
AI.I AUTOMATED MUSCLE MOTOR IJNIT COUNTING SYSTEM





AN AUTOMATED MUSCLE MOTOR I'NIT COT]NTING SYSTEM

By

RICHARD CAVASIN, B.ENG.

A Thesis

Subnitted to the School of Graduate Studies

in Partial Fulfillment of the Requirements

for the Degree

Master of Engineering

McMaster UniversitY

April 1989



MASTER OF ENGINEERING MCMASTER UNIVERSITY

(Electrical Engineering) Hamilton, Ontario

TITLE: An Automated l.[uscle Motor Unit counting System

AUTHOR: Richard Cavasin, B. Eng. (Mct'laster University)

SUPERVISOR: Dr. H. de Bruin

NUMBER OF PAGES: xi , L57

LI



ABSTRACT

A completely automated system for determining the number of motor

units in a skeletal muscle has been developed and tested. It is based on

the McComas incremental motor unit counting technique and eliminates the

subjectivity introduced by the operator's judgement and addresses the

problem of alternation which plagues manual estimation techniques '

The system, currently inplemented using a PDP-LL/34 mini-computer,

uses silver strip electrodes to record the electrically evoked

elecrromyographic resPonses which are amplified, filUered, and digitally

converted for computer processing, display, and storage' The software

uses digital signal processing, Pattern re'cognition, and complex

algorithms with well defined decision criteria to vary the stimulus

amplitude, classify the responses, identify alternation, and estimate the

motor unit count. The system \.ras extensively tested on the thenar and

extensor digitorum brevis muscles of numerous subjects. Its performance

compared favourably with that of an experienced manual oPerator'

The speed, reliability, and objectivity of the system make ic very

useful clinically and promote the standardization of motor unit count

estimation.
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1"0

CHAPTER I

INTRODUCTION

Introduction

A motor unit (MU), the smallest unit of contraction in a skeletal

muscle, consists of a motor neuron (MN) and all the muscle fibres

innervated by it. Since a change in the number of MUs comprising a muscle

is indicative of a neuromuscular disorder, a technique for reliably

estinating this number would be a valuable tool in the diagnosis and

monitoring of these disorders.

Gurrently, the only practical, non-invasive technique described

in the literature for performing this estimation is the incremental motor

unit counting technique proposed by McConas and his colleagues (1971) and

several variations on it (Ballantyne and Hansen, L974; Panayiotopoulos et

al., L974; Milner-Brown and Brown, L976; Jasechko, 1987). This nechod

uses surface electrodes to record the electromyographic responses evoked

from a muscle by electrically stinulating its motor nerve. The operator

performs the estirnation based on measurements Eaken from these responses.

One of the main criticisms levelled against this technique is that

considerable subjectivity is introduced by the variability in the

operator's judgenent.
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This thesis describes the automation of what will be referred to

as the McComas technique. Wtrile other researchers such as Ballantyne and

Hansen (L974) have used computers as aids in performing notor unit counts,

Jasechko (1987) nas one of the flrst to propose a completely automated

system requiring virtually no operator input. The McMaster Automated

Motor Unit Counting Systen (}!AMUCS), which is based on rhis prelirninary

work, uses digital signal processing and pattern recognition to eliminate

the subjectivity introduced by the operator's judgement in the estimation

procedure.

1.1 The Motor Unit

Although a detailed discussion of the electrophysiological basis

for motor unit counting is beyond the scope of this thesis, a brief

overview follows. A more detailed description may be found in references

such as Basmajian (L979).

Figure I sr:nmarizes the norphology of a typical motor uniu. It

includes the motor neuron and a number of muscle fibres that normally are

randonly distributed within a segment of the muscle cross section. The

terminal branches of the MN innervate the muscle fibres in what is called

the end plate zorte. The width and location of this zorre along the

muscle's longitudinal axis varies from muscle to muscle and across

subjects. The number of muscle fibres wichin any particular rnotor unit

can vary from a few to several hundred. In addition, the number of motor

uni.ts within a particular muscle can vary over a similar range. In this
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way very fine control of muscle contraction can be achieved where needed.

The central nervous system controls the tension exerCed by a

muscle by varying the number of motor units being activated or 'recruited'

and by modulating their individual firing rates. Each firing results in

a brief contraction or 'twitch' of the muscle fibres. Tl.re surnmation of

the individual asvnchronous motor unit twitches results in the smooth

contraction observed in the muscle.

The contraction of the muscle fibres of a motor unit is triggered by

an electro-chemical event called the AcEion Potential (AP). In healthy

nerve and muscle the AP is an all or nothing phenornenon irr that once

initiated it will propagate down the MN, across che synaptiLr Uirps:rt the

terminal branches. and down all the muscle fibres of that nlotor unic. ln

other words a MU either fires entirely or not at all depending on whether

or not its stimulation threshold has been exceeded. Tl-re AP is a rapid

depolarization/repolarization of the cellular mernbrane rvliich when

travelling the length of a muscle fibre appears as a rnoving dipole co a

stationary recording electrode. Although the AP for a single nruscle fibre

has been calculated,and recorded as a triphasic signaL (Plor"rsey, 1969),

the spatial dispersion of the terminal branches of the MN overr che end

plate zone results in a temporal dispersion of the individual rnuscle fibre

APs that sum to form the Motor Unit Action Potential (!1UAP). The sl'rape

of any particular MUAP will be a funetion of the dispersion of l"lN terrniniil-

branches, the number and arrangement of muscle fibres in tlte MU, the

spatial relationship of the muscle fibres with respect to the recording

electrodes, and the filtering properties of the tissues and
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instrumentation. Once the recording electrodes are applied however, the

all or nothing nature of the AP makes the shape of any particular MUAP

relatively stable over tine. It is this constancy of MUAP shape and size

over the course of a test that nakes the McComas technique possible.

l,lhen the muscle fibres of a MU are chronically deinnervated through

the destruction or injury of a MN they will usually be captured by

neighbouring MNs through collateral reinnervation. In this way the

strength of the muscle can be maintained even though the number of MUs in

the muscle may decrease. A certain amount of deinnervaEion and

reinnervation is to be expected as part of the normal wear and tear in a

healthy muscle and a significant reduction in Ehe number of mocor units

of a muscle can be sustained without inpairing the control of muscle

contraction. This process, conbined \rith the normal variation between

individuals, accounts for the width of what is considered to be the

'normal' range of MUs for any particular nuscle. It is not until chronic

disease or permanent injury reduces the muscle to a small number of very

large MUs that physical impairnenC ls observed. One would record

correspondingly large MUAPs in such cases.

If however, the pathology involves the destrucEion of muscle

fibres one would expect to observe a normal number of MUs of reduced size

with correspondingly decreased muscle strength. For these reasons, some

method of estinating the number of MUs in a muscle would be useful for

diagnosing and noniEoring the Progress of neuromuscular disorders.

Unfortunately, even dissection of the motor nerve cannot give an

accurate count of the nrrmber of MUs in a muscle. Although several
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electro-myographic techniques for MU count estimation have been proposed

using both voluntary and evoked potentials, the most conmon rnethod

currently used clinically is the Mccomas technique. A more invasive

technique such as that proposed by De Koning et. al. (1988) does not

easily lend itself to clinical inplenentation.

L.2 The McComas Technique

If a pair of electrodes are applied to the skin over a nerve

bundle that runs near the surface, the application of an electrical pulse

across them can induce an AP in some of the MNs within the nerve. These

APs will travel down the MNs to the nuscle fibres thev innervate and evoke

MUAPs which can be recorded by surface electrodes placed over the muscle

belly. Figure 2 shows a typical response that consists of a stimulus

artifact caused by the voltrne conduction of the stimulating pulse, a

propagation delay as the AP travels down the MNs and across the synaptic

gaps, and the sunmated MUAPs fron all the MUs activated by the stimulus.

Although the stinulating pulse is rectangular, the filtering properties

of the tissues and electrodes results in an exponentially decaying

artifact. By varying the stinulus pulse anplitude (SPA) the percentage

of che total nr:rnber of MUs in the muscle that are activated can be varied

between zero and one hundred. Unfortunately, as will be explained later,

there is not a one Lo one relationship between SPA and the number of MUs

activated.

In order to use this technique the muscle under investigation must

therefore be accessible for both stinulation and recording using surface
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electrodes' Some of the nuscles that are usually tested are the thenar,

hSrpothenar, extensor digitorun brevis, soleus, first dorsal interosseus,

and delroid.

Figure 3 strnmarizes the hardware setup used in the Mc6omas

technique. The electrode placenent depicted in rhis figure is used for
perfonning MU count estirnation on the thenar muscle group. Briefly, this
technique consists of gradually increasing the SPA under manual control

and displaying the evoked responses on a storage oscilloscope to obtain

a composite resPonse (CR) which is composed of a number of discrete

gradaEions or increments (Figure 4). Due to resolution limitations the

operator can rarely discrlninate more than about fifteen gradations

visually. Each successive increment in this CR is assurned to be the

contribution of an additional MU that has been excited. Thus, by dividing
the amplitude of the largest response in the cR by the number of
increnents, the operator obtains an estimate of the average MUAP (AMUAP)

arnplitude for that muscle. The operator then reduces the

oscilloscope/arnplifier gain and increases the sPA until the response

displays no discernable increase in anplltude. This response comprises

the sr:nmated MUAPs for all the MUs in the muscle. By dividing the

anplitude of this Maxinrrm Evoked Potenrial (MEP) by rhe AtIUAp amplitude

one obtains an estimate of the number of MUs in the muscle (N):

MEP amplitude
N-

AI,IUAP anplitude
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In other words, if there are

that k MUAPs have summed to produce

Therefore we know that k MUs produce a

by assuming that zero MUs produce

extrapolate how many MUs it would

amplitude (Figure 5).

lt

k increments in the CR, we assurne

the largest incrernent in the CR.

response wich a known aurplicude and

zero amplitude we can linearly

Eake to produce the measured MEP

1? Criticisms of the McComas Technique

Unfortunately, this technique suffers from several potential

limitations, not the least of which is its dependence Lrpon tlre operator,s

judgement in identifying the discrete increments of the CR. Ip addition.

the method is based on the following three assumptions:

1) Each increment in the CR corresponds to the contribution of a sirel,e

MU.

Three conditions can potentialry lead to a violation of rhis

assumption:

A) rf very srnall or distant MUs produce srnall MUAps [lrar are

of the same order of magnitude as che ins trLunentir t iorr rro isr.

it may be impossible to discriminate che resultinpl incrernents

in the cR. This condition would lead to an over-estimatio.

of the A-t'luAP and thus an under-estimation of N, the l,lU counr.

