a probabilistic sense. lThis means, that
the likeiihood .of- .the otcurrence of an event during a certain time

period or the occurrence®of a RV having & value in'a certain range of

values is dependent:.qn a' probability dis;rihﬁtion. . The probability

. ) : Lo
distribution of a'RV is defined by a given probability density function

(PDF). The PDF {s usually a.comglétgly defined mithematical function
) v ‘ -

but for .two parameters, location and scale. The prebability
distribution of the RV 1s centered on the mean or location parameter.
The distribution of the values of the RV about the mean is Eependent "on

*

the varlance or scale parameter, For a wore complete description of’

"™
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random variables and stochastic processes, see Pap&ﬁlis (1965).

- The firing of a.motor unit has been modeLied as a gaussian
renewal process (Clamanﬁ 1969).' This means that the IPI’s can then be
modelled as having a certain mean value and a gaussian distribd&ion' of
values, with' a certain variance, about this mean. It also means that
the time intervals between subsequent firinés- of the motof unit‘.are
independent of each othe;. The firing intervals of a motor unit are not
séatidnary, however. The.nonstatibnérity of the mean IPI value has éeen
-determiﬁed to be a function og force and the length of time the moto;
unit has been active (De Luca anq Forrest 1973) The variance of the
IPI’s is also nonstationary.. It was found to be a Epnction of the mean
IPI value (Clamann 1969, Person and Kudina {972) Assuming the gaussian
model the probability distribution of the IPI‘s of.a.specific motor unit
can be complétely determined by knowing 1its mean ané variance.
Estimates of the ‘mean and variance must, however, be constantly
calculated because of the existing nonstationarities. '

The assumed probability distributiod of the IPI s allows for the
deterhination of the expected firing ‘times of ‘the individqal motor
units, given the last time of firing; It “also allows for the
determihation of time limits, . based on ca1Cu1ated IPI’s, beyond and_
before which, the firing of a specific motor unit is “very unlikely.
TB;se IPI.limits can be used in determining if a HUA?'beiné classified,

‘was 1ikely'preated by a certain motor'unft,'from an IPI standpoint.
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. If a MUAP is cIﬁssifleq ?E being ¢reated bj‘ a specific motor

- . . . . "
unit " based on distance measures, But’ this clasgification results in an
) 7 " {i- _J
lPI, which for. that motor unit. is+« highly, unlikely, ~ based on :the

A - ’ e v n .
probablllf§ distribution of;the IPL’s for that motor dnit, the distidnce

’

- : . . N
measure based classifieation beqhﬁes qdésgﬂpnabléi

/

‘IPI. limits dLELnlng a ‘range of IPL values, beyond which an IPL

valde is very unlfkelv can be determined for each motor unlg. The IPI‘

»
»

flmlts are calculated based on the current estimates of..the *mean and
: o A Y \.,}. ) . ..

ﬂgriqnce of the 1IPI PDF of each motor unlt. The TPL’s'calculated for
. ' ¢ . . ‘

“each classification can then be comgared tb the IPI Limits “for that

motor 'unit as a check to detepmTfe if the assignment of the MUAF to ehis

N

mo'tor unit iy appropriatd. The IPI Mimits for each motor unit .can be

" - i [ * ]
set to flag any assignﬁent which é;eapes an unlikely IPI, one which
. ' LY ' -
falls ‘'in a range of IPL., values which' has as probability of a
] 4 .
predetermined low value.

The course of action taken once a classifici&ion is flagged can

then be determined by the probabili:y of the iPI value which created the
. Y]

-flag'and_the distance measures leading to the particular classification.

The ' ‘use of this.information in the decoﬂiosition algorithm is described

in sectien 4.@.

~ .

4.4, Signal Decomposition Algorithm _~

4.4.1 Introduction - ) -

Following, is a descrig;fon of a computer algorithm to decompose

-a SFEMG signal recorded, according to the protocol laid out.in Chapter

' -
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2. The SFEMG signal is sampled, collected 'and -compressed by the

', technique outlined in Chapter 3. .The compressed samples’ of'the.MUAP’e

exist In a file on disc created by the coliection—compre?sion prbgram.

*+The algorithn is written din, Fortran and implemented on a PDP-11/34

. ~ - Pl
’ .

c?mputer. .

¢ The decomposition of the EMG signal is effected by a supervised

-

oatcern-recognitiow scheTe.--Each of the compressed«HUAP's 1s clagsified

-

as“belongdng to or being created by a certain motor unit or; as noise or

»
. .

‘a spurious compression. The classification is primarily based on

k| S
“distance measures to the reppesentative MUAP templates for -each motor

unit. However; if a.oclassification based on thé distance measures
. . -p. , - ) .
creates an unlikely IPI value for a motor’ unit! ‘the' classification ,is

N . .
. .
. .

alkered. Lf noune of the_motor units being considered could have likely °

. ' P )
produced a MUAP being clasBified, bised on"IPI values, it is assumed to

no}pe or a Spurious cbmpression. Details of this cIassification_'

procedure will be given later in this section.® .

All of the MUAP's compressed are first’ "visually assessed for
v

stationari;y 'using the data display routine described in’ﬁection 3.5.

This 1is accomplished by wiewing the MUAP shapes at different poinfs 2

'throughout fthe conrraction and ' determining if the needle moved‘
significantly, by checking the consistency of the recorded HUAP shapegs.
If the shapes change drastically with time the data must be rejectedﬁf

N P
This check is performed as a ,backup fqg the needle movement constraints

.used during data collection. -If the data is found suitably stationary,

i

the MUAP features are then extracted.
s . " ’ .

‘et
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As mentioned in sectfibn 4.2., the MUAP’s are represented by
ey - - . . * .
their power spectrum coefficients for all distance measures, The

transformation from the signal Epéce to thg feature space 1is performed

-

'compressed sampies and calculates their Fourler transform. The data

¥

points are initfally Hamming windowed to reduce frequenﬁy spreadiﬁg due

"to discontinuities at the data vector ends {Bergland 1969). . The

resulting samples are then Fourier transformed; by a decimation tn time

EET‘algorithm {Brigham 1974). The power spectrum coefficients are then

computed based on the theory of periodograms as appli;d by Welch (1967)

r

and Rabiner et al (1975).

_ The DC ‘coefficient is remdved by remoﬁing the mean of'each MUAP

N

- . . .
before the FFT 1s -calculated., By setting the DC coefficient to zero,

the effects of slow base line shifts in the recorded potentials, due to

-ﬁqlarization of the electrodes can be reduced and .any DC offsets present

in, E?e a@plification and Eilteri@g instﬁumentation can be remo@ed. éhe
result 1is a better &1fferen;ial signalvreprésentaﬁion. The removing 0%
the DC coefficient results in the use of 15 power sgect;um coefficlents
to represent. the MUAP’s. Thé advantages of this repfeséntqtioﬁ Qene
discusaed'ig the ﬁfgvidhsnseftion. i -Z." ‘ ‘ II

The MUAP's aré claas;ffed_in;groups of 100. This numper is
based on 'a#aifable‘ memoxy a;dj is a convenient gro;p‘éize‘for quick
vr;ual analfsis. This number also corresponds to the numbes of 'MUhP‘s

which can be continuously collected-cqmpressea by the program detailed

'in Chapter 3. Each MUAP in the group is assigned a aumber, from 1 to

100, according to its order of occurrence in time.

TN

by al‘separate program. This pFogram' takes the middle 32 of the 50

-

Lk or-

+ ——
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The number of active motor units and the numbers of the MUAP’s

‘which ‘are to be wused as the initial shapes of the MUAP templates for

éach motor unit are input by the operator. This information is obtained

Qtsually by studying the appropriate MUAP’s displayed using the routine .

-described in section 3.5.l The power spectrum coefficients of the

selected MUAP’s are used as initial class teﬁplatgs. “Automatic
L4 . 4 .
classification of the MUAP’s, in the present group; to the appropriate

motor units is then at;eipted. Figure 4.3 is a simplified flow ghart of

the automatic classification process. . .

,a

-
4.4.2 Classification By Distance Meésq;e “ .
. '7' .’

The distance measuré' used; as stated in section 4.2.2 is defined
by - Equation 4.8 and results in a #aiue wﬁich is relative to each class
témplatelsizq. The distance; _are obtained by ‘a subroutine .which
calcuiatgs the distance of a hUAP to each class template and provides a
ranking of the closest clasg to the farthest class. This ranking 1is

contained in a vector, for each MUAP, whose elements are the class or

motor unit numbers'of_the closest to farthest motor units respectively.

.The -first element of the ranking vector, of a specific MUAP, contalns

the number of the motor unit with the most similar template and so on

Fhroughout the vector, with the lagt element containing the number q;

.

h MUAP is classified, the distances between the

- L oy i
current template of each motor unit and the current template of every

other motor unit are calculated. For each motor wunit, half of the"
- ¢

.

NP

.

"

i
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distance, to the closest template of the other motor units, is used as a

threshold distance for the updatiné of the template of that class. * The

EempLate for a clgss is ﬁpdated each time a successful classification is

b P
made to that class in which the distance of the assigned MUAP . to the

~

assigned class template is less than the above mentioned threshold for
the assigned class. A classs template’ is updated as a ruhning average
X - : ‘ . :

of the last five, suiﬁably:close, suqsessfully assigned MUAP's to that

class. The threshold for updating templates is used to stop similar-

i

templates, from different classég‘ exchangi6§ their shapes or flip

flopping. 'The moving average template updating is an attempt to track

’ -
slow changes in the recorded MUAP shapes due to needle movement.

The order in which the compressed MUAP’s are classified follows

the order in which\ they were obtained. The exception to ‘this order

o

previouély assigned MUAP Is discoverad when a

occurs when an error in

-

later MUAP {s being a siénéd._ The algorithmaaccommodates to this by
réturning Eo the previoud MUAP and réassigning it an& *all the MUAP’s
s ‘'sultably adjusted to account for the
previous error. The check gkf - and ﬂandling 6f _potential dependgnfﬁ

errors will bé‘explained in &dre detail la;er'in ‘this section.

. The program moves through 'thé.'HﬁAP's,. assigning each one
according to the state of the program at that point. . A raok indicator
for each MUAP denotes the curfen: diétance ranking which 48 to be wused
for that- MUAP’S' classification. “The rank indicator for each MUAP is
initially set :ﬁ one; this means that each MUAP is initially.assigned to

the 'clégf with‘the closest template. The first element of the ranking

vector for a MUAP, contains the motor unit ndﬁber, as determined by the
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distance subroutlne, which the MUAP 1is to be initinllg assigned to.

i

More generally a MUAP is aésigned to the motor unit whose number 1is

contained ‘in the element of that MUAP’s ranking vector, which.is pointed

.

to by the MUAP’s rank indicator. The contents of the raﬁking vector

elements for each motor unit are determined "by the distance subroutine,
while the value of the rank indicator for each motor pnit ‘is determined

by the.program flpw. ‘ N

4.4.3 1IPI Constraints . N

The rank indicator-for a specific MUAP may be iqcremehted if a

classification is made which results in an unlikely IPI for that motor

.

unit. After each‘MUﬁP is assigned to a motor-unit, the vresulting IPI

IR

for this motor ™imit is calculated.‘ . The IPI is calculated based on
. A

timiﬁg information obtained ~ from the fiming file created for the
-coﬁprgssed MUAP with tHe algoritim described in Chapter 3. If the IPI

is greateE than the_eétimated value of the mean IPI minus two standard

, '

deviations for ‘this  motor, unit, then the classification 1s considered
successful and the proggam moves to the next MUAP state.