B) Two MUs may have similar stimulation thresholcls ancl rnay

therefore consistently fire in unison. Thus, t\,ro IlUAps will

be mistaken for one and the AMUAP will aeain be over-
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estimated.

If the stirnulation thresholds of several MUs are fairly

close together they nay fire in various combinations to

produce nore CR increments than there are MUs active. This

phenomenon has been referred to as alternation (McComas et.

al., L97L) and will lead to an under-estirnation of the AI,IUAP

and an over-estimation of the MU counE. This phenomenon

will be discussed in greater detail in Chapter 3.

If the motor axon branches proximal co the stinulation site,

stirnulating the branches individually will result in CR

increments which correspond to subsections of MUs (Kadrie et.

al., L976).

The srnall nunber of MUs contributing co the CR are a

representative sample of the entire population of up to several

hundred MUs contributing to the MEP.

If, as mentioned earlier, the contributions of very small MUAPs are

masked by noise, the sanple of MUAPs will be skewed towards larger

units. On the other hand, it has been claimed that MUs that are

nuch larger than those sanpled near the motor threshold exist and

that MU count estimates obtained with this technique are therefore

abnorrnally high (Feasby and Brown, L974).

3) The way the MUAP anplitudes sum to form the CR amplitude can be

linearly extrapolated to how the arnplitudes of all the MUAPs stun to

forn the MEP anplitude.

D)

2)
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Because the MUAPs vary in shape and latency their amplitudes do not

sum linearly. The technique assr:mes that a piecewise nonlinear

model for their sr:mmation will accurately predict the way they

actually surn.

L.4 Inorovernents to the McComas Technioue

Since the proposal of the Mc0ornas technique other researchers have

suggested several enhancenents to address its previously ouclined

shortconings. Panayiotopoulos et al. (L974) have used a microfilm reader

to perform signal averaging visually and extracE small MUAps normally

masked by noise. Ballantlme and Hansen (Lg74) have suggested using the

absolute area under the response curve as the feature upon which the

extrapolation is performed since MUAP areas should tend to sum more

linearly than the MUAP peak anpritudes. rn addition, their system

provides comPucer processing and enhanced displays to aid the operator in
analyzing the responses. Milner-Brown and Brown (L976) have proposed a

method for taking alternation into account based on the theoretical firing
probabilities of the MUs and exhaustive stimulation to yield as many

combinations of MUs as possible.

Jasechko (1987) took the computer processing proposed by

Ballantlme and Hansen a step further by allowing che computer to control
the stimulator and make the decisions in classifying the evoked responses.

Responses lrtere compared by calculating both the absolute area between

resPonse curves and by calculating the Euclidean distance between the

vectors of tine samples of the responses. In addition the stimulus



15

anplitude was also placed under computer control, shifting the operacor

to the role of a supervisor with little active involvement in the progress

of the test. Compared to the manual technique, the finer control of the

stinulus anplitude thus achieved, combined with the improved resolution
in response classification, considerably reduced the chances of missing

cR increments. Alternation lras not d.irectly addressed but it was felt
that the additional CR increments produced by it would occur infrequently
and that by requiring a large nr:nber of sanples for each cR increment

these irrepeatable responses would be ignored.

The question of whether or not the responses of the MUs sampled

in the CR are represenEative of those of the entire population of MUs in
the muscle was also not directly addressed aside from increaslng the

nrrmber of CR increments collected in order to increase the MUAp sample

size used in calculating the AI'{UAP. The facu that Jasechko,s studies

showed no significant correlation between MUAP size and order of
recruitrnent indicates that the criticisn that there is a preferential
early recruitment of either rarge or small MUs may not be valid.

The extrapolations of the MU counts were performed based on tv/o

features: peak arnplitude (as done by McComas) and absolute area (as done

by Ballantlme and Hansen). (It should be noted thau all area calcurarions

in MAMUCS are perforned using sirnple rectangular integration ). rn
addition, the extrapolation was perforned in three ways for each of the

two features. Firstly, the feature was calculated for each of the cR

increments and the MU count extrapolated by performing linear regression

of the cR increment feature against the number of MUs thought to
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contribute to each increment. Second1y, the extrapolation was performed

as done in the McComas technique by linearly extrapolating from the

Iargest CR increment feature. Lastly, the individual MUAps were extracted

by successive subtraction of the ranked CR increments, their individual
features calculated, and the features averaged to give an Al'IUAp feature

which was then divided into the l.tEp feature.

The regressi.on technique was suggested since it uses all the CR

increments as opposed to only the largest response, as in the second

method. The last nethod assumes a linear nodel for the sumnation of MUAp

features as oPposed to the piecewise nonlinear nodel assumed by the first
two. Although Jasechko's system performed well under certain conditions,

ic proved unwieldy and extremely unreliable when tested on a range of
subjects. The large nr:mber of sanples required for each response made the

test long and uncomfortable, and in cases where there were large degrees

of overlap in MU stinulation thresholds the system would reject virtually
every response due to the resulting lack of response repeatability. The

system proved useful for the investigation of various aspects of the

McComas technique but was irnpractical for longterm clinical or research

use. A more streamlined system with a more powerful response

classification algorithm was required. Alchough some of the basic

structure of Jasechko's syscem has been retained in I'IAMIJCS, there have

been radical changes in the approach to the problem of automating the

McComas technique. This thesis outlines these changes and describes the

performance of the resulting system. The next chapter outlines the

hardware used in the inplementation of the system arong with the
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algorithrns used in che first version of IIAMUCS. Chapter three discusses

the problem of alternation and the detection scheme devised to alleviate

it. In addition the results of a single subject and a multi-subject study

are discussed. Chapter four introduces the problem of latency shifting

and the resulting need for the spectral response classification system

impleuented in I.IAMUCS II . The results of nului - subj ect studies thar

comPare MAMUCS against an experienced manual operator are discussed in

chapter five. Chapter six concludes by suurmArizing the work to date and

suggests topics for further investigation.



CHAPTER 2

MAMUCS (version 1)

2"0 Hardware

UAMUCS is currently inplemented on a PDP-LL/34 rnini-computer wirh

a cache memory unit, a floating point processor, and an LPS-11 laboratory

interface unit which provides analogue T/O for the i.nstrumenration. The

12 bit analogue to digital converter of che LPS-ll provides a resolution

of 2.44 nV. A sumrnary of the hardware involved is provided in Figure 6.

Since the removal of operator intervention in the estimation

procedure was one of the prirnary objectives in the design of chis system,

it was necessary to nodify the Devices 3070 consEant voltage stimulator

so that it could be computer controlled. A detailed description of the

modifications perforrned by Jasechko can be found in his rhesis (1987).

while one of the LPS-11 outputs is used to supply the trigger pulse for

the stinulator, another output is used to control the SPA, bypassing the

potentioneter used for manual control. A switch installed on the front

panel of the stimulator allows the operator to switch from manual to

computer control.

The width of the stinulating pulses was set to 50 pS to minimize

stimulus artifact and subject disconfort. Initially, the pulses were

applied via the commercially available silver disk surface electrodes used

clinically for manual estination. Experimentation revealed that in many

18
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cases the application of pressure to the electrodes significantly reduced

the stinulation thresholds for the MUs. since the use of lower spAs would

in turn reduce the stinulus artlfact and extraneous muscle stimulation,
eonical stinulating electrodes were designed to achieve the sarne effect.
These 6 mn diarneter stainless steel electrodes were mounted 1.g cm apart
on a plastic plate. The exact placemeni of these electrodes for a

particular muscle varied frorn subJect to subject and was arrived at by

searching for the placement that gave the lowest stimulus threshold and

minimtm activation of adjacent muscles. No effort was made to selectively
stimulate any particular muscle lrithin the muscle groups tested.

In an effort to reduce biologicil noise, sti.mulus artifact, and

crosstalk from neighbouring muscles a bipolar recording electrode

configuration was adopted in lieu of the traditionat monoporar

configuration (reference electrode location is remote with respect to the

stignatic electrode). Silver strip electrodes (5 by.5 crn) were used for
the stignatic, reference, and ground electrodes. The stigmatic and

reference electrodes were placed parallel to each other and approximately

1- cm apart over the end plate zone of the muscle and perpendicular to the

axis of the muscle belly. The ground electrode was situated approximately

equidistant from the stinulating and recording electrodes. Atl the

eleetrodes were coated with electro-conductive gel prior to application
and held in place with surgical tape.

Because the large artifacts produced by the stimulus pulses tended

to saturate the prearnplifier used by Jasechko, the clinically used Teca

TE4 prearnplifier/amplifier was substituted. The low pass and high pass
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settings ltere set to 32 kHz and .8 Hz respectively. The signals were then

filtered using a Kronhite 3550 bandpass filter with corner frequencies at

8 Hz and 1000 Hz and a ro11 off of 24 dB per octave. The frequency

resPonses of the analogue filter are plocted in Figures 7 and 8. Software

selectable gain settings allow the system to aecommodate any analogue

instrrrmentaEion with sinilar bandwidth characteristics. Although a

tighter passband was desirable lt lead to distortion of the stimulus

artifact which then corrupted the desired responses. The signal is then

fed into the LPs-ll where ir is sanpled and digirally converred. cR

collections were typically perforned with the amplifier gain ser to 2500,

giving the system a resolution of 1.0 uV. For MEP collection the gain was

reduced by a factor of 10. For collecting the CR the srimulator

resolution was set to 92 mY, which allovs an spA range of o - L74 v. The

SPA resolution and range were doubled for MEp collection.

2.L Software

The software is divided inco 3 programs: Mp, Ap and EST. These

programs collect the MEP, collect the cR and perform the MU count

extraPolation respectively. A data acquisition routine (AQ) common Eo MP

and AP has been retained from Jasechko's system. white most of Ehe

parameters used by AQ are software selectible, for the purposes of the

studies whose results will be subsequently presented they were held

constant at values that were ernpirically determined to work well on the

average (norrnal) thenar. Minor adjustments were made when testing other

muscle groups.
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The parameters passed to AQ by the calling program (MP or AP)

deternine the sEinulation amplitude, the nr:rnber of sarnples to be collected

i.n each data segment (L), and the sanpling perlod. AQ returns three data

segments each containing L sarnples along with the mean values for the

first and third segments. The first segnent is collected before the

application of the stimulus, the second lmnedlately following it, and the

third after that (Figure 9). The second segment will contain the scimulus

artifact and the evoked response while the first and third are used to

assess the background noise. If the mean or standard deviation of the

samples in these segments exceed enpirically determined limits the noj.se

is deemed to be excessive and the signal is discarded by the calling

program. The signals are further checked fot A/D saturation before being

used by the calling program. For the purpose of the studies condueted

using MAMUCS I a sanpling freguency of 5 kllz was chosen and the data

segments were 150 sarnples (32 nS) in length. The data segment containing

the response is further windowed to 88 sanples (L7.6 mS) following a user

selectable settling time (typically 3 mS for the thenar muscle group)

which accounts for the variable response latency and removes most of che

stimulus artifact.