N If the calculated IPI is less tham the estimated wvalue of - the

W

mean IPI minus two standard deviations, for this motor unit, an IPL

inconsistency has occurred. The term inconsistency is used because such

low IPT values should occur less than 2.5% of the time assuming a

.

o
normal distribution.  The program checks if this IPI inconglstency may

EN
- ; .
“be due td an errogeous previous or-present assignment to this motor unit
. . il ra .

Ed N ;
or if the inconsistengy should be accepted. . ’ ') o
: S

[N

¢

[—
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The distance of the MUAP previously assigned to this «class to

the ctemplate of this class is compared to the distance of the presently

e~

.

assigned MUAP to the same template. ‘The outcome 6f this comparison
determines the subsequent course of action. If the presentl§ assigned
MUAP 1s farther away, 1ts rank indicator. is ‘incremented and - the .

classification process continues. This indicates that the present

3 - \'ll_‘

classification, which 1s based on distance, is not appropriate based . on

IPI considerations and-that the next closest class should. be tried for a

successful assignment.’ If the previous MUAP assigned to this class ‘is
. .~ ! 1.

farther away, the program returns to the state it was in when 1t was ./
. . . vy, :
assigning this previous MUAP, with the exception that the rank indicator

for this previoué MUAP is incremented. This ié equivalent to:assuming‘
that the previous a;signment was an érror, baseq on distance and IPI
conside;ations. The previocus MUAP {s then assigned to #he next closest
. qlaés‘and the process continues from this pfe&idug state.

Flags are used to determine when returnihg to a previous state

is allowable. The flags avoid cyclical conditions in the Flow through
) : .

the classification.pgocegs. ‘Returning to a previous state or backing~up

durimg the classification process is accomplished by using the previous

IPI mean and variance estimates, which are saved. The rank indicator of

.

each MUAP between " the * present and the ﬁrevidhs state is reset to one

during the backing-up process. Other state variables, such as the
e . -

number of MUAP’s in a class, overridable and absolute IPI limits and the

I

appropriate flags must be adjusted. ~ o
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aﬁ; the MUAP to the template. of the .proposed motor 'up}g,_ the

classification which would satisfy this IPI constraint, is twice the

distance oé the MUAP to the template of thé closest ‘eligible’ motor .
unit. If‘this distance criteria is met, the closest ‘eligible’ motor
unit is. ch&sen and the above IPI constraint .is igno?ed. .A MUAP
assignment,lwhich results in an IPI lnconsisteney, is thus accepted 1if
the distance of tée MUAP to the témpl;te of ch; assigned class for which

Y .
the IPI inconsistency 1s created, is sufficiently small compared to the

distances of the MUAPltp the other class templates.
The term ‘eligible’ is defined relative to an absolute IPI.

constraint. The absolite IPI constraint bging that all IPI values for a

motor unit must be greater than the estimated value of the mean IPI
L

-
value minus four standard deviations for that motor unit. IPI values
below this range have essentially a zero probability of occurring and
are therefore absolutely dlsallowed.‘ A MUAP which, when classified to:a

, wparticular motor uniE?) exceeds this absolute. IPI .constraint 1is an

‘eligible’ MUAP for that motor unig,.

v
't

. 1\ In summary, when a MUAP classification results in an unlikely

IPTI for a sﬁecific motor unit, éhe rank indicator of the MUAP farthest
. t e PR '

! ’

away from the téqplate of the motor uﬁit;iﬁuﬁuhstidn,.oﬁ,-thg, last two

-

- MUAP’s assigned to that motor. unit, is incrememted and the program

’ l.
. continues from this MUAP state. The .program is adaptive ih the sgense
that it tries to eliminate any dependent errors. That is,. if the IPI

inconsistency constraint is viclated, the program checks to see if the

viola;ionthay be due to a previous or presently made error. The program
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also tries to determine, when an IPI laconsistency. is created, Lf It

should be accepted. IPI inconsistenc§ acceptance 1{s wvia distance

criteria.

*

. When more than 100 MUAP’s are ta be * decomposed, the state of

each motor unit is made continuous from group to group. The estimatesd

~of the IPI mean and variance for each motor &nit aré passed to the next’
group. If the number of motor units are the ‘same, the éxisting
templates can be u;;ﬁ or‘new templates can be chosen. If the number of
motor units increases, the newly Eiriné motor units will go through the
same initialization as at program start-up. The nimber of the starting
MUAP Aecomposed is incremented by 100. The position of a group in the
total collection~compression epoch is then known. The

collection-compression was not performed continuously; therefore, the

IPI of ‘the first MUAP assigned to each motor unit of a new group 1s not
able to be calculated. First assignments to each motor unit are then

based completely on distance criteria and IPI constraints are not used.

-
a

+

4.4.4 Handling Of Unclassified MUAP’s

i} A -
" If the rank indicator, for a particular MUAP, becomes larger
" than the number of- active motor units, the MUAP is classified as noise
or a spurious compression. For a rank indicator of a specific MUAP to
A R - . .

A
become - this large means that, based on IPI constraints, it is unlikely

that the MUAP was created by any of the wmotor units presently being

decompoaed from the EMG signai.



This classification can also occur from a certaln sequence of
related errors by the progrém and the MUAP nqumbers of the noise
classified MUAP’s aré therefore stored in a vector. At the end of each

group of 100 MUAP classigications, an actempt is made to .reassign the
MUAP‘s whose numbers are in this vector. Oniy 'assignments tec motor
unipf ranked, firsé .by distance criteria are attempted. The.resulting
IPI's must be deemed consistent and above thé absolute IPI’limits as set
at the end of the just completed group of 100 classifications. .Failuré
of a succéssful classification at this point results 1in -the MUAP
remaining assigned ‘as nolse or a‘fpurious compression. Such classified
MUAP’s are ignored auring ;ny sebsequent calculations after the

decomposition is completed.: Successful assignment at this point &esults

in the MUAP beipg inserted into the assigned MUAPT - and the IPI’s for

that motor unit being sultably* adjuste

-
-

This classification can als¢ occur if the number of motor wunits

active or present in the compresgjed data is wrongly input by the
operator or if only a fewy firings of.a motor unit are compressed. The

program, therefore, atﬁempts to account for such situations.

4,4,5 Estimation Of IPI Statistics

. -

*

Estimateg of the mean IPI valué and the IPL vagriance are

continually -computed based on the.IPI values calculated from successfyl

MUAP classifications. The following equations describe the estimate

S
-

célculated. »

M o= (M x (N-1)) ¥ B> ) /N - 4.9
new old new ‘

L -
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'

’ 2
v = ((V x(N-1))+(IFT -M ")) /N . 4,10
new old o new new

- Ty an

where M is the new mean IPI estimate
© . new

M 18 the previous mean IPI estimate
- old

IPI is the IPI of the present assignment
new :

¢ v is the new IPf\variance estimate
. -new . e
v is the previous IPI variance estimate -
old ’

N is set to 10 for this implementation

-

The estimate of the standard. .deviation ‘iéllcalculated as  the

square root of the variance estimate.
' AN

The initial statistics for each motor unit must be obtained at

program start-up.‘ This is accomplighed by assigning the fir#t 10 MUAP‘s
- o, _ .

to each class, by distance ¢riteria, with very broad and general IPT

constraints. The IPI constraints are suck that classifications Qre very

close to Seing based on distance eriteria alone. These initial

clasétfibations and tﬁeir resulting IPI ;alues are used to establish the

mean and variapce estimate for each motor unit.

-

4.4.6 uandling.og\iiierpositians ‘ -

nUAP's as.recorded with selective needle _electrodes generally

occur singularly, The superposition, in time and space, of Ewb or more

\Q?AP'S can nonetheless occur. With the SFEMG recording technique used
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t , . '
for the data collection in this work, tpe frequency of superpositions

was less then 10%, even at contraction levels as high as 50% maximum
voluntary effort. Due to their low number and the time required to
resolve their comp;si;ion,l superpositions aré. simply‘ assigned to a
single . motor wunit. . The classification of superpositions proceeds as
with all other MUAP's. The fact that the supegﬁositions are left
unresolved will result in the missing of some firings of some motor

units. This may also happen if a firing 1s nots compressed -for some

..,feason. . The wmissed firings of a wmotor unit will result in the

calculation of erroneously long IPL values when a MUAP is next éssigned

to this motor unit. It is for this reasonvtha; the IPI constraints

’ .

applied during the decomposition are one~sided. The éonsequences.of the

.existence of erroneously long IPI values in the resulting decomposed IPL

data, on, the subsequent signal processing techniques used for extraction

of information from this data,'will_be discussed in the next chapter.

L
»y, Y

-

4.4.7 Algorithm Qutput

The output of the deéomposition program is a .file containing
vectors of the vresilts of the classification process. -!The
classification vectors are 100 elemgnt; long. Each classification
vector element contains the motor pnit number which the MUAP, whose
numberhma:ched the ;ector element number, was finally assignedwto during

the. classification procéss. The corresponding classification vector

<«
‘é&ement of MUAP“s classified as noise or spurious compressions are set

)
to zero.

{
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The decompositien program will also output te the printer agd/or
computer terminal bertlnent informatioﬁ agoﬂl the decomﬁosLtLon if
requested. The information that can be output to Fhese,devices includes
file name, detection siope, number ok' @otor. uﬁitsv active in the
compressed data, initial MUAP numbers used as templates, starting HUAE
number, classificption vector, MUAP s asSigned as nbise and the‘numbéf
of the assigned MUAP and the calculated IPI,‘ in the sequence of:
-occurrence, for each motor unit. The distanées.calculated from each MUAP
to each template, the IPI constraints ‘used, :the template up?atiﬁg
distance thresholds, values of internal flags and the actual order of
khe classification process can also be printed out if_requested.
The file created by the decomposition program along with the
timing file. and the compressed data file cdhtéining the responses from

the cannula, are then used to extract the individual motor wunit-- rate

coding and morphological information as explained'in the next chapter.
- . Ao - . L]
. ' :



CHAPTER 5

-

RATE CODING AND MACRO EMG ANALYSIS

5.1 Introduction

The extraction of individual motor unit rate coding and macro

"EMG .information reguires the analysis of individual motor unit aétion

' potentipiltrqins'(MUAPT's). The individual MUAPT's to be analyzed . are

-

palculatéd by - using the classification vectars created By the
décgmposition program, for single f}bre EMG (SFEMG) data, descr;be& in
Chapter 4, together with 'the _timing file create& by fhe coqtinudus‘
collectién—compression ro@tine discqssgd in Chap;er 3;

" " The classification ﬁe;tors contain the wmotor unit aumber to
which .gachw,motor unit acéidn -potentiél &MUAP) was assigned. ‘This
qlas;}fication‘ information, éccompayieg l with timing iéformation
contained in the timing file mentjioned above, allows the creation ;f
each 1ﬂdividual MUAPT. These HUABT’S'provide a data base from which

rate cod;ng parameters for each métor unit ecan be eséimated. The
paraneters of interest are the mean firing rate and the variance of the
firing rate. The ;ean firing rates of the rate coding process, for each
motor unit decomposed from the recorded SFEMG signal, are studied and
plottea_as Eunctions oE time. -

101
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»

The indi%idual MUAPT's, together with the compressed responses

“from the  cannula, provide the necessary information to create

.synchronously averaged macro motor unit potentials (MUB’s) for each
motor wunit, similar to those. introduced by Stalberg (1980). The -
compressed cannula responses are in a file created by the progrém-

outlined in Chapter 3. :

‘ This chapter discusses the signal processing techniques usgd to
extract the rate coding information. The methods used to account for
unr;solved superpositions and a less than completely accurate
decomposition are explained. Thé definition and presentation of the
rate coding parameters estim;ted are included. The chapter also deals’’

" with the calculation of macro MUP’s for each motor unit. The techniques

used for these computations, the macro MUP parameters measured and the

format of their display are described.