In addition to sharing the same data acquisition routine, MP and

AP use the s€rme data display routine which produces a display on Ehe

Tektronics graphics terminal that rnimics that of a storage oscilloscope.

Provision is rnade for halting either l{P or AP instantaneously by

depressing an infrared remote control switch connected to the schmitt

trigger input of the LPS-lL which sets the clock control/status register
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(csR). Prior to calring AQ (and rherefore applying a srimurus purse) borh

MP and AP call a routine which polls the GSR to determine whether the

remote control button has been pressed and therefore whether program

execution is to be suspended.

2.2 Experimental protocol

Although the protocol used by Jasechko called for acquiring the

cR before the MEP in order to give the subject the opportunity of becoming

accustomed to the gradually increasing stimulus ampritude, iE was

subsequencly found that acquiring the MEP before the cR offered several
advantages:

1) Ic was often found that if the nost uncomfortable

was completed first the subject rdas more relaxed

acquisition resulting in fewer signal rejections

noise.

Thus the experimental protocol consists

patient, testing the placenent with the stimulacor

2> A poor recording electrode placement resulting in degraded signals
could be quickly recognized by exanining the MEp amplitude /area.

3) A poor stimulating electrode placement resulcing in an excessively

high stinulus threshold for the MEP would be discovered imrnediately

so that the CR acquisition would not have to be repeated following
instrumentation adj ustnent.

part of the tesc

during the CR

due to excessive

of instrumenting the

under nanual control
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storage oscilloscope, making any

running MP, Ap, and EST.

2.3

The algorithm for MP is summarized in the flowchart in Figure 10.

Because of the large stimulus anplitudes used, the program execution is
semi-automatic, ie. each response is disprayed on the vector graphics
terminal and the next stimulation/acquisition/display cycle is executed
only after the enter key is pressed. rn this way the operator can crosely
monitor the progress of the collection and the patient is not subjected
to a rapid series of incense electric shocks. rf the remote contror is
triggered at any time execution is suspended and an option menu is
displayed which allows the operator to alter the stimulus amplitude, gain
factor, etc.

The objective of the algorithrn is to increase the stimulus
anplitude until the response displays no increase in size and therefore
contains the summated responses of all the MUs in the muscre. The

stimulus increment (2,76 v) is a compromise between being too rarge which

courd lead to overshooting the MEP by stimulating adjacent muscres and

being too small which results in an excessive number of stimulations and

could lead to mistaking a local plateau in the response increments for the

MEP' when the area between Lwo successive responses falls below 3t of the
total area of the first of these responses, the second response is taken
as a sample of the MEP. MP then attenpts to collect two more samples of
this response at the next voltage level. If four responses which differ
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Figure LO Mp Flowchart
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by more than 3t are elicited before the three samples are obuai.ned, the

response plateau is considered to have been local and the program resumes

searching for the MEP. Once three samples of the MEP are collected they

are averaged, displayed, and stored on disk. The number of sample points

(M), comprising the first 80t of the total MEP area is stored in a file

along with the other Parameters (noise thresholds, gains, discrimination

levels, etc.) used by the succeeding programs.

2"4 AP - The Composite Response prosram

Figure 1-1 shows the normalized amplicude speetra for five

responses with greater than average high frequency content. Most of the

signal power is concentrated in the low frequencies with all of the

spectra at least 20 dB down at GOO Hz.

It was found that the unfiltered area difference and Euclidean

distance measures used by Jasechko for response classification did not

have sufficient resolution in the mid frequencies where smalI MUs tended

to fall. If the discrimination threshold was set low enough co pick ouc

these units classification errors would result from baseline shifts,

changes in stinulus artlfact, and high frequency noise.

The resPonse classification protocol used by MAMUCS I performs a

temporal comparison of two signals r(j) and s(j), j : l,M using a filtered
Euclidean distance measure (Dr) normaLized for the window length M (ggt of
MEP area). The filtering is in the form of a Krh difference where K is
the sanpling frequency in kHz:
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r(j) : r(j) s(j) j: I,M

This computatj-onally efficient linear phase FIR filter generates a cyclic

frequency response wiCh nulls at integer mulCiples of 1 kllz (Principe and

Smith, 1986). When this resPonse i-s cascaded with that of ttre analogr-te

instrumentation a passband with 3 dB frequencies of approximately 250 and

750 Hz is generated (Figure 7).

The window of length M is used to save computation sirrce tl're low

amplitude tail of the responses is unimportant for classific:rciotr. Since

the value of f,I will change for each test depending on the l'lEP shape, ti're

time domain distance measure D, must be normalized so Ch;rt a constant

discrimination threshold can be set. It was necessary Co use this signal

processing technique since the computer had insufficient Inernory for

storage of template samples and features separaCely. A cotrvetrtional FIR

filter would have been too computationally inefficier-rt for this

application.

To further reduce unnecessary computation the pattern recognitiou

syscem pre-screens responses by comparing peak amplitudes and fails any

that do not match within 30 pV. The response classification protocol is

DT
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suutrarized in Figure L2.

Responses that match no previously collected responses are stored

in temporary save bins while rnatching responses are averaged into

templates. Figure 13 summarizes the overall algorithm for AP. Upon

initialization the program attempts to obtain a sample of the baseline as

close as possible to the stinulation threshold of the first MU. This is

acconplished by conmencing the stlmulatlon at a preset level and

incrementing the SPA until a greater than baseline response is obtained,

ie. the first CR increment. . The operator is asked to verify chat the

preceding response is in fact the baseline at which the collection is to

begin. After confirmation the progr:rm stimulates, collects, and

classifies responses without further operacor interwention. The

stinulation rate is approximately 2 Hz and the responses are first checked

for noise as previously outlined and are then compared to any existing

templates. If the distance measure for the closest match falls below the

discrinination threshold the response is averaged into that template. If

not, the response is compared to the responses that are stored in the save

bins by the sarne criteria. If the response matches a save bin the two

signals are assigned to a template. If there are no available templates

the two signals are averaged and left in the save bin. If there is no

match the response is assigned to a save bin on a firsc in firsu out

basis.

There are crro modes of stinulus control, the execution of which

depends upon the current state of the test. Normally, the stimulus

tracking mode is implemenLed which increments the stirnulus amplitude by
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Figure L2 Response Classification Flowchart
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Figure 13 Ap Flowchart
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one voltage increment (.092 v) if the response matches a temprate,

decrenents it by che same amount if it doesn,t, and increments it by 10

tines Ehis emounE lf the responses are natching the same templaEe

repeatedly. In this way the stinulus is controlled not only ro avoid

nissing interrnediate gradations in the CR but also to overshoot local
plateaus to speed up the collection. In action this scheme mi.mics the

search Pattern used by the manual operaLor withouc having to stimulate at
every voltage level.

Once half the available templates contain responses the template

filling mode is executed. The desired nininum number of responses to be

averaged in each tenplate is five while the acceptable minimum is three.

The progran will attemPt to obtain five responses for a template within
ten attemPted fills. The f111 node is only executed if there are at least
tldo templates eligible for filling. The firring cycle consisrs of
stepping through the existing templates that contain less than five
responses and have had less than ten fill actenpts, and actempting to

obtain another resPonse for that tenplate. A fill attempt consists of
stinulating ac the mean arnplitude for those responses already in the

ternplate plus or minus a snall random variation. By introducing a random

variation in the stimulus amplitude it is hoped that any intermediate

responses missed along the way will by elicited. Any new templates

creaced at this time are appended and become part of the filling cycle in
their turn.

At each lteration a check is perforned to see if the desired

nunber of ternplates with Ehe acceptable minimurn number of responses has
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been reached. rf the cycle ls completed (less than two templates eligible
for filling) without this ntrmber being reached the srimulus tracking mode

resumes ' If at any point in the collection there is insufficient memory

for a new template that is to be created, a check is made to see if any

of the existing ternplates have had their ten fill attempts and still do

not have at least three resPonses. If so, that tenplate is discarded and

the new tenplate is put in its prace. spurious responses that do not
repeat are eliminated in this way.

once the desired number of templates with the rninimurn number of
responses is obtained, collection ceases and the template with the largest
peak anplitude is displayed. The operator is then given the option of
adjusting the display gain and the tenplates comprising rhe cR are

displayed (Figure L4), their features are calcurated, printed and stored

on disk, and the templates are then stored on disk for further processing

by EST.

2.5 EST - The MU Counr Estimation program

Because of the search pactern and discarding of spurious

tenplates performed by AP in collecting the CR, the templates will be in
no particurar order beyond tenplate #1 (baseline). The first task
perforned by Esr must therefore be a ranking of the templaEes from

smarlest to largest based on some ternplate feature. A successi.ve

subtraction of the cenplates will then yield the individual MUAps that
have summated to forn the CR (Ballant]me and Hansen, Lg74). The ranking

can be perforned based on template area, peak template aurplitude, or mean
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templaEe SPA. Since considerable overlap in stimulus thresholds was

comqon in our studies it was found that the mean SPA was not a suitable

feature for tenplate ranking. Figure 15 illustrates the MUAps exrracted

frorn the CR shown in Flgure 14 when the ternplates are ranked in order of
increasing area. Since there w111 be errors in the ranking regardless of
the feature selected, the putative MUAPs extracced by the successive

subtraction will not always correspond to the true MUAps contributing to

the CR. For this reason they will be referred Eo as ,extracted, MUAps

throughout this thesis.

The three extraPolation techniques used by Jasechko lrere each

perforned based on two features (area and peak amplitude) to yield six

estimates as mentioned in Chapter 1. Ihe third technique, which consists

of averaging the extracted MUAP features to obtain the AMUAP feature,

assumes that the MUAP features sum linearly to form the MEp feature. This

assurnption is alnbst always violated and the estimates were typically on

the order of 50t lower than those yielded by the other two methods which

are based on a piecewise non-linear rnodel. Because of this obvious

inaccuracy the third excrapolatlon technique was abandoned early in the

development of }IAMUCS. In sunmary vre r{ere left lrith two methods for
perforning the extrapolation:

Linear regression of the response feature against the nuurber of

MUs thought to contribute to it.

End point extrapolation - the method used in the manual

inplementation of the McComas rechnique. (Figure 5)

1)

2)
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Each of these methods can be perforned based on the two response features:

peak amplitude as per McComas et al., and area under the response curve

as per Ballantlme and Hansen, to yield a total of four estimates.

In an attemPt to determine whether the snall number of MUAps

sarnpled in the CR are representative of the total population contributing

to the MEP with regard to shape, the largest template in rhe cR (ie. rhe

sum of all the MUAPs sampled in the CR) is divided by rhe number of MUs

contributing to it. This average MUAP is chen multiplied by rhe estimated

count and the resulting signal is compared to the MEp. Because of the

large difference between the SPA used to acquire the MEp and that used to

acquire the CR, latency differences can be introduced and a crude latency

correction (shifting an integer number of samples) is therefore performed

to yield a mininr:m area difference between the two signals. This area

difference as a Percentage of the MEP area is called the extrapolation fit
indicator (EFI) and can be used as a figure of merit ro indicare how well

the shape of the CR macches that of the MEP for a particular escimaEed

count. Figure 15 shows the MEP and the scaled version of the largest

ternplate for the test shown in Figures 14 and l-5. Since the regression

estimates are based on the features of each of the templates in Ehe CR,

such a calculation would be inappropriate for then. The only figure of

merit available for the regression estimates is the coefficienr of

determination (R2) which indicates the Iinearity of the cR feature

incrementation.
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A logical extension of the EFI calculation eras to develop an

algorithn that finds the estimate which yields the minimr,rm EFI. The

algorithn consists of calculating the ninirnrlm area difference for integer

nultiples of 100 units between 0 and 3000. The estimare G with rhe

snallest difference (ie. the best fit) now becoures the centre point for
the search. The same calculatlon is performed for integer multiples of

10 units between G + L00 units. The estimate G' wirh the best fit now

becomes the centre point for the search aE one unit increments between G'

1 1-0 units. The estimate G" ylelded by thls search should have the best

fit in the g1obal sense. This estlnate can be thought of as being based

on response shape as opposed to area or peak arnplitude. Thus the EsT

protocol consists of ranking the tenplates, extracting and displaying the

MUAPs for operator examination, and perforning a total of 5 MU count

extrapolations by the following methods:

Method #1

#2

#3

#4

#5

End point Extrapolatlon

End poinc Extrapolation

Mininum EFI.

Linear regression based

Linear regression based

based on response area.

based on peak amplitude.

on resPonse area.

on peak amplitude.

A11 of these techniques assume that each increment in the CR

corresponds to the contribution of one addicional MU that has been

recruited. Because of the large number of stinulations used and the

active search for intermediate gradations performed by AP, the probability



of a gradation being missed,

MUs being mistaken for one,

the number of MUs sanpled

gradations. The phenomenon

referred to as alternation

detail in the next ehapter.

t+3

and therefore the contribution of two or more

is Low. It is much more likelv however that

by the CR is smaller than the number of

responsible for this potential discrepancy is

(McComas et a1., 197L) and is discussed in



CHAPTER 3

ALTERNATION AI.ID PRELIMINARY TEST RESULTS

3.0 Introduction

As mentloned in the preceding chapcer, it is unlikely thac the

responses of two MUs flring in unison will be mistaken for a single MUAP.

Consequently it is reasonably certain that the first response increment

in the CR above the baseline will represent the response of a single MU.

It is however, uncertain as to how many motor unics have contributed to

any of the other increments. As illustrated in Figures 17a and 17b, tv/o

MUs, A and B, can produce up to 3 distinct responses (17b) instead of the

ttro assumed by the McCornas technique (17a). A group of MUs firing in

di.verse combinations to produce more CR increments than there are MUs is

called alternation (McComas et. al. ,L97L>.

Unfortunately, excitation thresholds for MUs vary over time and

one can therefore only speak of the probability that a MU will fire at

any given SPA. Over a snall stimulus voltage range the probability that

a MU will fire can vary from 0t to 100t. Although the precise shape of

the probability curve is of limited importance in this discussion, the

degree of overlap of the curves for different MUs sampled in the CR will

determine the amount of alternaEion encounlered. In the worst case, if

the firing probability curves for K motor units overlap completely,

44
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Figure L7 Possible CR Increments Generated
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2K-L CR gradations are possible if all the MUs fire in every possible

combination (Brown and Milner-Brown, 1976). While this extrerne case is

unlikely to occur, a modest degree of overlap producing a few alternations

can significantly reduce the estimated AI,IUAP extrapolation feature and

thus lead to an over-estimation of the MU count. rn other words.

alternation leads to over-counting the number of MUs contributing to che

cR and therefore under-estimating the slope of the line used co

extrapolate the count.

3.1 The Alternation Detection Algorithm

An examination of the example of alternation in Figr-rre l7b shows

that if the alternated responses are ranked and a successive sr-rbtraction

performed, the extracted signals will be:

1) MUAP

2) MUAP

3) MUAP

B-MUAPA

If these signals are displayed as the extracted MUAPs, MUAP A will appear

twice.

In the course of the development of MAMUCS many exarnples were

found where several MUAPs extracted through the successive subtraction of

CR increments were identical in shape. Sample tesc 2, whose extracced

MUAPs are shown in Figure 18, illustraces such an exarnple. Note tire

similarity of MUAPs A and B which are compared in Figure l9a. Since ir

A

A
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Figure 19 Comparison of
a) Example of Duplicate

48

Extracted MUAps (Sarnple Test 2)

MUAPs (Alternation)

Di

-/

b) Example of Duplicate MUAps (Not Alternation)
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is safe to assume that almost all MUAps will be unique in shape rhis
observation should indicate the presence of arternation.

Not all eases of alternation will be of the form constructed for
Figure L7 and a straightforward serlal subtraction of the ranked cR

increments will noc reveal chern as duplicated MUAps. For exampre, if 3

MUAPs A, B, and C are recruited in an alternating fashion to form the

following ranked increments:

Increment #1 - Baseline (No units)
#2-A
#3-B
#4-A+C
#5-A+B
#5-A+B+C

The MUAPs extracted by serial subtraction will be:

MUAP #1 - A
#2-B-A
#3-A+C-B
#4-B-C
#5-C

Although alternation has occurred, serial subtraccion of the ranked cR

increments has not revealed it in the form of duplicate MUAps. A more

sophisticated algorithn that subtracts each response from alI the

successive resPonses is required. Such an algorithn is summarized in
Figure 20. The ranked response templates T(i), i : l,N are anarysed

and if alternation is detected the appropriate templates causing the

reduncancy are dereted to yield a revised set of extracted MUAps M(j ) ,

j - 1,L. obviously, there is a limit to how complicated a case of
alternation this algorithn will decipher. In the worst case where every



Figure

Compare all lll(m)
n : t,ll-X to alll(j)' j: l{+1,1{

}{:l(+l

l( ) il-l?
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Alternation Detection
Algorithm Flowchart
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response in the cR is a singre MU firing in isolation, there is no

redundancy to detect (no sequence of subtractions will generate duplicate
MUAPs) and the problen is insoluble by any means.

By creating increasingly complex examples of alternation such as

the one lllustrated above, it ls stmple to verify that the algorithm will
detect any case of sinple alternauion. This algorithn is implemenged in
the progran EST after the tenplate ranking in order to correct the number

of MUs contributing to the cR before the MU count extrapolation is
performed. To verify that the progum was fairhfully implemenring rhe

algorithrn a test suite \tas created to simulate the various cases of
alternation which were exPected. A typical MUAP extracted from an earlier
test was scaled in duration and anplitude and shifted in time to create

a known set of unique signal waveforms that could be visually identified
for verification. These sinulated MUAPs were then summated in various

combinations to form cRs. These cRs were then decomposed using the

alternation detection algorithn. Although the extracted MUAps were not
always of the correct shape due to errors in the template ranking (non-

linear sumrnation of the ranking feature), as long as the degree of
alternation was confined to what was nathenatically soluble the algorithm

succeeded in detecting the correct nunber of alternations introduced in
the sinulation.

The alternation detection scheme compares extracted signals using

same Euclidean distance measure as was used to classify responses in
(the first pass of comparing peak anplitudes was omitted). obviously,

suecessively extracted MUAps that natch in shape cannot be a case of

the

AP

two
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arternation and are not flagged as such by the algorithm. The virtual
absence of such cases observed in the course of testing this system

indicates a relative uniqueness of MUAP shapes for chis recording

electrode configuration. one of the rare cases of this phenomenon that
was observed is illustrated in Figure 18. Note the similarity between

MUAPs C and D which are compared in Figure 19b. This example was used in
conjunction with numerous other examples of visually identified
alternation to set the discrimination threshold. Thus, if two signals

compared during the execution of the alternation detection scheme have a

difference signal whose distance neasure is less than 2.s, they are

considered to represent a case of alternation. For reference, the mean

distance measure for twenty baseline responses in a typieal test \^ras

measured to be 1.2.

I{ith the implementation of this algorithrn the first version of Ehe

automated system, MAMUCS I, was complete. Although hundreds of tesgs had

been performed on a variety of subjects during developmenc, the values of
the various test parameters !/ere now held fixed for conErolled serial
testing.

3.2 Test Results - Study I

rn order to assess the reliability of I,IAMUCS r a serial srudy

Itas conducted on a subjeet's right thenar rnuscle group. The study

consisted of 20 tescs perforrned in 10 sessions over a span of two months.

The number of tests per session varied between 1 and 4. The stigmatic

recording electrode was placed over the thenar eminence perpendicular to
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the first metacarPal bone, crossing the latter at the junction of its
proxinal and rniddle thlrds. The reference electrode was placed about 1

cm distally, parallel to the stignatlc electrode. The ground electrode

was positioned over the dorsum of the wrist. The stimulating electrodes

were placed over the mediannerve at the wrist (see section 2.0 and Figure

5).

The results for each session were averaged and are summarized in
Table 1a (alternatLon detection disabled) and lb (alternation derection

enabled). The number of alternations per test varied from O ,to 5 with a

mean of l-.8 and a standard deviation of 1.5. Obviously the MEP statistics
and EFIs will not be affected whether or not alternations are detected.

To quantify the variability of the estimaces wirhin a study we

normalize the standard deviation to obtain the coefficient of variation

or CV:

Scandard deviation of estirnates
CV- t00r

Mean of estimates
f,

Ihe extrapolacion technigue which yielded the estimates with the lowesr

CV was method L with alternation detection enabled. The mean estimated

MU count was 197 with a CV of 8.4t. Without alternation detecrion rhese

figures would have been 219 and 12t respectively. It is interescing to

note that the MEP areas used in the generation of these estimates were

almost twice as variable as the estinates.