5.2 Rate Coding

‘ ‘ -«
The extraction of rate coding information from the decomposed

SFEMG signal 1is effected‘ by a separate Fortran program. The program
reads the classification veéior file and the timing fiie. Using both of
. . A
these files, the progfam can construct the MUAPT’s of each motor unit
represented in the clasgsification vecE;rs. .Ths MUAPT for each motor
unit 1is stored in a vector, as a sequence of inter pulse interval (IPI)
values. The ﬁumber of motor units or number of IPL v;dtofs required, 1s
determined from the text header in the timing file, which is updated by

the decomposition program. e

»

-

-
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The decomposition. process is not compietely accurate.

Unresgived superpositions of  MUAP’s, wrongly classified MUAP's and

-

MUAP’s which were not compressed, can “all lead to the existence of

=

erropepusly@iong IPI values.  Wroagly classified MUAP’s can also lead to

erroneously short IPI values as well. In an httempt to recognize and

" compensate for the IPI errors gxistihg in the data, tﬁe'IPI data is

filtered. The filtering of the IPI data tries.to locate and remove IPI
. RS

errors by replacing unlikely IPI wvalues with more éppropriate IPT

L -

values. The unlikely IPI values are identified 'by comparison éo an
expected range of IPI values, deterﬁiggd by estimat;ng the ‘current
probability distribution of the motor unit firing times.

' ~ The IPI data foF each motor unit is initially écgnned by. the
program to fina a section of data for which a mean IPIjgstimate, free of
errofs, might be obtained. A suitaple section of\IPI data is found when
a section of 10 consecutive IPI’s are within a range, defined as plus or’
minus 30% of the current f£irst IPI of the section. If bne of the IPI's
in the .current section is outside this ragge, the start of the section
is moved up one element in the IPI vector.\ In this way, %he IP1 dat;
for .each motor unit is searched for a section which has. a low
probability of.containing any gross IPIL errors. | Sections'iéontaining
relatively long or short IPI values, which may ‘be due to the errors
mentioned above, are avoided. Errors created by misclassifications which
resulted in minor IPI errors might still be present. The loQ number and
minor nature of Ehese érrors, however, will nof gréatiy affect tHE: mean

3

IPI or IPI wvariance of the section. The plus,Qr minus 30X range was

empirically determined to be optimum for the data studied.

iy

"
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When a suitable section in the IPI vector is fouﬁd, an 1initial
mean IPL 1is estimated as the average IPI of the section. The variance

of the IPI's of the section is also calculated based on this mean IPI
. ] S

est;mate. These values are then used as sSeeds to inltialize the
hY

criteria for the filtering of assumed errors from the IPI data. If a

suitable section is not found, subsequent IPI processing for that motor
unit 1s not performed and the motor unit is deemed "too variable.

l

Starting at the IPI, immediately before the-pbeginning' of the

suitable section found in the above defined search and working back to
.

the beginning of the IPI vector, all TPI values outside a defined range

.

L

of--IPi values are replaced by an gpproximation of the current IfI. The
filtering process ié then a%PliEd to IPI values'from the beginning of
the chosen section to the eéz of che_IB¥ vectQr. ]

Thelacceptable IPI:;ange is defined by the current value of the

I .
mean ' IPI estimate plus 3 standard deviations or minus 3.5 standard
|' g‘ )
deviations. The range 1s not symmetric about the mean va%ge and was
. ¥

determined empirically. , It favours low IPI values and is more:

3.

restrictive to high IPI values. Thig 5qﬁ¥é€ts aﬁhe fact that the
unlikely "low IPI values have been previously scrutinized by @ distfnce
crit;ria in the decompdsitién algorithm, (see Section 4.4), ady\, that
uﬁlikely long IPI vaiiés due to superpositions ;re known to exist\and
must be removed. The standard deviation %: calgulated as the square
root of the current varlance esgimaté. The BSean IPI and the IPI

variance are continﬁdlly estimated by running calculations sigilar to

Equations 4.5 and 4.6, but with N equal to 20. The 1nitial4£gan and

varlance estimates, onaingg from the section chosen duripg the search,,

LY ) -
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| {

are ysed te define the accepted IPI range at the sta;e/bf filtering, in
. .
both directions.

1)

s

IPI values replaced by the filtering’criteria are not included

in the running mean and variance estimates. This causes a bias in the

variance estimate towards smaller variance estimate values. This bias

1s due gc the rejection of any.true IPI values which might occur that
are outside the accepted range. A bias of the mean estimate towards
lowar mean estimate values is also believed to be present due to the

1ack of symmetry of the acceptance range. These biases are not lapge
# .
I *and are Justified on the basis of number of true errors that are
¥ y ) L
accounted for by the filtering technique. The number of errors

s

introduced by the error filtering is small due to the low probability of
LI ¢

v a true IPI being replaced, even though the true prdﬁability of the

replaced qEPI’s is higher than indicated by the ranges chosen. This is

due Eo the biases existing in ,the mean and variance estimates,
N ﬁ’ .

;he approximation nf the;current IPI value, which**is used to

¥. % L}
replace IPI values thought to be erroneous, is dependent on'the nature

Qf the believed IPI error. 1If the IPI to be replaced is below theg
A . ﬁ

current estimate of thei mean IPI or les%, than 4 current, standard

deviation estimates above it, the IPI value is replaced by the current
LY

mean iIPI estimate. If the IPI to be replaced. is greater than 4 current

-

sgandard deviatian estimates aboves the currentkmean IPI estimate, 1t} 1is
assuned to bk due to a missed-~firingxéof'the motor unit. This is
probably‘due to an unresolved supegposition, but might alsd: be due 2? a
"missed MUAP eompfession. The number of figings missed is estimateg and

~

- -
.

Y - .

o+ s ’ s, L i :
% ' Ly : A gg

(L
£

the IPI 1s replaced by its value divided by the number of estimated
' ! i :

9 &

¥
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4 filtgred *to obtain an instantaneous
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missed firings. This results in an ‘instdntaneous’ mean IPI value. The

\ K
number of missed f£frings I1s. determined as the value of NMF which
. PN :
minimizes X in the Eollowiag equation.
NMF) - IPL ) ’ . 5.1

X = (IPL /
. m L‘L

r '

: where TPI 1is. the IPI beling réplaced. Tavse
r

IPLI 1is the current éean IPI estimate
" i m b

e
(]

" NMF 1is the number of missed firings o P

oy

X i's the quantity to be minimized.

For all"the IPT values replaced, the replaced IPI value, the
cur#ént IPI mean and IPI variance are stored in error vectors.for later

analysis or print out*if required.
: s ’ /
The error filtered IFI data,for each motor unit is then low pass

Y
.

smoothed IPI value. 'The reciprocak\_
1Y

of this }PI value is used to represent the instantaneous avérage firing

rate for the motor wunlt. These firing rates for each motor unit are

[ .

. : 3 T a
thep plotted versus time. ' The force output during the contraction, .

continuously collected and -stored, by a seﬁa:atf program; in a separate
. %, . -
fila, can‘;lso be plotted on the same graph. Figure 5.1 1is a’ typical

pl%g. .
R . ‘l'.

i

The low pass filtering oi Ythe error filtered IPL data is
I3 .

. § |
" effected by\ convolving the error filtered IPI data vectors with a

symmetrical Hamming data window whose 1impulse weights are normalized

[

. (Oppenheim and Schafer 1975).  The length of the: data qindoﬁ is

) -6 ) .
variable. This allows fo; different degreesjof smoothing as .determined

w
T

1 i -

Ll
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L
by the operator, to reflect different time constants of rate coding.

A

5.3 Macro EMG /s

.

The classification vectors created by the decomposition program
outlined in Section 4.4, together with the compressed responses of the

eannuia obtained by the program of  Chapter 3, provide the basis

necessary for calculating a macro MUP for each motor unit decomposed

from the SFEMG signal. The calculation of the macro MUP’s is performed

by a separate Fortran program.
The program reads the classification vectors created during the
decomposition of the SFEMG signal and the compressed data. file

-

containing the cannula signals created during the collection-compression

© rrun. Mup ‘vectors, one for each motor unit, equal in length to the

number of cannula compressed data samples, are used to cons;rﬁbt the
macro MUP’s. Each successive compressed epoch of cannula signal is
ensemble added to the appropriate MﬁPwvector_as,determined by its motor

" . ' '
unit classification number contained in the classification.vector. The

number of epochs summed for each motor unit is stored. After all the °

elemen;s of the classification vectors are accounted for, the MUP

vectors for each motor unit are divided by the number pf additions made

. to each vector. :The resulting ensemble average is the macro MUP for

that motor unit. The resulting macro MUP’s are plotted. Their areas

: !
and peak to peak voltages are measured and displayed. Figure 5.2 is a

™ typical result.

~



109

swo¢

1Nding SISATVNY OWI O4OVH TVOI1dAlL
Z°S JuNoI1d

Am ogge - ddpy s
sald ¢4z - vauv .
: ~ | ZOT "OAV NI “ON
£ “ON LINN YOLOH

Aw ZL - ddp
saf %17 —.vauv
669 "DAV NI 'ON

7 "ON LINN 3OLOH

. Aw g/t - ddp

. . sad 9g°z - vawv - o
. L69 DAV NI "ON

.. 1 "ON LINN HOLOH




110

The SFEMG decomposition is suitably accurate, the  number - of
superpositions is ‘small énough and the‘number of cannula responses for
each motor unit macro MUP is large enough, that error filtering ;uch as
performed in the previous section is not necessary. The mean value of
each compressed cannula response is subtracted from each sample of " the
réséonse before averaging is begun. The resulting compressed cannula
responses then have zefo mean values. This is to re&uce the. effect of
any slow base 1ine fluctu;tions that might occur during signal
recording, gue to electrode polarizaticn and any_DC'bias that wmight be

~

present, in the recording instrumentation.