Ihe mean EFI for method L estinates was much larger than those for

the estimates obtained using methods 2 and 3. since matching peak
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anPlitudes of the signals wilL also natch shapes to a certain extent, it
is to be expected that nethod 2 will give estimates with lower EFIs than

method 1, while method 3, by definition, gives rhe esrimare with the

absolute lowest EFI. Unfortunately, nethod 3 also gave the estimates with

the largest mean cV of the first three extrapolation techniques. The

reason for the lower repeatability of the linear regression estimates

(nethods 4 and 5) is unclear. Since they are based on each increment of
the CR as opPosed to the largest one, even if the same MUs were recruited

in each test, changes in their order of recruitment between tests would

alter the regression line fitted Eo the increments and therefore the

estimated MU count obtained.

Figures 21 and 22 depict the areas and peak amplitudes of the CR

increments for each of the twenty CRs in this study. Because alternation
detection alters the number of MUAPs naking up a particular CR, the curves

are normalized along both axis. The vertical axis represents the CR

increment feature as a fraction of the largest CR increment feature. This

value is plotted against the number of MUAPs sumning to form the cR

increment as a percentage of the number of MUAps in the rargest cR

increment. There is no consistent trend in the shape of the curves

despite the fact that the ranking function ensures that each additional

MUAP causes an increase in the response feature. The best guess possible

is a first order fit which wlll vary considerably depending on rhe order

in which the MUAPs surn. Although it was suggesred by Jasechko (1987) thar

a higher order fit be used, the extrapolatlon's dependence on the order

of MUAP recruitment would probably lead to even higher variabiliries.
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To examine the effect of the alternation detection algorithm, Test

No' L5 is considered. This test had the largest nurnber of alternations
in the study, 5 out of 2o MUAPs extracted being redundant. Figures 23 and

24 present the areas and peak anplitudes of the CR increments with and

without alternation detection. The thlrd curve in each figure illustrates
the way the feature of each cR increment would increase if the features
of each of the extracted MUAPs suruned linearly (as Jasechko,s third
extrapolation technique assumed). The difference between this curve and

the curve for alternaEion detection illustrates the non-linearity of MUAp

feature sumrnation. The smaller difference between the curves for Figure

23 compared to Figure 24 illustrates that MUAp area suns more rinearly
than peak amplitude (as suggested by Barlantyne and Hansen, Lg74). rn
this test, alternation detection decreased the estinaced count by 25t.

The marked improvemenE in estimate repeatability achieved by using the

alEernation detection algorithrn indicates the efficacy of the technique.

Henceforth, all estimated MU counts quoted in rhis rhesis (for MAMUCS I
and rr) will be with the alternation detection algorithm enabled.

The area, peak amplitude, and filtered Euclidean distance measure

(fron a null vector) for each of the 355 MUAps extracred in this study

were calculated, tabulated, and those falling outside + 3 standard

deviations of the mean were discarded. The remaining data were plotted
in the histograrns shown in Appendix A.1. The mean of the discance measure

histogran distribution was 28.0, the standard deviation was L4.6, and the

skewness was l-.05 (no. of MUAps considered - 344). only 3.gt of rhe

extracted MUAPs had distance measures that fell below the template
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discrinination threshold of L0. If a large number of acrual l{uAps had

distance measures below the threshold (1e. the threshold was sec too

high) we would expect the distribution to be more clustered around the

threshold. rt therefore appears that, at least for the muscre under

investigation, the threshold value of 10 was a good cornpromise. Although

the CRs in this study were collected using SPAs ranging from 30.1 ro 73.g

volts, the CR for a partlcular test was often acguired within a SpA range

of less than 2 volcs. The mean voltage used in collecting the MEps was

L20.7 volts.

3.3 Test Resulrs - Study 2

The muscle used in study 1 was tested extensively during the

development of I'IAMUCS I and was therefore somewhat archetypal . Our next

study consisted of testing the left and right thenar groups of 5 nominally

normal rnale subjects (age range 25 to 54 years) ten times each. The ten

tests were divided into 5 sessions, the two tests in each session being

performed serially without disturbing the instrunentation or significantly
moving the subject's hand. The experinental protocol for each cest was

identical to that used in study 1. By organizing the tests in this
fashion it was hoped that the inpact of re-instrumentation could be

assessed. Two separate coefficients of variation were calculated for each

experimental parameter in an effort to quantify the difference between

intersession and intrasession variability. The intersession coefficient
of variation (CVl) was calculated as in Study 1 by averaging che results

for each session and calculating the cV of the five averages. rf xl(j) and



Xz(j ) are the parameter values for tests

respecEively and X(j) is their average:

xr(J) + xz(j)

63

1 and 2 of the j th session

x(j) - j - 1,5

then
cx

cvl -
Fx

where q and Fx are respectively the standard deviation and mean of X(j )

over the five sessions. The inura-session coefficient of variation (CV2)

is obtained by calculating the CV of the parameter for each session and

averaging the five CVs. If CV(j ) is the coefficient of variarion of rhe

experimental parameter for Ehe jch session:

cv(j ) -rl; l"r,:, - xr(j)l
j - 1,5

xr(i) + xz(j)

then

5

t cv(j )
LJ
J'1

cvz -
5

The results for the 10 rnuscles are summarized in Tables 2,3a, and 3b.

Table 2 lists the nean MEP and AI{UAP features and their respective CVs.

Table 3a lists the average nr:mber of alternations detected per test and

the mean extrapolated MU counts by the 5 rnethods and their respective

figures of merit (EFrs and R2s). Table 3b lisrs the cVs for these
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estimates.

While CVl and CV2 are not equivalent measures and care should be

taken in comparing them, the larger CVls indicate that much of the

variability ln the tests is lntroduced by re-instrunenting the subject.

The different geometry of the recordlng electrodes will change the way the

responses are recorded and the dtfferent stimulacing electrode placement

will recruit a different sanple of the MU population.

Changes in the MEP feature within a session, though small, nere

not insignificant. Some factors contributing to these changes may

include:

a) Changes in the stirnulating/recotding electrode geometry

caused by snall shifts ln the hand position.

b) Changes in the MUAPs due

circulation restriction

with surgical tape).

to repetitive stimulation and

(the electrodes are tightly bound

c) Changes in skin and tissue lnpedance characteristics over

time due to perspiration and absorbtion of the electrode

Pasfe.

These changes, combined with differenE MUs being excited in different

orders account for the larger than expected CV2s for the AMUAP feature

and MU count. Overall, extrapolation nethod 3 (end-point extrapolation

based on minimum EFI) yielded the estimates with the lowest variability,

with nethod 1 (end-point based on area) a close second. While the EFI is
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only a crude figure of nerit with regard to response shape and does not
necessarily reflect the accuracy of a particular count, the validity of
estimates wirh very large EFrs (eg. subject #5 righc thenar) should be

viewed with scepticisn. A high EFr indicates uhat the MUAps forming the

cR have shapes or sum in ways which are not representative of the

population at large.

once again, we note that the regression techniques generarry
produced Iess repeatable estimates than the end-point extrapolation
techniques. If we comPare end-point extrapolation based on area (method

1) with linear regression based on area (method 4) we noce that it is
between sessions that differences arise. within a session, the regression

technigue's estimates are just as repeatable. This discrepancy is to be

expeeted because of the regression estimation's d.ependence on order of MU

recruitment which will tend to change more beEween sessions than within
sessions. In any case, the differences are negligible and this study

indicates that from a reliability point of view (as measured by rhe

variability of serial estimates performed on the same subject),
extrapolation methods 1,3 and 4 ate roughly equivalent. Method t however,

is by far the simplest to inplement.

As was done in study 1, the features of the extracted MUAps were

tabulated, those beyond 13 standard deviations of the mean were discarded,

and those renaining nere plotted in histograrns (Appendix A.z). The

distribution of MUAp distance measures has a mean of 19. g, a standard

deviation of 9.51, and a skewness of 1.16 (1g9g MUAps considered). only

8t of the extracted MUAPs had distance measures lower than the template
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discrinination threshold of 10. Although the distribution's proximity to

this threshold indicates that there nay be snall MUAPs which are not being

detected, or that the srnallest MUAPs extracted do not represent valid MU

responses, experimentation with different thresholds indicated that che

value used was a good conpromise.

The estimates themselves tended Eo be somewhat higher than the

expected range of 340 1 87 for norrnal thenars (Sica, McComas, Upton, and

Longnire, L974). The low count of L22 (Method #1) seems to indicate some

abnormality. Discussions with the subject revealed that he had in fact

suffered a neck injury in the past which affected the left side of his

body. l.Ihen his extensor digitorr:rn brevis (EDB) muscles were testedl

similarly lowered counts on the left side were observed The high count

of 9O7 (nethod #1) ls not so easily explained. Over the course of the

study it was found Eo be difficult to stimulate Ehis subject's left thenar

without also activating the lst and 2nd lurnbrical muscles. These distant

MUs xnay have contributed sna1l lncrements to the CR which caused

corresponding i.ncreases in the counts. In addicion, it appeared that

there may have been alternation beyond the deciphering capabiliuies of the

system. Sica et. al. (L974) noted that they \rere unable to obtain

satisfactory results from about 5t of the normal populacion due to

excessive alternation.

Slnce the manual operator concentrates on peak amplitudes he will

not identify as many lncrements ln the CR as MAMUCS which scrutinizes the

entire signal. Although sorne of these additional increments identified

by the autornated system will undoubtedly correspond to small MUAPs
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normally nissed by the manual operator because of their nonlinear

contribution to the CR anplitude, some increments will also be spurious

and represent the contrlbutions of noise, extraneous MUAPs from adjacenL

muscles, and latency shifts in the responses. This last factor was a

surprising discovery rnade during Scudy 2 which prompted a re-evaluation

of the requirements for the response classiflcation system and is the

subject of the next chapter.



CHAPTER 4

I{AMUCS II

4. 0 l-atenc_lr Shifting

The propagation delay or response latency lllustrated in Figure

2 will be the sun of the following individual delays:

a) Initiation of the AP in the motor neuron

b) Propagation of AP down the motor axon to the

terminal branches

c) Propagation of AP across the synaptic gap

d) Propagation of the AP down the muscle fibres

The lengths of these delays are subject to small random fluctuations over

time due to nunerous factors. Since the largest component of the delay

is b), the propagation of the AP down the axon, changes in this component

will have the greatest impact on the total response latency.

Electrical stinulation of an AP in the motor axon is most likely

to occur at the nodes of Ranvier. Depending on the current distribution

under the stimulating elecErodes, initiation of the AP will occur

simultaneously at several nodes around the cathodic electrode. Because

7L
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of the a1l or nothing nature of the AP and the refractory nature of the

excitable membranes, this will effectively be a stimulaEion at the most

distal of these nodes. If this most distal node is just on the Ehreshold

of activation, on repeated stimulation we would expect the site of

stlmulation to alternate between this node and the next most proximal

node. Such a shift in the stimulation site will cause a discrete shifc in

the response latency corresponding to the internodal distance divided by

the AP propagation velocity along the motor axon. The mean internodal

conduction time for normal ventral root nerve fibres of incernodal lengths

between 0.75 and 1.45 mm has been measured as 19.7 pS with a standard

deviation of 4.5 (Rasminski and Sears, L972>. Small displacements of the

stirnulating electrodes.during a test will cause similar changes in the

stinulation site.