\
The signal recording and collection-compression protocol and :he
: ..sigr_l_al-'decomposition'nd data analysis techniques intror:’.uced in the Iast
four chapters wére used to ahalyze EMG data obtained duriﬁg va;ibus
muscle contractions of human hand muscle. >The following chapter

describes these data collections and discusses the results and accuracy

of the signal .decomposition and data analysis.
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CHAPTER 6

. .
PERFORMANCE OF RECORDING AND ANALYSIS PRCTOCOL

b ~ o
%

6.1 Introduction Lo

“The previous four chapters introduce a new signal recerding and

data analysis protocel to obtain individual motor unit rate coding and

-

morphological information from an EMG signal. - This protocol was used to
k]

collect and compress EMG signals recorded during various isometric
contractions of human muscle. The compressed data were then decomposed

and the rate coding and morphological information were extracted.
S N, .

This chapter outlines the details of " these ddi; recordings,
' . » “ - . .
co;lectionﬁbompressions - and the subsequent data‘ analyses. The -

. R {
techniques used tofgegermine the accuracy of the psrformed decomposition

L R CO " v
wely e ‘-

4

and error filteripg aﬁglység'ﬁife’;répdftédn along wigh their actual
accuracies. The expected accuracy of the analy§i§>procedure in general
Es‘discussed. Comparisons are made with similar analysis techniqués and
the ovérall-process performance is reviewed.

S

6.2 Signal ﬁecording

<

The muscle selected to rpcord EMG signals from was the first

dorsal interosseéus (FDI). - Th wuscle was selected for a number of -

. -

reasons. It’'is a relatively easy muscle to locate with an inseryged

™ ¥
needle electrode. It .produces force by the early use of recruitment

-

# 111 ; ¢




-~

(Milner-Brown 1973c), a fact which improves the cHances of recording

multi-unit SFEMG signals, even at 'low levels f force. It 1s the only

-
N Bad

muscle involved in moving the index finger away fhom the middle finger
{(Milner-Brown et al 19735),4 therefore simplifying the isolatiomn and

. measurement of the forces it prodhces.‘

':\ The EMG eignals were sensed, Pmplified and filtered wusing a

»

standard Teca single fibre needle electrode and a Teca T4 EMG machine.
The SFEMG-signal was the voftage created béetween thet selective surface

of the needle reiative to a distant surface plate electrode. The
/ ' ) - . ’ ’ - .:——"
cannula potential were measured from the needle cannula relative to the

im
-

same distant surface plate electrode. , A distant surface platg electrode
’ ’ : ¢
. sy L4
was also used as a ground to reference the subject to ghe amplification
"equipment. While . recording ‘from a FDI muscle, the distant sgrface
' T . - -

plate electrodes were located over inactive tissud®at the elbow . of - the

-

same arm. - . . hal

. The SFEMG and cannula- signals \Qere»-separatély .diffeEenfially

e .

amplifiédﬂ'by Tec; PAGBTﬁ preamplifiers\ and}‘sfnultaneously fed intQ:

individual Teca AA6 HKIII amplifiers. ﬂdth‘hmplifiefE'were set at a":5

e - R

o R

'mVlDiv sensitivity which.corresponds to ap. overall gain of 1000 for each .

:signal. The SFEMG signal was band pass filtered with a passahgnd of 500

Hz to 5 KHz, the cannula signal having a. pass band of 8~Hz to 1.25 KHz. i

The force produced during a contraction'wes measured by a force

transducer. The force transducer was effected as a full bridge circuit

arrangement of 120 obm strain gauges powered at a 5 -V “ne level. The
\ “ - ~ .
centeq point of each bridge leg provided the ‘Eﬁerence-poihts for the

-

measuﬁement of the forde transducer s output. The force transducer ;was

/’ P L N

Y

-t

. .
. s K}
. .

..

[

N

e
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¥

] built as part of a vrestraining device. The restrhining device was

designed to minimize movement of the hand and index finger to produee
muscle contractions as isometric as possible. The force measurement
s?stem and restraining device is shown in Figure AL.S.

The force signal was the amplified and filtered' output of the

force transducer. The amplifier gain was 1000 and the force signal was

low pass filtered with é 10 Hz cutoff frequency. The force signal

4

amplification and filtering was performed by the MUAP detection hardware

as described in Appendit 1.

e

2 :_ The suhject;s amplified and filtered force output was displayed

o on an oscilloscope screen * along with the desired force target range.

-

-

The force target range was produﬁed by the MUAP detection. hardware as
¥ . \ - L] ‘\ .

«{. . ~outlined in Appendix 1. Eéch-sﬁbjecn’s maximum'voluﬁtary force output
an was determined at the hpgiﬁning‘of each recording session. Force levels
' SN St : ‘ :
were .then -set velative to this -1limit. The force target .range was
z/. - )
P »

»positioned at the desired constant force level or was'allowed ‘to sweep
through an _appropfiate triangular force pattern.- The ‘subject was
o

;fnsttuctéd to maintain a force within the displayed force target raﬂge;

> ‘
7 The force protocols used during collections varied from constant

force isomgtric contractions at 25 or 50% of the subject’é maximum
voluntan hontraction (MVC), to 'tr;angular force ya}ying isometric
T o coutractions "to -peak force levels of 25 and 502'MVC. Triangular force

, . varylng isometric contractions about a mean contraction level of 257 of .
[} -

w ~—
MVC were also crie{( t'

. '
vr., ‘kﬁ‘ b -
. v . L e
. , ' . ¢ .
- ;,a‘. - - - .
. *
~ 2 '
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Efforts to ensure the.atationarity of the recorded data were

-

made by assessing'needlé'movement using SFEMC signal slope and amplitude

-

criteria, as discussed in section 2.6. The thresholds used were an

amplitude of 1.2 mV and a slope of 6.V/s. With the subject producing

minimil force, the needle was moved gently about until the acquired

SFEMG signal exceeded these thresholds. Flashing of the three LED's of
.. 4 ,

the MUAP detection hardware were uséd to indicate this condition. With
these lights flaéhipg, the desired contraction was performed. If the
LED’s did not continue flashing throughout the contraction, needle -

-
movement was considered unacceptable, the recorded data was discarded

“and the contraction was repeated. Rest periods were inserted between

a4

consecutive musclg contractions',to avoild faﬁigue. The amplified and .

-y -

filtered signals (SFEMG, cannula /and force) were recorded on magnetic

tape using a Hewlett Packard 39644 instrumentation recorder at a tape T

speed ' of 15 in/s. Figure 6.1 shows the recording setup...

6.3 Data Collection—Coﬁpression . .o

FERT

“The signals recorded on FM tape were played back at a tape speed

-

~of 3 3/4 in/s. This.cogresponds to an expansion of the.playback time

base by a factor of four compared to the record time base. The speed

. [

. ~reduction was necessary due to “collection-compression program

limitations dis¢ussed. in section 3.4. - ~ -

o

- N ™ -

Both the SFEMG siénai aﬁd-the cannula responses were compressed.
The collection sampling'rafe was 2.5 KHz and the.collection compression

sampling ratio for the second channel was set at 4. This resulted in an

.

e

Y
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.

effective compression sampling rate of 10KHz for the SFEMG signal and
sk .
4y 2.5 KHz for the cannula channel.

N .

- .The number of sumblus compressed for each MUAP detection for both

channels was set at 50. The stored data then included a 5 ms long
th 5 .
’ representation of tlee SFEMG MUAP, accompanied by a 20 ms long concurrent

epoch of the cannula®signal. - . L e

~

The minimum time allpwed between successive MUAP detections was
&

set at 1 msi. MUAP's oecurring within this time limit: relative to a

.

previous MUAP  would not be compresseJ and would be considered a
- : » N

§uperposifion.“| Most occurrerces of thi’s nature were visible when the
4t » . ~ .\
SFEMG datu was. displaved. The maximum number of MUAP's compressed

LN

during ope %pn was 1500, This limit is dependent on the timing buffer
_{engch as exp;atnca in“section 3.4. The slope criteria was set at & Q/s
and the aﬁplitude threshold was .2 mV. The playback/record switeh of
the MUAP detgsﬁion hHardware was in the playback position to account for

v the differencehip the playback and record tape speeds (see Appendix 1).

. B - .
e EN
i .
. a
¥
.

*%6.4 Data, Analysis

?

o -

- .o,

_For each set of coﬁpressed data, the shapes of the SFEMG MUAP's
- *

()
)

weré‘Qi;KA;;y assesgsed usiagéthe display program outlined in sectiom 3.5
to determiﬁé'if the data we;e suitably stationary. and 1if manual or
automatic template initializatipn beﬁyeenﬁgroups was appropriate. If
the data was considered too nonstationa;y, processing did not edntinue.

. \
The visual assessment is a further check for needle movemeént and .detects

movement not apparent during the recording, possibly dqump alterrnation

o

.
v

- I~
-~

'
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% «

‘e

» - . , .
.0f recorded MUAP shapes both of which-sat{sfy the recording movement

. . . ¢ s
criteria’ — L,

- " - T : | %\\

1

. . This ‘visual 'assessment also.allows the operator to determine tird

Iy

number of motor units active in the compressed data and to select >

representative initial template shapeé, If “ the data , had " some shape
P . " . - o d - o o .
‘changes or if the number of active motor units changed from group to [ .

group, manual templage'updqting and re-initialization betwegh groups -of

decompoqed: MUAP’s' was use?. .; This means that for each group of 100
- P

MUAP's decomposed, tﬁé number'Qf tempiates and their initial shapes are

input by therperator. If the data was/very station;ry and the number

. o - . .
" &
%of motor unlts active remained constant, the number of templates and

- - .

Ll

their” inftial shapes for subsequent groups after the first group, was

automatically dgtermined by the_prograh.

-5: ‘ + )
The time to analyse a group of 100 MUAP’s varied from 2 to 3
tom ) .

minutes 'depending on the number of wmotor units active. This time
'i;clugeﬁ-ihe tﬁme}q%vFouriér transformg the SFEMG;'data, caléulate the _ . .

- powaer épectrum coéfficients, inicialize Ithe témplates ;nd assign tﬁe

MUAP’s to the appropriate motor units. Error filtering and plotting of

o the resulzihg ﬂPI_d;Ea and the creation and &isbla{/pf the macro MUP’'s

was performed .only aftét ythe  complete compressed data set was

# » decomposed. .. The time required for these analyses was 2 to 4 minutes

a ~ )
3 dependfng on the tota% number of HyAP's;;n the data set decomposed. The :
% total time reqﬁirea to analyze 5Ghompressed data set of 1000 to 1500
MUAP‘s, from 2 to 5 active motor ‘units, ranged from 30 to 40 minutes.

-—
Al “h
o S

. r 2 -
These data ‘sets were = from muscle contractions of 30 to 40 seconds

A L k.
- duration depending on the levél of muscle activation., This comverts into

L o .

~ .

[P S
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1
-and a better method of secyring the needle electrode.

RS
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processing time versus data time ratios in the .75 min/s to 1.25 min/s
range. . I

"Al I‘. 1"' j‘.‘
R ) w . 3 i
6.5 Typical Results R . . h
¢ , ‘- ) g . ‘ IL ' ¢ 3
Initial data colleitions were used to test -and develop the
system. FolloWwing final development ‘'of the collection prétocol and

a

. v TN
analysis algorithm, a series of data.collections were performed for each

of three normal male subjects. The:,contractiongprotocols%included

* : - : . ) X
constant, ramped or modulating force levels as déscribed previously.
]

e . L\ W
For constant contractions at high force levels (greater than or

: )

edual to 507 MVQ) or those with rapidly changing'force, needle ‘movement

restricted the number  of contractions, suitable for data collection,
+ 1 >
between 20 and 30% pf the number of contractions attempted.
3

be improved with increased experience on the part
L% 3 ]

ltp
This could

of the investigator

n o
At present, it is

held manually by the investigator durifig the contraction$. -

Ten records obtained ueiné different protocole were analyged\

2

Figure 6.2 and 6.3  show the motor unit firing rates and macro MUP s,

& g .
respectively, resulting from the processing of data, recorded during a
&

Figure 6 4 and 6.5 similarly show

\‘

the resufts of'the analysis of data, obtained during a triangular xshaped

, "
r L

constant, 232 MVC, force contraction.
<

force contraction with a peak force of 252 MVC. Figure 6 6 and 6.7
depict results from a contraction‘which ‘had . .a modulating force output5
abouﬂ/: mean force level of 252 MVC. k . . ¥
) 2 ' - .‘ 3 "'
N o L
A 5 .

Y, . ' I -

L

»*

e

o
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6.6 Validity Assessment = . -

Heetderks (1978) proposed a method-of determining the expected

) -ly accuracy of a data classification scheme based on an apparent separation

Lo Tmatrix, _Eﬁéﬁalestited developed separation matrices for classification’

e N N

schemes ‘which 'had low dimensional feature spaces. The calculation of

-

A O .

separation ' matrites for classification schemes which usé‘“large numbers

2 . .
of- *features 1s wuntenable. Other assumptions made regarding the

probabiiity distributions of the features also rule gut the use of thisg

technique to assess the dccuracy of the decomposition .process-
] -

introduced. ‘s

- & . -

)

The accuracy of the decompositions of the compressed data were

" then determined by comparison to manpal decompositions of the same data.

The collection-compression process, as discussed in section 3.4, was

found to be egsentfally flOOi) accurate. Therefore, ' the manJ;T

decomposition of the compressed data was conLidered the gold standard

Vwith whigh the automatic decomposition results could be compared to
determine their ahcuféﬁy.‘ Each  MUAP assigmnment determined by the

v

__program; was then tompared to the manual classification of the same MgﬁP
B ~ » N . . . . )

and discrepancies noted. The program decomposition was found to agree
L .

with the manual assignment more than 95X of the time. :
. * - o

o

The results of the error filtering were assessed by studying the

percentage number of superpositions accounted for, the number of true

IP1 values replaced and the number of IPI errors overlooked.

Superposition occurrences were determiped by visual inspection, using

———

the display program described in section 3.5, of the compressed SFEMG

.



MUAP‘s for

-.the data sets analyzed.

‘the manual décompositio

the manual assignments.

Five

data

and IPI erro;s'were also determined relhtive to

heta,r\@aéh with at

LA "
least

“ 1000,

MUAP s,

True IPT values were determined by

(.

were

exhaustively‘ranaiyzed and all of- the suoerpositions were accounted for

- -by the error filtering,

. degraded

number

accurate,

-
The

1% range for each.

general

filtering process

The quality of the-~data dis detefmined“by +itg - signal

stationarity

‘tegplates.

con%traints, it is belieﬁﬁd that suitable data can be(réadily'

uaing this recording protocai and that overall_pfocedure accuracy above

the

and

The number of

true

IP1's

discarded

-

and

the

of IPI errors gverlooked varied for each data set but was in the

. A .
The £inal IPI.data were found to be better than 972

expected accuracy-

is

.the”

If any one of

actoal

these

aspects

uof:

of

process accuracy will suffer.

95% can be.;outiaely obtaineé.

)

6.7 Compatison‘ And Overall System Performance

T Other methods

extractioa‘ of IPI information have been reportedJ

temporal information to extract individual motor unit

trains

comb—like time fil;ers, with-apec;fic prgpenties for each. MUAR? to be

(HUAPT s)

-

o

.

A-‘\

-y

.the

the

decomposition-error

to

nolse

"ratio,

staration .of the motor unit class

compressed data 1is

Notwithstahding these data

¥

-

Erom compdsite ' EMG signais.

of decomposing multi-unit records

a4 4"

1

col

for

)

lected

the - -

Gath.(f97§) used

v

action potential

_ He applied separate

e

dependent oq.tﬂe qualitf of the compressed data.

—t— 8
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.w;!xtracted. The Eilter_ préperties were ‘obtained from the EMG power
1 .

L

~

=

t

. spectrum. The process was reported 80% successful and a separate run

- had to be performed for each MUAPT to be obtained.

Dinning and Sanderson (1981) and Abeles and Goldstein (1977)

-
- .

relied on shape differences to differentiate action potential.classes.

Dinning and Sanderson used a reduced feature set to allow real 'time
c. +

. -—

.classification.” Abeles and Goldstein used feature templates calculated

Jbased on a principle components analysis of. the data. Both techniques

were applied on‘heural spike trains. ‘ '
MeFever and De Luca (1982) presented an EMG decomposition scheme
that . was based on maximm 1likelihood detection theory. The

:Aa-"‘ %
classification criteria was a weighted sum of the MUAP's similarity to a

" proposed class template and thle probability of that motor pnit firing.

_The MUAP‘s were recorded concurrently, from multible selective lead off

surfaces and MUAP shgpengomparisoné were performed using the’multiple
channel MUAP representations. The o process was interactive_‘with the
operator ané fully resolved all superpositions of MUAP’s. The technique

has the c¥pability of 100X accurate decoRposition of an EMG signal with

.

"‘up to 8 active motor units. ‘The processing time versus ‘data timg ratio

Cw . \/ ’
4'!35 reported to typically range from 5 min/s to 30 min/s, and could go
- .

as low as 1 min/s® for simple céomposite EMG signals. An experienced

operator is necessary for successful results. The technique was revised

. ‘e ]
bgv Mambrito and De Luca (1983 to be more'efficient and require less
< .

-processing time, while maintaining the decomposition accuracy.

LN DR

- .
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. . ™
The decomposition technique developed and presented here, while
unique, ~-is most similar to the latter method described. It utilizes
. both MUAP shape and firing probability criteria to ‘degompose the- EMG

signal. The MUAP’s are registered with a éingle recording surface to

reduce signal processing time. The.’hanHling of the . unresolved

-~ - v

superpositions and decomposition erroré’ﬁ? the attempted error filtering

v ¥
[ . “ o,
<

is a new approach to these problems.

Calculating macro -MUP’s from decomposed EMG signals‘.al;ows a

“Several ‘motor unit macro MUP‘s to be obtained ftrom one contraction.~

This allows higher threshold motor units to be examined. .The accuracy

v

6f che calculation is similar - to that obtained by existing clinical

processes. The number of superpo&;tions and classification errors dg

not significantly affect the results.v"This 1s because of the small

number of errors and suﬁerpositions compared with the large number  of

LS '

cannula responses, averaged.

The accuracy of the data resulting from the decomposition and

errer filtering process i sufficient to rgliably determine the motor

oy

unit mean firing rates and Jfiring rate variances. The plotted Hamming
§H

v windowed IPI data can be used to observe “trends in the firing rates a

their variances. Evidence of rate coding with changing levels Yof force,l

cémmon motor unit drive (De Luca et al 1982b) and motor unit

P -

potentiation (the decredse in a motor unit’s firing rate shortly after

the initiation"of an 1isotonic conﬁraction) can be seen in the firing

P
<

rate plots. T
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Increases in the firing rates and the loss of a common drive for

* the motor wurits (the alternating of motor unit firing rateaf‘dne motor

-

~unit increasing its firing rate while another motor unit decreases 1its

firing rate) at late stages of isotonic contractions, thought to be

-~

effects of fatiéﬁe, have also been observed with the firing rate plots.

r

" The number of contractions and the size of the population of motor units

.

studied ;b not:*sufficient however to confirm any of these observations
as actual pheqoﬁéna of physiological fatigue. -

Due to the" decomposition errors and the unresolved

sdpérpositions, and the -error filtering estimates.used. to account for

o . .

4

,them,‘ser}al'correlatiqis—and cross correlarion studies of the resulting.

IPI data’ are not accu atély obtainable. Exact firing rate information

. .

at any spécifie time during a contraction is ‘Also not available. -

* -

The procedure is valuable but not without inherent limitations.

1.

The following'xchaptar outlines the procedure’s value and limitations.

LR
.

It deals with possible solutions for some. of these 1imita£ions and

discusses the possible future ‘applications of this procedure emphasizing

its clinical potential. N C ' ’

4 -
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" ‘analysis {is suiiably atcurate and can be

" CHAPTER 7
CONCLUSION
7.1 Introductich

Details'of a new ,h procedure for the automatié extraction of:

v I ~ "
.

individual ‘motor unit rate coding and morphelogical information have

v,

been presented in the preceeding chapters. This chapter. summarizes the

value 'of this procedure, -points out its present limitations and suggests

¢ *

possible future uses. BOSSIble revisions and or additions to__thé
process to overcome Lits fpresenf limitations are discussed.. The

b

appLicatLoﬂ‘of the techniqué, or revised versions of 1it, to aidr'in .
clinical diagnosis 1s hypothesized. Parameters of»theirate coding and -

morphological anai&sis which might p;bve to be clinically - useful -are. *

proposed and the need for further.research in this dpea 1is stressed:
., "—.

7.2 System Vslue and Limitations

The procedure developed meets the objectives set ag., the “

beginning of this Wwork. The technique can sucgessfuliy record an EMG’

signal from humaﬂ muscle and semi-automatically obtain and diéplay

individual wmotor - unit rate coding and moriPological information

pertalning to the motor units Eresént in the regorded signal. Thed
. &
o

ed with moderite

opér;tof effort in a reasonabple length of time. The time rgqqired'fbr-

£
¢ .

. ' _ 130
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,electrode and -its contribution can be seén_in the recorded MUAP shapé.

. . 131

the analysis could be-‘significantly reduced (by factor of 10), - 1if,

alternate hardware were used to perform the data collection-compression,

3

©i . L
Fourier transformations and power -spectrum calculations and the

calculation and comparison of feature space distances.

:The énalysis provides, simultaneously, 1information ebout the

B \
size and\ firing rafes of the motor units contained in the compressed

)

. . ) 4 EH
SFEMG signal. This combination of information allows studies yelating

motor unit firing rates to motor unit sizg, to be efficiently performed.
Where Milner-Brown et al (1973a), obtained the ~motor unit twitch

tensions and therefore their inferred size, by synchronously averaging

the force record, maefko MUP’s.provide motor unit size ‘information, by

averaging the carnula - response. ‘.This' data can then be readily

v

correlated with the firing rate data.