During the development and testing of MAMUCS I numerous responses

were observed that appeared to be identical except for small time shifts.

Several muscles tested had a single low threshold MU that could be excited

in isolation over a fairly wide voltage range. As the SPA was slowly

ramped up from threshold the MUAP was observed repeatedly on the

oscilloscope. This MUAP would suddenly appear shifted slighuly in time

(different latency) and then return to its previous posicion while the SPA

rdas still far below the threshold of the nexc uniE. White the small

discrete latency shift between these two signals would go unnoticed by the

manual operator because his mental pattern recogniEion system is keyed to

shape and size, MAMUCS recognizes the responses as distinct because the

nisalignment causes a distance measure between them greater than the
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Eemplate discrimination chreshold. This shifting is Eo be expected on an

individual MU basis and if it occurs for the dominant MUAP in a CR we will

also observe a shift in the entire response. Subtracting a time shifted

version of a typical MU response fron itself (Figure 25a) produces a

characteristic difference signal with a significant disEance measure

(Figure 25b). Since a response template and ics time shifted'Ewin'wiII

have virtually identical areas (and peak amplitudes) they will be ranked

adjacently by EST. Thus, if latency shifting were corrupting our tests,

we would expect to occasionally see extracted MUAPs which resemble the

signal in Figure 25b. Figures 25a and 25b illustrate a thenar test which

shows signs of latency shifting (note MUAP A). Figure 27a shows the

templates which were subtracted to extract MUAP A. Figure 2.7b illusErates

how this difference signal can be virtually reduced Eo zero by shifting

one of the template signals 32 yS before subtraction. The difference

signal cannot be cotally reduced to baseline si.nce each of the template

signals is the average of several responses and the sum of several MUAPs

(only some of which nay have shifted). These would each require

individual latency compensation.

A more drastic example of latency shifcing from an EDB test is

illustrated in Figures 28a and 28b. In this case shifting che signals 0.2

mS prior to subtraction eliminates the difference signal.
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Figure 25 Sirnulated Latency Shift
Template and Time-shifted Twin

b) Difference Signal generated by Latency Shift

Difference Signal
(Dr = 2I)

Vert. Sca1e = 28.2
Horiz. Scale = 1.0

Shift = 4o pS

Vert. Scale = 189 pvlDiv
Horiz. Scale = 1.0 mS/Div

pvlDiv
mS/Div
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Figure 26 Sample Test 3 -
a) cR

of Latency ShiftingExample

I
I

'1

I

-.1
Il
I

J

Vert. Scale = 2LL
Horiz. Scale = l-.0

1tv/DLv
mS/Div

b) Extracted MUAPs

Vert. Scale = L45 ltY/Div Horiz. Scale = 4.0 nS/Div
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Figure 27 Observed Latency Shift from Figure 26

a) Template and Time-shifted Twin

b) Difference Signal (MUAP A) and Effect of Latency
Correction

after
Ps

MUAPA(Dr=13)Dif
shi

(

Scale
ScaIe

Vert. Sca1e = 11.3
Horiz. Scale = L.0

L4L pvrzDiv
L.0 nS/Div

pvlDiv
mS/Div

ference Signal
fting twin 32
Dr = 2.8) \

\
\n\t\ \
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Figure 28 Observed Latency Shift in EDB Muscle

a) Template and Time-shifted Twin

Vert. Scale = 46.9 1tY/DivHoriz. Scale = L.O nS/Div

b) Difference Signa1 and Effect of Latency Correction

Unshifted (Dr = L7.0) Shifted O.2 rnS (Dr = 0.9)

\

Scale = 1,L.3
Scale = 1.0

yv/Div
mS/Div
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4.L The Frequency Domain Response Classification System

It was reali.zed from the outset that the pattern recognition

system used in MAMUCS I was far fron ideal. Because of limited computer

memory it was not possible to store the templat,e pattern classification

features (digitally filtered tirne samples) separately and they had to be

generated each tine a ternplate natching lras performed. This necessitated

the use of a fairly crude, though effective, digiual filter (Kth

difference) to ensure reasonably fasu response classification. Although

it was recognized at an early stage thaC a more compact representation of

the signals would alleviate some of these problems, Ehe parallel

development of a system operaEing in the frequency domain \^ras noE

considered necessary until the identification of laEency shifting during

Study 2 demonsErated the need for a more powerful pattern recognition

system.

Because of the band limited nature of the template signals, once

the signal has been converted to a frequency domain represenEauion only

the significant Fourier coefficients need be retained. As well, a lower

sampling frequency can be used since temporal comparisons are no longer

being performed. With a 3 kHz sarnpling frequency a 54 point (2L.3 mS)

response window can be used. Of the 54 complex Fourier coefficients

generated by an FFT, one half need not be kept as they are the complex

conjugates of the other and can be regenerated as needed. For the thenar

signals recorded in studies I and 2, fewer than the firsc 16 coefficients

were found to be significant. Although the sampling frequency has been

chosen such that some high frequency noise signal propagated through the
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analogue stages could conceivabJ-y lead to aliasing, discarding the upper

half of the 32 Fourier coefficients will elirninate any resulting higher

frequency distortlon. By only storlng the L5 cornplex Fourier coefficients

as opposed to 88 real data points for each response template (or save

bin), the new AP program uses over 50t less memory for signal storage.

In this rray memory has been freed for scorage of the response

classification features. These features were chosen as the magnitudes of

the 2nd to the 9th Fourier coefflcients (47 -375 Hz, the l-st is the D.C.

component while those beyond the 9th are rarely significant for template

natching). Using the magnitudes effectively accomodates the latency

shifts described in section 4.0. Ihus, for each template (or save bin)

there are L6 complex Fourier coefficients, 8 spectral response

classification features, and 3 tlme domain features (area, peak arnplitude,

and peak latency) used for pre-screening.

When a response is collected it must be preconditioned before the

FFT is applied. To prevent leakage due to the endpoints of the signal not

being equal to zero, a line interpolated from the first point Eo che last

point in the response window is subtracted (Figure 29). Since the

responses are typically superirnposed on the exponentially decaying

stimulus artifact, it was felt that this baseline correction technique

effectively renoved most of the artifact and introduced less distortion

than windowing.

After the baseline correction, the time domain features are

calculated and the FFT ls perforned using a standard decimation in time

algorithn. The 8 spectral features are calculated and the response is
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Figure 29 Correction for Baseline Artifact
a) Example of Response with Correction Function

Response

\

Correction

Vert. Scale = 46.9
Horiz. Scale = 1,.0

b) Corrected Response

Vert. Scale : 46.9
Horiz. Scale = 1.0

/
Funct

ytv/Div
mS/Div

pvlDiv
nS/Div
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classified. The response is compared to existing template/save bins in

2 stages. The pre-screening stage consists of ensuring that the peak

anplitudes agree within 30 pV as in I.IAMUCS I (the mean excracted MUAP

anplitude fron Study 2 was about 32 pV). In addition, the latencies of

these peaks must agree within 1 mS. This additional pre-screening

criterion is necessary to ensure that srnall signals with differenc shapes

but sinilar amplitude spectra are not classified together.

If the pre-screening is passed the spectral features of the two

signals are compared using a spectral magnitude distance measure analagous

to the distance measure used for I,IAMUCS I:

Ds-

cR(j )

cr(j )

spectral features of the response

spectral features of the template/save bin

After some experimentation a template discrimination threshold of

75 was adopced for this distance measure. l.Ihen a match is found che

Fourier coefficients of the response are averaged with those of the

matching template and the template's feacures are updated. Not having to

re-compute all the template/save bin features for each classification

combi-ned with the smaller number of features involved in the comparisons

compensates for the computation tirne expended in calculating the FFT.

I cn(j ) cr(j)12
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Aside from these differences in the response classification

Protocol, AP renains unchanged for the new system which is designated

MAMUCS II. Ttre only change ln MP is the length of the response window and

sanpling frequency since all calculatlons for acquiring the MEP remain in

the time domain. rn Esr, the pattern recognition system used for

alternation detection is an enhanced version of the previously outlined

spectral system used ln AP.

While the responses that form the CR are large and tend to

increase in size in a stepwise fashion, Ehe MUAPs extracted by EST will

tend to be snaller and more uniform ln size. The chance of cwo distinct

MUAPs having sinilar nagnitude spectra is uruch greater than that for two

tenplates. Therefore, although latency shifting can still cause problems,

the phase components of the specEra can no longer be ignored. When two

signals are comPared for alternation detection their Fourier coefficients

are subtracted and this difference signal is examined in order Eo detect

a match. The Euclidean nonn of the phase delays (in seconds) of the

sPectral comPonents with significant nagnitudes is computed and used for

Pre-screening signals before the nagnitudes of the spectral components are

considered. This pattern recognition system uses Fourier coefficients 2

to L2 (47 - 5L7 Hz) because of the greater resolution needed at this

level. If the norm of the phase delays is less than 1.5 x lO-a and the

norm of the nagnitudes is less than 20, the signals are considered to be

identical and therefore a case of alternation.

Aside from these changes to the signal representation and pattern

recognition system all other aspects of I,IAMUCS II are identical to IIAMUCS
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I. For this reason, cornparing test results obcained using the two systems

should provide an indlcatlon of the relatlve merits of each response

classification technique. The next chapter describes studies in which

both I'IAMUCS I and II were pitted against an experienced manual operator

and their perfornance assessed.



CHAPTER 5

COMPARATIVE STUDIES

5.0 The Thenar Musc1e Group

One observation that lras made during Study 2 that caused

considerable concern was the large difference between CVL and CV2 for the

MEP extrapolation features. Although changes in the stimulating electrode

placement between sessions could alter the relative latencies of the MUAPs

slightly and therefore the way ln which they sr:m to form the MEP, these

changes would be small. Experimentation revealed that small changes in

the angular orientation of che recording electrodes with respect to the

axis of the nuscle belly produced large (on the order of 25t) changes in

the MEP area and peak anplitude. It was found that alchough a monopolar

electrode configuration (reference electrode is remote from the stigmatic

recording electrode and over inactive tissue) is somewhat less selective,

the recorded response is less sensitive to electrode placement. The high

sensitivity of uhe bipolar configuration acts as a variable gain that

makes the choice of fixed discrinination thresholds for signal comparisons

difficult to justify. For subseguent tests the reference electrode was

shortened to 3.0 cm and placed along the dorsal aspect of the proximal

phalanx of the thr:nb.