Othéf;Qechdiques of decomposing the. EMG signal deal basically
with more complex copmposite signals. The use of the SFEMG electrode
allow one to record signals wﬁich are sufficlently complex \to provide

gome useful’ information, but ‘are still simple enough to allow accurate

¢ecomposition‘withupoderatg signal processing effort. When using highly

' selective electrodes, the individﬁa; motor unit information exists in an

M . .
"

EMG signa; that is not too complex or superimposed po make detomposition

and information exgraction too. difficult. .

.

'Theiindividual MUAP’s obtained with highly selective elgctrodes

" are ’&ogbosed of the contributions from only a few fibres of the motor

’

» sunit,” Each contributing fibre has a specific geogletry }elative to tﬁe

N
v

Therefbre,~the MUAP for each motor‘ﬁnit is quite unique and of short

- .

*l.
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duration. The composite EMG signal is then composed of a few @hiquely

shaped, short duration MUAP’s. The small number .of motor ﬁnits and the

-

short duration of their MUAP’s result in few superpositions. ;

1 '
‘Less selective electredes have MUAP's composed of contributions

from.a larger number of fibres of a motor unit, than those recorded with

v

highly selective électrpdes. The averaging of the individﬁél fibre

.conFributions result in. longer .duration MUAP’s. . *The resulting EMG

signals are composed of longer duration MUAP’s from a iérger number of

motor’ units. Tﬁetpoteﬂtial for 5hperposition§‘iélgreater. Thgrgfore;

.

EMG signals obtained with less selective electrodes, contain more

' A

information about mote rmotor units per se, but -the extraction of

individual motor unit information is sometimes very hard or impossible
LS Lo - . . " K
due to temporal and spatiak overlap of the component MUAP fields.

The use of selective_SFEMG needle electrodes 1s also the sdurce

of "some of the brocéﬂureﬂs“ limitations. With selective recording -

bt -

‘' £ ' ' " :
surfaces, electrode movement can greatly affect the recorded signals.
¢ . ES - .

This nonstationarity must be: minimized and tracked or the decomposition

scheme performance suffers. Needle movement is a proﬁlqm which mist be

overcome with all decomposition schemes, but it 1s most important when

LU

_—- ,
using very selective electrodes. . e . -

£ . e
i

‘The decompositidﬂischeme presently utiliieS'a:moGigé average of.

N

accrptable templates in an attémpt to track ‘the moving téhplgte shapes. -
. ‘ ™ 3

More sophisticaqu signal processing techniques-might be used “in this

area.  Struder et al (1984) proposed adaptive Kalman:filtering to track

the changing states -of the class templates. * Similar «filtering

techniques or‘other adapti¥e procedures could be évh}uated. :  ‘;

Yy
3

s . .
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. Another method of reducing ncedle movement. is to use less
selective of bipolar needle elgetrodes. Netwithstanding the above

discussion about needle felectivity, shightly larger recording surface
. ] ‘ .
erdb can . be investigated. Bipolar electrodes might 3110 be

‘u
.,

. B ’ .
advantageous. - They can ac%teved selective recordings gr even  with

relatively larfe recording surfaces because of the differencing which
[ ' -

- r

they perform. ".The large recording surfaces would then r&duce movement
] . |

effects, ) ‘ o _ ' *

. - ' - "\I'

' The size of the population of motorﬂunits sampled with the SEEMG
N s u

felectrodes 1s limited to about five and is. morc typically three. .This

"

populdtluu size can h;,lncrcased by rccording with “a. linear array of’
E . - - " .
electrodes .31multunequsly. Each channel’ of tﬁe arrax sampling . a
K = - ’ ' . - »
separate muscle area. Using an, array electrode would alse allow motor
by : .

3 . 3 : . . , : o - .
unit territories and conduction velocities to Be estimared. . .

Initial attempts at multi-channel recording techniquesrhave been’

a

performed with a five channel electrode, four selective surfaces and the

L]
o

cannula. The electrode has a 0.45 am cannula, withs four 0. 050 mm

diameter selective lead off surfaces, positioned 0. 6 ‘am apart inﬁthe

plane of the cannula surface, starting 15 mm  from,the tip. Recordings_
N .

_from each chaunel are relative to a single distant surface reference.

The' increased recording surface areas of the new multiohannel'

i

* electrode produce MUAP’s which.are less affected by needle movement,,but

‘the signals need to be digitally differenced to obtain similar'ﬂtime

-durhtions ag the SFEMG MUAP‘s.  Actual .simultanéous multi-channel

1

collections ﬁere not performed,‘but the technique'looks promising.

.
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" 7.3 Clinical Applicécion of Procedure E

134
The present decomposition scheme requires the operator to

analyze the data, to assess its stationarity and initialize the
templates. While it is good practiceé to check the data quality and the

template initialization is not too difficult, it would be desirébie if:

-the decomposition_séheﬁe was more automatic. Reliably deCermining' the

uumbgr, of ractive motor units and afrepresgntative shape for each-is a
o : R : )
difficult task which as of yet has not been suitably accqmp}ished.?‘

'Eugure attempts in this area mighf involve similar analyses such as that

-proposed by Gath (1975) who used periodicities in the autocorrelation

functiqp of the EMG to determine the number of motor uhits active and
hY . . - i

1 ' Soe

studies of the EMG's'power spectrum to determine their fnitial firing
’ T

rates. Clustering analysis (Vogel and‘Wong 13979) might-also be another

4
method of determining the number of motor units active and “obraining

representative template.shapes.

o oo ) c e, 1 .

. ) N : ) %
[ ' )

The recording and data analysis in its .present state dées@ not

meet the initial objective that it be clinically applicable. The ° .

‘assessment qf data quality aqﬂ template initialization is a task which

could be ngaéily performed by the'é*ﬁefienced Electromyographer. “The
regording protocol and technique fé no more dffficule thap cher
pnééently ‘sugggsted, quantitati;e clinicéi ~EMG procedures. The time .
required forlthe analysis is therefore the major-facéor\ preélﬁding “the
procedures -rggglaru‘éliﬁiéal ;ée. This objective can then be'metlif'

1

dedicated hardware systems which would substantially reduce th rtime-

-
.
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;equlféd to'perform the analysi; can be utilized.

| The accuracy of thé results are sufficient to contribute a
1numBer ‘ofl potentially usefui clinical indicators. Stalberg and Thiele
(1973), Prochazka et al (1973) and Freund et~ al (1973} all suggested
‘that ,cganges“ in motor unit firing vaflability might be used clinically
}o indicate abnormal muscle. The mean firing rate, firing rate variance

3

' aﬁ& Fhe'ébefficient of variatiéﬁ, ths ratio of theléfandard deviation to
_ the mean, aﬁxcertain percentage leveis of maximum voluntary contraction
- (ZMVC),~.migh£“$11 reflect useful diagnostic {nformation. The trends of
these-p;rametérs as-functions of time migh: also be wused to indicate

muscle. qbnoimalities. TE?ae parameters can be used to measure fatigue

“and thé' point at which sighificant fatigue ¥Ps fndicated would also be

Félihically useful. Tﬁe independence of the firing of motor units or the .
existence of synchronization of motor unit firiﬁgs would  1indicate

clinical abnormality.

The mprphélogi;al information obtained with this tecan;que could -
be used, as preseﬁtly iprbposed by'S;albg}g (1983). The macro MUP‘s
érea, shape and\ggik to pgai-voltages are all equhcted.

The force protdcols used, the parameters measured and“;hg_gbrmal

. ahd‘expeéteg ranges of Ehe measured parameters all ﬁeeé to 'be determined

and standardized ifhan evaldhtion of the clinical value of the tempqral

information

th:be performed. Studies .recording 'the signals of
;iterhatg muéé_es of normals and subjects-with known "pathologies peed

then " be invgstigated to determine the usefulness of any proposed new

parameters. _ ' K‘\a——//
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Studies perfbrmed with multi—electrodeé can increase the size of
: . ~

-

: ‘ . ~
(the population of motor ‘'units studied. The multi-electrode~can alsc

possibly add motor unit territories and- fibre conduction velocity
estimates to aid in clinical diagnosis.

It is hoped that the recording and signal analysis procedure

presented here or some alternate measurement technique, be ;developed to

the point were it could be impienentea'in a clinical environment. This

would- allow a combination of both tempo:ai and morphological paramete;ﬁj

to be used to effectively aid in the assessment of the clinical.state of

the human neuromuscular system. To this end, suitable temporal

-

 parametérs must be determined and thelr clinical value confirmed.

Efficient and reliable methods of measuring these parameters mustzalso

1]

be available. 'gprther rgseqrcﬁ £ntd.the decomposition and analysis of

EMG signals is required fo;‘such a procedqre to exist. -

[N
o



¢ APPENDIX 1

MUAP DETECTION HARDWARE

Al.l Introduction L2

. 8
»

The %Pccessful .compression of needle recorded EMG data |is

dependent on the consfstent detection of the occurrence of motor unit

I

action potentials (MUAP’s). The MUAR’'s must.be'detected each time they

-

occur and at the same point during their time course. THis is

performed, as discussed in Section 3.3, by ﬁonitoring, in 4 parallel

channel, the analog SFEMG siéng;'s slope and amplitude. When both the )

measured slope and -amplitude exceed preset ,thresholdé; a pulse is

. a
-

created which is input to the LPS ﬁa:dware and used to .generate a
éompressipn request fnégrrupt to the collection—compreééién routine (sge
Section 3.2 for more détails). Slope and amplifude monitoring are also
used to assess needle mov;mént as outlined in secfions 2.6 and 6.2.

The Hﬁrdware cg;Cuitry'iqggd téo perform thé required signal

. monitoring, threshold productio; and output pulse creation is outlined

in this appendix. ) Adaigional ‘circuitry wused ‘to power ‘the force
transducer, amplify and filter tﬁe fqrce tranéddcér’s bridge circuit
output and to generate fofce target ranges 1is also-Aescribed. A ‘block
'/;;:E}am, Fiéure Al.l,. depicting the various component circuit# contained

.

in the MUAP detection hardware is included.

137 ‘ \
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AP.Zh Slope Ménitoring .

- .

“The measurement of the input signal’s slope, the detection of the
existence of sufficient slope 1in the monitored input signgl and the

A '
consequent generation of a suitahle output pulse 1is performed by the

3
.

7 slope detection circuit. The slope detectisdn circuit, shown in Figure

Al.2,_const5ts of a hiscrete component  sample and hold eclrcult, a
voltage comparator and an odcput pulse generator. '

The sample ang- held circuif consists of two operational
amplifiers (op 'amps).on a single LML458 chip,.a dual retrigéerable one’
shoL T4LS123 chip operating as a logic §ié?al generator and a, single
cell of a (D4066 bank of mosfet logic switches. rOne of the LMI458 op
amps, the sample and hold op*dmp, has the DC uncoupled SFEMG input
signal as one of its inputs. The other input is tied to ground through
a resistor and the other LM1458 op amp connected as a buffer. This op

amp will be called the- buffer op amp. 'The SFEMG input signal is DC

. v .
uncoupled by a series connected #nput capacitor and resistor.. The
output of the sémple and hold circuit is the output of the sample and
hold op amp.

" Both sides of the 74LS123 are interconnected to perform ‘as a.

-

bistable. Its output flipflops between being at 5 volts or at 0 volts.

This output is used as the loglg signal for the sample and hold dircuit

5 -
and 1is input to the gate of the mosfet switch used. When the }ogic

'signal is high, the inprﬁ: té the sample and hold op amp @s ti_ed to

ground through the buffer op amp by the closing of the mosfet switch.

The output of the samplé and hold op amp is then drivem to zero. When
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the logic signal 1s low, the mosfet switch'-opens and the sample and hold

op amp input is connected to the Ddﬂuncoupled SFEMG input signal. The

s N
output) then tracks the DC uncoupled SFEMG input signal. After a

specifiet. ié%, the sample and hdld,op amp inputs are again set "to
éround ag the logic siénal gdes high. : X

The peak, output (positive or negative) of the sample and hold
,circuit during, the time its logic signal is low is proportional tb'the
s%gpe of'the.inp‘t.s%gnal. The proportionality constant is equal'tb the‘
length of time the logic signal is low. If this time is ;uitabiy‘shogt,
accurate estimates prﬁportional to the input signal's; slope - are
obtained. ' 4 ..

The time duration-fo; which the logic sigﬁal is low or high' is.

A+

determined by resiftor capacitor pairs connected to each side of the

74LS132. The off timé is set to .025 ms. The on time 1s set to .010 T

ms. The slope of I#he input'signal is not -monitored during the logic' -
signal higﬁ state. The oh time is therefore minimized to 1limit the
amount of input signal not monitored: '
‘lbececting if tﬁe measured Input signal slope exceeds _a certain
selected slope <threshold ’is accomplished by comparing the Sfmple and
hol& output é; a preset threshold. The threshold is equal to the slope
to be exceeded mnultiplied by’ the time the logic sign;l is loq_aﬁd the
gaiﬂ of the input signal amp&éfier, The comparison is performed by‘ an
LM311 ;;ltage comparator, w;th onfie input connected to the sample and
hol@ output and the other input connected to an adjustable voltage

threshold. If the saﬁple and hold output exceeds the threshold, then

the measured slope of the input éigna} has exceeded the threshold slope

LS
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requirement. The off time being set at .025 ms and the input gain being
1000, re&dires a 25 mV threshold for eaCh‘V/s slope. to be measured. TFor
example, to test for the exceeding of a6 V/s sloppe, the required
voltage threéhold is set at 150 mV. The voltage threshola préduction
a?d'selection wiliube discussed later in this appendix.

| A swigch is provided which’ allows' the slope selected‘lté be
exceeded to ie divided by four by eitendiAg the off logic signal time by
a factor of four, while the voltage threshold rem;ins constant. This
;llows lthe ‘reéordeq‘ signél to be‘slowed down by a factor of four and
stili produce the same ouﬁput‘pulses as the real time signal. Th;
slowing down of the lsignal is performed by playing back the recorded
déta-at'a tape speed four times slower than the recorded speed. This is
necéssary because of real time ‘sampling rate limitations of the
collection-compression routine. The switch -in the playback position
assumes operation in the extended, by a factor of four, time base; The
switch in'the record_position assumes real time operation.

When the preset.voltage threshold is exceeded, output pulses are
created 'to indicate the existénce in the input's{gnal of a slope greater
.than the threshold slope. fhe output pulse Qene;ator is a 74LS123 dual
| retriggerable one shot, The changing of state of.- the voltage

comparator, as the preset voltage threshold is exceeded; ' simultaneously
trfggers .the generation of two se?arafe "*slope thr?shold exceeded’
output® pulses. The length of the pulses a;:e controlled by the resistor,

-

capacitor combinations connected to each side of the 7415123, The width

" of the ‘output pulses are set to .10 ms and 1.0 ms respéctively. The

shorter output pulsé‘ is. fed to an and gate and the longer pulse to a

i



1

" output pulses are controlled as in

! . v 143

light emitting diode (LED). The and gate is used w%th((zge amplitude

detection circuit outbut to. signal a MUAP detection. The LED provides a
flashing light which signals the exceeding of the selected slope.
threshold. The pulse to the LED is lengthened to make the flashing LED

more visible.
' a

Al.3 Amplitude Monitoring - . ’

The detection of epochs when thg voltage level of the input

signal is above a preset level and the production of corresponding

- ' N A
output pulses  indicating this state 1s effected by the amplitude

detection circuit. The amplitude detection circuit, shown in Figure

. Al.3, 1is composed of a voltage comparator and an output -pulse generator.

The voltage comparison is pérformed by a voltage Eomparatof
chip. One input is the SFEMG input; the other is connected to a

selectable voltage reference. The selection and ‘production’ of the

voltage reference will be discussed later in this appendix.®,,

. . . . .
The output of the voltage comparator is connected toc an output

~ . .

pulse generator sigllar ko ‘the one uéed in the slope detection circuit.
When the voitage reference 1s exceeded, the output of ;he voltage
comparator goes high causing ‘amplitude threshold exceeded” output
pulses to be créated by :his-output ﬁlss circuit. The lengths of these

e slope detectgon circuit and are

* -

set to similar values. The shorter output pulse is fed to an and gate

and the longer pulse to a separate LED: 'The and gaté 1s used with the
: ’ . aat - B -~

output of the slope detection circuitf to trigger a MUAP detected pglse.

1

prs

-
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“'pas a .10 ms duration and is output to the computer. The other side

) 145 -

¢ S

_ . . _ " ) ')
The LED provides a flashing light indicating the epoch when the preset

’

amplitude threshold is exceed.

Al.4 'MUAP Detected Output‘éulse

¢

The pro&uc;ion of the ‘ﬁUAP de;gcted’ cutput pulse:is_ pqrférmed
by the output pulse g;neration circult which is céqpoped'of an and gate
and a 74L5123.chip. The inputs to the and 'gate asfstaged above are the
output pulses of the siope detection and amﬁlitude detection circuits.

The hutput of .the and gate simuitaneously drives the two sides of the

74L5123 chip. One side produces the ‘MUAP detection’ output pulse which

ks

* produces a 1.0 ms duration pulse which is used to drive a separate LED

‘b -
to indicate that a MUAP has been detected. +The 74LS123 chip 1is
similarly connected as 1in the slope and amplitude detection circuits.

The output pulse is not created unless both the slope and amplitude

. thresgholds are ex&@éﬁed simultaneously or at least within .lq ms of quh

other. r
i
Al.5 Voltage Reference
: Toa
P The creation and selection of the required thresholds for the

. * Al .
“desired amplitude and slope measurements is performed by qﬁg voltage
reference circuit. The voltage reference circuit consists of a 152 v

LMliS voltage reference; suitably chosen 1Z resistors and two eight

position DIP selector switches., The LMIl3 voltage reference is series

~ connected .with a 4.7 Kohm resistor to 5he 5 V supply. The LMI13

b

g

&
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; switch should be on at .any one time. P

- threshold is selectediby turning on the;epprOpriate slope DIP switch.

146

provides a stable 1.2 V voltage reference. This reference 15 then
. "

connected to one of eight selectable voltage divider Iegs, to produce
the' desired voltage reference, fo: the slope detection circuit.
Similarlw, the voltage reference is connected to one of eight §electahle
voltage divider legs‘to-produce the desired voltage referenceq for the.
amplitude detection -ci;cuit. The vdltage divider ,&egs‘ which, are
connected to the 1.2 V reftrehce are determined: by DIP selector
*switches. One eight position switch and eight different voltageadivider
legs are provided for each of the slope and amplitude detection

3 -
clrcuits. Y

The voltege levels which are provided to select amplitude
thresholds from are; .050,‘i100, .150,‘.200:‘.300, a&@p, 1.2 and 0v.
The last threshold is always” exceeded and the\ MUAP;s are detected on
slope criteria alone. These voltege leyels.essume en!ipput amplifiet

X

gain of 1000. The corresponding siénalvlevel‘threeholds are th;s 1000

"

times less. The~desired amplitude threshold is selected by turning on

the appropriate amplitude DIP. switch. No-mére than qne. amplitpde DIP
roo ~ oo Ty
: . SRR ,

. B . a,' ,'; ;_:
The voltage levels’ which are qvailehle for slope threshpld

'se'lecti'o‘n are; 'j‘.ozs- .oso, 075 .100 .125, .150, 1.2 andOV.:

i 5

1000, these voltage\&evels correspond to the following slope t

b

1, 2,3, 4,5, 6,fb8 and 0 V/s. " The’ last threshold is alwa¥s exceeded'

- L .
and the _MUAP“g detected by amplitude criteria only. The desited slope:’ '

Pl

dgfmore than one slope DIP switch‘shoplﬂsbe‘on'at'epy one_time.«

[ *

-+ e o+ e er———— -+ < T . 1
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Al.6 Force Processiﬁg Circuits _ r B ‘

The remajinder of this‘appendix‘will discuss ®ircyits used for

’

the measurement of the force ‘produced during a contraction and the

. production of a force target range. The force producedr.dpring a

contraction is measured as the amplified and low paSS.filtefed ocutput of
1 N N 4 .

a force transducer. The force target range is produced as the sum of

.

the output of a triangular wave generator-and a high frequency square

wave of variable size and is conttolled’by_ an on/off switch. Flgure

- . o

Al.4 shows the force prodessing circuit schemaQiqally;
A The fbrce}trapsduce; is composed of'fbur 120 ohm strain. gauges

connected 1in a full?bfidge circult. The ﬁridge is driven by a 5 V'DC

» R

' signal. The output of the bridge is amplified with a gain of 108? using .
," an' Anéiog Devices ADSél precision‘isécrumentation amplifier with;offsgt‘ .

trim to mull nhégé;tput‘for zero force production. Thg'low_pass filter

¢

is a fotrth order Butterworth, implemented as -an active - voltage.. ‘l

controlled voltaggxséurce circuit using two op amps on a LM1458 chip and

P L4 - .

the"associa;ed resistors and 5cépacitors as outlined by Johnson et al

(1980). The cutoff frequéncj ig‘ geé at 10 Hz. The amplified and

filtered force transduéer output is available for display on- an

0
4

oscillosc&pe and input to ‘a tape recorder channel, as shown in " Figure

4 bl

2.2. The experimental force measurement setup and restraining device is ¢

diagramed 'in Figure Al.S. . . T
na
. : v :
The forcertarget range is generated wusing a 8038 -fungtionm

~

generafor chip and a 74L5123 chip. A low frequency triangular wave

output of pin 3 of the 8038 is added to a high frequéﬂcy ‘square wave

."
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" dual retriggerable one shot.
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2 3

signal, ‘produced by the 74LS123 Chip to create a high frequency square
wave with a slowlchhanglng baseline. This signal, when fed to an
oscilloscope, with a fast time sweep and no square wave triggering
synch, reduces as siowly vertically sweeping shaded raﬁge on the
oscilloscope screen. The shaded range displayed is produced by the

nontriggered square wave. The vertical sweeping 1is provided by the

slowly changing triangular wa;e. Together they produce a force target

. range in which the subject caﬁ be requested to malntain the force putput

signaI:‘
The triangular wave is set to have a- 30 second period by
suitably selecting fhe charging capacitor and resistors. The charging

and discharging résistances, those connected between pins 4 and 5 of the
«
BOQQ. and the 5 V supply, are adjusted so that the triangular output has

a 15 second up time an¥ 15 second down time. T

The square wave 15 produced, as is the 1logic signal for the

sample and hold sectI®h of the slope detection circﬁlt, using a 74LS123
’ S .