84
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The objective of the next set of studies was to compare the

performance of the 5 extrapolation techniques and the 2 response

classification schemes with that of an experieneed manual operator. The

experimental protocol for each session consisted of insErumenting the

subject and then performing 2 motor unit count esLimaces by each of 3

nethods:

1) MAMUCS r (srudy 3)

(Study 4)2) MAMUCS II

3) Manually (Scudy 5)

Every effort was nade to avoid discurbing the electrodes while performing

the 6 cests. As in Study 2 each muscle was tested over 5 sessions for a

total of 10 estimates. In this case subject No. 5's left thenar could not

be tested due to some recent surgery so a 6th subjecE's right thenar was

substituted to complete the conplemenc of 10 muscles to be tested. IE

should be noted that although some of the subjects from Study 2

participated in these studies, they were not assigned the same numbers in

all cases. Tables 4a and 4b surnmarize the overall CVs for Studies 3 and

4.

As expected, the variabilicy of the MEP exErapolaEion features

dropped considerably compared to Study 2. The estimaces obtained using

linear regression show the largest variability by far and for the sake of
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Table 4a Summary of Coefficients
(Extrapolation Features

of Variation
- Studies 3 and 4)

MEP Feature AI,IUAP Feature

Area Peak Anp

Study

Study

cv2

L3

l_ l_

cv2

2.5

2.2

3

4

cv1 c5'I2

t2 2.6

L2 2.3

Peak ffnp

cvL

26

15

cv1 cv2 cvl_

27 1,4 27

20 tL 23

Table 4b Summary of Coefficients of Variation
(Estimated MU Counts - Studies 3 and 4)

Extrapolation Technique

Method 1 Method 2 Method 3 Method 4 Method 5

Study

Study

cv1 cvz

27 13

2L l_0

3

4

cvt cv2 cv1 cv2 cv1 cv2

28 13 27 L2 33 t6

24 LL 4t 13 25 LL

cvL cv2

33 14

27 tO



87

brevity will noc be discussed further. The end-point extrapolation

techniques all show comparable intrasession variability but Method I shows

the lowest intersession variability. Method 3 failed to live up to its

performance in Study 2 because subject #2's rtght thenar gave triphasic

CR responses whlch often could not be matched to the normal biphasic MEP

that was recorded. As a result, the estimates for this muscle by Method

3 varied considerably (UAMUCS II CVl - 220t). Wtrile a poor fit indicates

that the MUAPs forning the CR are not a representative sanple of those

forning the MEP with regard to shape, lhey nay be perfectly acceptable.in

terms of size. In the case of dubious estimates, it is best left to the

clinician to judge their validity. For the above reason it was felt thac

Method 1 is the preferred extrapolation technique, and henceforth all

estimates quoted will be those obtained using this method.

Appendices B.l, 8.2, and 8.3 contain the tabulated results for

Studies 3, 4, and 5 respeccively. Table 5 sumnarizes the mean estimates

and their mean CV's for the 10 nuscles across the 3 studies. Even a

cursory examination of the estinates reveals a trend towards lower counts

from one study to the next. Because MAMUCS II should cheoretically

produce fewer spurious CR increments than MAMUCS I, this reduction in the

estimates is expected. The mean estimates obtained by the two automated

systems for each subject are plouted against each other in Figure 30. The

regression line has a slope of 0.781, a y-intercept of -20.8 and a

coefficient of correlation of 0.992. Although it is difficult to quantify

how altering the response classification system affects the estimaces, it

appears to have done so in an extremely linear fashion.
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Histograns of Che features of the extracted MUAPs for Studies 3

and 4 are plotted in Appendices A.3 and A.4. The areas and peak

arnplitudes of the extracted MUAPs have roughly equivalent distributions

for the two studies (the sllghtly longer response window of MAMUCS II will

incorporat,e more of the decaying tail of the responses and therefore

slightly larger MUAP areas are expected). I,Itrile the distributions of MUAP

distance measures are not directly conparable, r{e note that the difference

between the distribution mean and the discrimination threshold as a

percentage of the distribution mean is larger for Study 4 than for Study

3 (63.9t vs 51.lt), indicating better resolution. In addicion, the

distance distribution for Study 4 has a greacer skewness than that for

Study 3, again indicating that the distribution is further removed from

the threshold. It would appear thac MAMUCS II can extract MUAPS lrith

roughly eq'livalent sizes to those extracted by MAMUCS I but their distance

measures are on average further from the template discrimination

threshold. Lowering the threshold for I.IAMUCS I to compensate would cause

the creaEion of even more spurious tenplates and proportionally higher

counts. tlf the 1968 MUAPs extracted in Study 3, 8.95t had distance

measures chat fell below the discrinination threshold of 10. Only 4.65t

of the l-893 extracted by I'IAMUCS II in Study 4 fell below its threshold of

75. Further evidence of the efficacy of the spectral response

classification system used in MAMUCS II is the larger number of

alternations detected in Study 4; 107 as opposed co 32 in Study 3.
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5.1 Comparlson with Manual Results

By creating fewer spurlous templates and dececting nore

alternatlons I.IAMUCS II gives lower estimates than I,IAMUCS L However,

these estimates are stil1 consistently higher than those obtained manually

(Table 5). The exact number of MUs ln a muscle cannot be determined with

a known degree of accuracy by any method, and anatomical studies are

somewhat vague ln their confirmation of the accepted normal range for

thenar corrnts obtained by the McConas technique. Nevertheless, the

highest counts obtained with I.IAMUCS II should be viewed with a certain

degree of skeptlcism.

Figure 3L plots the mean estimates for each muscle from Study 4

against the corresponding figure frorn Study 5. Again $re see a remarkably

linear relationship with good correlation (p - 0.96). The additional CR

increments responsible for the higher counts obtained using Ehe automated

system are the products of several mechanisms:

1) Snall thenar motor units whose responses normally go

unnoticed by the operator.

The operator concentraEes on peak amplitude changes in

the first phase of the response, while the computer

scrutinizes the entire waveform to a high degree of

resolution. Small, long latency MUAPs whose peak amplitudes

do not contribute linearly to the CR anplitude tend to be

ignored by the operator.
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Whlle this nay account for some of che differences between

nanual and automated counts it does not explain the extreme

high counts.

CR incrernents that do not correspond to MUAPs but are due

to:

a) Alternation beyond the deciphering capabilities of the

system. The larger number of stirnulations used in an

automated test and che fine degree of conErol over the

SPA nakes it more likely for atternation to occur.

b) Axonal branching proxinal to the stimulation site will

cause CR increnents which correspond to subsections of

motor units.

Snall MUAPs from adjacent muscles that are inadvertently

stinulaced. This can have the effect of not only decreasing

the average CR increment (AI.IUAP) but also of increasing the

size of the MEP. In some of the thenar muscles tested the

lst and 2nd lunbrical muscles proved troublesome in this

resPecc.

Spurious tenplates created by response classification errors

due to noise, Iatency shifting, etc.

It is difficult to estimate the relative contributions of these

potential sources of error. In the absence of any rigid criterion for

judging what constitutes a valid MUAP and what can safely by ignored,

2)

3)

t+)
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every effort qras made to maintain a high degree of resolution in the

response classification systems. If after consultation with rnedical

authorities better criteria can be established, a template rejection

al-gorithm can be implemented to discard spurious CR incremenEs. This

approach i.s preferable over sinply raising the template discrimination

threshold since it does noE compromise the performance of the alternation

detection algorithrn which depends on precision in the CR response

classiflcaEion. In addition, by perforrning the processing on stored data,

different approaches can be tested without the need to recollect the data.

5.2 Biased Sampling of the MU Pooulation

If', for the purpose of discussion, all the CR increments

identified. in Study 4 are assumed to be the valid contributions of thenar

motor units, it would seem to lend support to the criticism thaE the MUAPs

sampled b1r this technique are no! representative of the population at

large. Advocators of this point of view claim that there is a correlation

between MU size and order of recruitment by electrical stimulation. There

is however, considerable controversy in the literature over whether this

proportiorrality is direct or inverse (Feasy and Bror.rn, L974; Leifer, 1981;

). One oJ: the problems with this argument is the assumption that large

MUs will have large recorded MUAPs and vice versa. While this will be

true to a certain extent, the size of the recorded MUAP will also be a

function of:
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1) Temporal dispersion of the

s'mming to form the MUAp.

fibre action potentials

2) The spatial relationship between the MU fibres and

ihe recording electrodes.

Although only 5 - 10t of the MUs in a muscle are sampled in

forning ttre CR, repeating the test wlth a ne\r stimulating electrode

placement tends to excice a different sanple of the MU population. Thus,

the MUs sanpled are also a function of the spatial relationship of the

motor axon.s with respect to the stimulating electrodes. If there is a

preferential stimulation of srnall MUs at lower voltages, one would expecc

to see some evidence of an upward trend when plotting MUAP size vs order

of recruitment. Figure 3l- is such a plot for the areas of the L842

extracted MUAPs fron Study 4 whose areas fell within +3 standard

deviations of the mean area for the 1893 MUAPs extracted. As can be seen

the slope is virtually zero as is the coefficient of correlation.

Wtrile it seems that preferential stimulation of small MUs within

a muscle is unlikely, what can occur is a preferential stimulation of one

muscle within the thenar group. The nedian nerve innervaEes 3 muscles;

the abductor pollicis brevis, the opponens pollicis, and part of the

flexor pol.licis brevis. Since these muscles are unequal in size and

distance frorn the recording electrodes, responses of unequal size and

shape are to be expected from them. If, while collecting the CR, motor

units fro:n a more distant muscle or one with snaller units are
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Preferentially stimulated, the resulting small CR increments will not be

rePresentative of the MU population at large. The MU count estimates

obtained under these circumstances will therefore be disproportionately

high. Altfiough this phenomenon would affect both manual and automated

estimates, the manual operator misses some of the very small increments

and the error will be lower. If this probleru is in part responsible for

the very h:Lgh thenar counts obtained for subjects 3L, 4R, and 6R, it would

account fo:r the fact that the proportionality between manual and automated

estimates is maintained. In nuscles that are not divided as the thenar

group is, we night expect to see a much smaller range in the estimates for

different subjects.