The duty cfclc of the output 1s, however,
L4 N:d . )

set to 507 and the total pgliod of the signal is .200 ds. The width of

the.range, the height of the output square wave, 1is controllable by

adjusting a potentiometer connected across the output of the 74ES¢§? and
- -

ground.
The two outputs are added togethér using one half ‘of a LMI1458

chip connected ,as a summing amplifier. Ehch output is connected through

an input resistor to the unity gain summing amplifier. 'The output of
-1

the summing amplifier is the sum of the input signals. The resulting .

- —
sum is an adjustable force target range which vertically _sweeps ,she ®

- s
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‘A .
0scilloscope screen every 30 seconds.
<:f’ﬂ—5‘ Aevitch 1s provided which shorts the charging capacitor through N
’ o > -

a series resistor. The force target range goes to the zero force'output
point on the oscilloscope screep with the switch in €his position (off). -
) ‘ -
With the switch in the ‘on’ position, the force target goes through its
. —

entire range starting at zero. The displayed force target rtange

4
starting point (zero force output) and the sweep range are adjustable

\
using the oscilloscope controls.
4 .
\_/ .
5
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APPENDIX 2

DATA COLLECTION-COMPRESSION ALGORITHM

A2.1 Introduction Y '

This appendix describes, in detail, the collecticn-compression
algorithm of the program developed to storercompressed da;a fer the new
recdrding pfotoéol,introduced in section 2.6. It explains the program
states used to accomplish two channel continuous datd collection, haﬁdle

~—tompression requests, perform the actual data compressions and final

disc storagé of the desired data. r g R

£y :

A2.2 Data Collection

The sampling and digitization (sampling). oi the data is

-

perfotmedJ by - the LPS 12 bit A/D conversion hardware. This hardware is
initialized to perfort conversions in 2°s offset format. - The sampling
of each active channel and transfer of the digitized resul%ﬁto the ring

buffer .is effected by a sampling interrupt service- routine.: The A/D

- h

done interrupt of the LPS system is used to initiate this samﬁling

service routine, .
— . .

o The A/D dope interrupt is created when an analog to dfgital
'ggnﬁg:iion is completed by the LPS A/D circuitry. This interrupf is
. enabled &uring progfam initialiiatioﬁ by setting the interrupt enable

¥ bit in the A/D control register. The A/D converter is also addresséd to ”
. . B )
'aﬁ-
* 152 -
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channel one, by setting (he apﬁropriate bits of the A/D control
reglister, at this time. wAn A/D conversion is started when the LPS clock
overflows. This is bedause the overflow enable bit of the A/D control
X :

register 1s set during_ the program start up sequence. The clock is
éogfii9g in the repeated * inter#al mode. Thereforé, the command to
sample and. convert data in chafinel one is given at set intervals by he
LS clock and the end of this conversion causes a program interrupt.

Upon entry inﬁu the samﬁling interrupt. sérvice rdutine, the
completed result of ¢hq conversion of channel ohé is transfer;@&‘tg the .
ring buffer. The second channel is‘EE;n sampled with a slight delay and
the result is transferred to the ring buffer as ‘well1 Thergfgre, the
two channels of data are transferred'to the' ring buffer in a nested
format. A ring buffer pointef.- which gqn:rols the location of the
transfers to it, is incremented. If the ring buffer.pointer is at the

p ~.

end of the buffer, a ring buffer countér is incremented and the poin;er

.

is directed to the beginning of the ring buffer. The ring buffer pointer

along with the ring buffer counter are used to count the totalgRumber of

samples that have been collected ° since the beginning of 'a

collection-compression run. This number of samples count is used to

repréEbnt elapsed time. Control is then returned to the interrupted

point in the program.. - ’

The sampling rate is ined by /Wé LP clock bverflow
frequency. With the clock counting i 2peated interval mode, this
frequepcy is dependent on the initial count value and the count speed.

Both of these values are set at the beginning of the program. The clock

] -
count speed is fixed at one MHz and the - initial count is determined,

1
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based on the sampling rate chosen by the operator.. The clock 18 started
in fhis repeated interval mode whenever collection-compression is being
performed. It 15 used in the external event timing mode for timing DMA

writes, but {t is thea = restarted in this mode when

collection—compression resumes. It continues in this mode until program

-
P}

termination, when it i3 turned off.

For double channel cpllections, the sampling rate is the higher

B -
-

of .the rates required to properly represent each of the data channels.

However, a compression sampling rate lower than the collection sampling
. . ! ’
rate .can be effected for the second data channel. This can. be

accomplished by, segfifing for compression, from the ring buffer,
R . e

- LM

suitably - spgeced channel two samples with a fixed number of channel two

-

samples between qhém. Thisﬂls explained in more detail later in this

appendix.

A2.3" Data Compressioil Requests ‘ .

\
)

A Y . .
The detection of a MUAP, by tﬁé MUAP detection cirqﬁit, results

in a program interrupt separ;te from the sampling inierrupt. This

interrupt is created by the Schmitt trigger of The LPS interface and is

of lower priority than the sampling interrupt..” The service routine for
o . B
this interrupt first checks the number g% samples- that have been

collected since the last occurijgée'of a MUAP. If the number of samples

correqunds to at le;qp‘{he'min}mal time.required betweed MUAP’s, then

the routine continues. Ig» #3me limit has not been met or exceeded,®™
it is assumed that a supe of twoeor more MUAP‘s has occurred or
T : - T -
‘ : . .
* - . - « A
: I
~ N N

\
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r

that the same MUAP hds been detected twice. The service routine simply
returns control to the point in the program which had been interrupted.

The requirement for a minimal time interval bétween MUAP occurrenceslis
3 ‘?‘ . :
solely to avoid multiple compressions of the same MUAP, which can occur

.

with complex MUAP shapes. This time interval is input by the operator’
and is less than the time duration of a compression epoch.
“ If the'MUAP time interval constraint has been satisfied, the

service routine continues. It loads the present value of the ring

buffer polhter into the top of the compression request stack and moves
the top of the compression request stack down in memory. The time of

the interrupt, as represented by the value of the ring buffer counter

N and the ring buffer pointer, is transferred to the time buffer. The

service routine then returns control to the interrupted point in the

.

program. »

A2.4 Data Compression

- , The actual compression of data is performed in the abgence of

.
Y

interrupts. If the compression request stack is not empty, a request
for‘compressioh.exists. The bottom value in the compression request

stack® is then moved into a compression range pointer which defines the

center of a compression range for data channel one.. The bottom of the

compression request- stack is then moved down in memory. The extent of

- -

the ‘compression range for each’ channel is dependent on the number of

channels being compressed and the number of samples‘pef MUAP beingf!
N } o [ ) . _.‘- . .
compressed. The compression range for the second channel also depends




on the . ratio of. the collection and compression sampling rates. The

L 4

number of samples compressed for each MUAP is determined by the time
duration dé&®ired for the representation of the MUAP and the compression
sampling rate. This parameter is input by the operator during program

initialization. The number of samples compressed is the higher of the

values required to properly represent the shapes as seen 1n each data

channel. The operator can choose between 25, 30 cr 100 samples being

compressed per MUAP. ¥

i
The data in the ring buffer 1s transferred into the compression

buffer one sample and 'channel at a time. The nested data for double

channel collections remains nested in the compression buffer. The

*

transfers are controlled by compression pointers, one f@r each channel.
' . { ®
The compression pointers are calculated by subtracting offsets from cthe
compression range poffnter. The offset for chagnel one is determined as
. 4

thie number of samples to be compressed for each MUAP, times the number
. k]

of channels being collected. 'The offset for chanqgl two 15 similar to
the offset for channel one, but'for'an additional multiplication by the
-y

ratio of the: collection to compression sampling rates for channel two

and a subtraction of Ewo for the channel to channel offset in the ring

buffer. These offsets are computed during program initialization. The

¢ . b
value of the compression pointer, for each channel, at the beginnin

a compression epoch 1s then determined by subtracting, from the

compression range pointer, the offset calculated for each channel. The

compression pointers are incremented after each transfer. The increment

.

- : : - .
used for each compression pointer is the number of channels being ;

collected, jé&mes the ratio of :he.collect;oﬁ and'comp;essiah sampling . .

156
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rate, times two. The fina} multiplication is to convert the increment
from words to bytes, since the PDP-11 is byte addressable. Thé ratioc
for channel>one is always one. * A value orher than one, for the ratio
for channel two, will result in a reduced compfe#sion sampliﬁg rate for
channel two. The transfers and pointer incremenéing cqntinue; until the
required number of samples has been moved. Compression 15 not started\
if for each.channei the ring bgffe} pointer is'not .a fuii compression
range ahead of the intial valug of the compression pointer. The program
enters a wait state until this condition is met. A detailed schematic
of the collection—compres;ion data structure is included in Figure A2.l.
If a MUAP occurs auring a compression sequence, the compression
is 'simply inFerrupted, the curgent ring buffer pointer value is put on
the top of the stack and the tbp of the stack is moved down in ‘memory;
the elapse time is placed in the timing buffer and the program returns
to its original Esint in the compressioh sequence. A correspeonding
sequence of events is foliowed when a sampling interrupt 1s ;erviced
during a compression epoch. If the comﬁréssion request stack is

emptied, the top of compression request stack is moved back to its

original place in memorf and the program enters a walt spate. The

compression range pointer marks the center of the compréssion range and

the compression actually starts with samples collected earlier inm time.

The amount earlier is dependent on the maximum compression range of the

.
PR}

active channels.- Therefore, the collection .process must have been
active for at least this+*time to make .these samples available. MUAP ‘s
oécugrihg‘before'this time;?;re therefore not ébmpressed. The MUAP’

detection service routine, is not wused until a sufficient number of

\ }

a9
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e

samples have been collected. "An initial interrupt service routine is

used to check this and transfer future interrupt tontrol to the MUAP

v
H

detection service routine when a sufficient number of samples have been

collected.
&

I
o

A2.5 Disc. Storage

.

The compression buffer, when full, is written to _dise by DMA.

. _
‘MUAP’s occurring just previous to this or during this timedpre lost.

The collection, consequently, is not continuous. It 1s subdivided iato
time 1intervals, dhich are based on the frequency of MUAP occurrences,

; - -,
the number of samples collected to represent the MUAP, the number of

channels mpressed and the length of thé_ comﬁressiqn buffer.
Nevettheless, a fixed number of MUAP’s are compressed each time. This
'

fact 1s wused by later programs in paléuiating motor unit firing rates.

The elapsed time 18 calculated continuously, however. The LPS clock is

startéd in ‘the external evenfy timing mode at the beginning of the .

execution of this state and is stopped at its compietion. The time

a

spent in this state is converted to a number of samples count dnd

~

appropriatelj added to the ring buffer counter énd the ring’ buffer

pointer. . . C 5

v

L

o
4
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