In any case, it must be rernernbered that the absolute value of the

estinate i,s of llnited importance for diagnostic purposes. It is the

relationship between the estimate and the accepted normal range which is

of i-mportance to the clinician. A fortuitous illustration of this

principle nay be found in these sEudies. The extreme average estimates

fron Study 4 (L57 and 1949) came from opposite hands of the same subject

(No.3). lthis seems odd in view of the fact that the subject was an

otherwise clinically norrnal, active male (age 25), with good muscle bulk

in both thenars. Indeed, the rnean MEP areas for these muscles were both

equal to about 64 rnVmS, the highest value for any muscles tested in the

study. Thils subject was tested extensively during the development of both

MAMUCS I and II and the discrepancy between his thenars r{ras consistent,

leading one to conclude that the cause is physiological. In fact, the

subject had suffered a deep laceration to the volar aspect of his right
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wrist during childhood. This inJury could conceivably have darnaged the

median nerve and therefore reduce the nrrmber of motor units in his right

thenar group. Collateral relnnervation would lead to larger motor units

and no dec:rease in muscle size.

5.3 The Extensor Digitorr:m Brevis

Of the muscles typically tested using the McComas technique, the

thenar was chosen for the prellninary Eesting of I.IAMUCS because it is

convenient[y accessed and easily lnstrumented. During the development and

testing of I,IAMUCS the hypothenar and extensor digitorum brevis (EDB) were

also tested. Upon cornpletion of the thenar studies it was decided to

conduct sinlLar studies on the EDB to demonstrate the system's

flexibility. Studies 5 and 7 were conducted using the l-0 EDB muscles of

5 subjects with an expetimental protocol that was identical to the thenar

studies except that ln this case only MAMUCS II was used with end point

extraPolat.ion based on area (}.[ethod 1) . The stigrnati.c recording electrode

was applied obliquely across the proxinal section of the EDB belly as in

McComas' oniglnal study (l-971) . The reference electrode was placed over

the nedial aspect of the foot while the ground was placed distal to the

stigmatic electrode. The stirnulating electrodes were placed over the deep

peroneal (anterior tibial) nerve above the ankle.

In prelininary tests on several subjects it was noted that the

EDB responses tended to have higher frequency content than the thenar

muscles tested. For this reason the number of coefficients used in the

freguency clomain representation of the slgnals was raised to 20 while che
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number of lleatures used in the spectral response classification algorithms

for both AP and EST \ras raised to L2. Also, the settling time vras

extended t,o scconodate the increased response latency for this muscle.

The estirnated motor unit counts obtained manually and using the

automated system are sunmarized ln Table 6. The most notable feature of

the results is the decrease in the range of values for boch the manual and

automated estlmates compared with the thenar studies. Although the

overall mean estimate for Study 5 (autonated) exceeds that for Study 7

(nanual), 'both fall within the range of 199 + 60 given by McComas et al.

(f971). This observation lends support to the argunent that some of the

high thenar councs obtained in the previous studies result from the

preferential stinulation of a particular muscle within the thenar group

whose MUs generate recorded MUAPs that are not a representative sample of

the entlr€r population composing the MEP. Since the EDB is a single

muscle, it is not expected that such a phenomenon would be observed. Ic

is also no,table that although the overall mean (intrasession) CV2s for

studies 5 and 7 are conparable to those for thenar Studies 4 and 5, the

nean (intersession) CVls are considerably higher. It would appear thac

eventhough the MUAPs sampled in the EDB studies may be more representaEive

of the poprulation at large than those sampled in the thenar studies, the

sample is less consistent between sessions. While the overall mean MEP

area for Study 4 was 44.4 nVmS with a nean CVl of 12t and CV2 of 2.3N,

Study 5 gave values of 2L.5 mVnS,23*, and 4.11 respectively for these

figures. While the approximate halving of the extrapolation feature is

expected for the smaller EDB nuscle (with correspondingly fewer MUs), the
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fact that Ehe variabllity of the l,[EP feature between sessions has almost

doubLed is less easlly explained. The source of this variability rnay be

physiological (changes in tissue fluid content, etc.), or a variable gain

factor may have been introduced by the instruxnentation. If this is the

case, the fact that the tenplate dlscrlnination threshold is fixed means

that some of the variability in the estimates could be introduced by

response nisclassification. An lndepth analysis of the extracted MUAPs

sirnilar to that performed for the thenar studies will be performed for the

EDB studies for future publication.

As was the case with the thenar studies, the manual oPeracor

obtained more repeatable estimates than the automated system from session

to sessiorr. However, it must be remembered that the automated system

executes each test lndependently and can in no ltay benefit from a priori

knowledge about a particular subject. Wtrile the experinental protocol was

designed such that it was unlikely that the oPerator would recall

numerical data associated with previous sessions, the possibility exists

that he n:Lght recall infornation about the pattern of i.ncrernents in the

CR. This could have an impact on the estimated counts. In any case, from

the viewpgint of standardizing the test, the automated system performed

quite well- conpared Co what rnight be expected if a different oPerator \tere

used for each manual estimate. In addition, rePeatability of results does

not inply accuracY.

I:E we assume that each independent test (including

reinstrrrmentation) gives an unbiased estinate of the Lrue motor unit

count, then averaging N estinates should reduce the standard error by a
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factor of L/uffr\ (Snedecor and Cochran, L980). While a manual estimate

requires ihat slow and painstaking measurements be rnade by a well trained

operator, the speed of the automated system pennits the performance of

repeated tests without the need for concern over operator fatigue. During

these studies it was found that a conplete test including instrumentation

took approxinately the same time using the currenc development version of

the autonated systen (MAMUCS II) as iC dtd when performed nanually. A

mole streamlined clinical version will onit some of the hardcopy and

display fu.nctlons to speed up the test.

5.4 Otrher Muscles

Encouraging results have been obtained for preliminary tests on

several other muscles including the biceps brachii and vastus medialis.

Delegating; the tedious task of conducting Ehe tests to the computer frees

the clinical researcher to devote hls energy and concentration to

designing experiments to test the suitability of various muscles as well

as different instrumentation configurations.

Wtrile all the studies described thus far have involved clinically

nornal subjects, it is interesting to note that several anomalies were

observed nevertheless. Unfortunately, a study involving post polio

slmdrone patients had to be postponed. A preliminary test on one patient

however gave an EDB count of 16. In effect, no extrapolation was

performed since the CR included the MEP. In fact, it was difficult to

eliminate voluntary backround EMG and several of these increments llere

visually -iudged to be spurious. In cases of chronic deinnervation with
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collateral reinnervation, the resulcing enlarged MUAPs should pose few

problems for any estirnation technique, automated or otherwise. In

myopathies, where MUAPs of decreased size are observed, the enhanced

resolutlorr of the automated system should allow the identification of CR

incrementsr t1pically overlooked by the manual operator. In pathologies

where increased tenporal dispersion of the MUAPs is observed, the use of

response area as the extrapolation feature should produce more accurate

estimates (Ballantyne and Hansen, L974>.

Ttre response classiflcatlon algorithns have been designed co have

good discrinination polrer with a variety of signal waveforms as it is

dangerous to make assumptions about the shape of responses that can be

expected from any particutar muscle. Wtren a full database of normal and

abnormal test results has been compiled, analysis may point out ways in

which the system can be inproved wlthout compromising its robustness.



CHAPTER 6

CONCLUSION

While the hr"rnan brain perforns pattern classification as a matter

of course it nust be renembered that the computer is essentially a device

for performing arithmetic computation. The computer is weII suited to

data aquisition, compuEation, and daEa storage. However, even rudimentary

forms of Pattern recognition such as the template rnatching described in

this thes.Ls pose serious problems when speed and memory space are

constraints. while improved performance can be obcained by making

assruptions about what types of signals will have to be classified, this

a priori }:nowledge will actually degrade the performance of the syscem

when abnor:mal waveforms are encountered.

The automation of the McComas incremental motor uniE counting

technique has progressed in an evolutionary manner. Each successive

version of the automated system revealed new insighEs and new problems.

The comPuuer provides facilities for signal processing and analysis

unavailabl,e to the operator who is constrained to making visual

measuremenEs from an oscilloscope display. As is typically the case, this

enhanced a.nalytical capability has raised more quesEions than it has

answered.

104
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By reducing the nanual oPerator's heuristic approach to

implementi:ng the l.lcComas technique to a structured algorithur with

quantified decision criteria, a significant step has been made in the

standardization of motor unit counting for clinical use. l'[ore

importantly, establishing more deflnite decision criteria for the test

procedure allows a systematic investigation of the effects of varying the

test parameters. The speed and relatlve ease with which a test can be

performed using this system makes it practical to rePeat clinical tests

for increased accuracy while the automatic storage of collected data on

nagnetic nedia pernits sinple and accurate archiving for research

PurPoses.

Wtrile several ways of improving the system have been evident for

some time, it was desirable to conclude the studies being conducted before

undertakin'g any nodification. Suggested hardware changes include the use

of a constant current stinulator with a biphasic scimulation waveform

which is anticipated to provide better correlation between stimulus

amplitude and response size, lower stinulus artifact, and less discomfort

for the subject. It has also been noted that several preamplifiers,

especiallf isolated ones, have proved to be less Prone Eo stimulus

artifact. Furthermore, it is reconmended that a thorough study of various

stimulatirrg and recording electrode tyPes and placements be conducted so

that optirnun configurations can be established for each muscle to be

tested.

Tlre software itself can be inproved as it nigrates from the PDP-

LL/34 co a 80385 based micro-computer. Ihe increased speed and memory
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caPacity will renove several constralnts on the software while the use of

an accessilble processor will facilitate the efficient clinical deplo)rmenr

of the system.

Test data obtained fron future studles on post polio syndrome and

ALS patienEs conbined with che existing database for normals will be used

co assess the current response classtficatlon system lrith a view towards

inproving both performance and robustness. Although most of the

algorithrns will remain virtually unchanged, the next phase of development

will invol.ve streanlining the code to make it more user friendly and

hardware independent.

The current system was deslgned for research and displays a great

deal of information which, while useful to the developer, is of little

interest to the clinician. The comparative studies and use of the systen

by people other than the developer has provided invaluable insights into

how user selectable test parameters, display functions, and data archiving

should be organized for clinical use.

Whlle there nay still be problems associated with the fundamental

assunption,s upon which the McConas technique is based, it was never the

objective of this projecc to validate the technique itself. The goal was

rather to provide a useful tool for the researcher and clinician. In

addition, the research was aimed at establishing a structured,

standardized framework within which these problens night be rigorously

investigated and hopefully resolved. The results of Ehe preliminary

testing described ln this thesis as well as the direction that future

research irs taking demonstrate that this goal has been achieved.
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APPENDIX A HISTOGRAI,T PI,OTS OF EXTRACTED MUAP FEATURES

A. I Histograms for Study 1
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A.2 Hlstograms for ScudY 2
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A.3 Histograns for StudY 3
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A.4 Histograrns for Study 4
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APPENDIX B TEST RESULT ST'IVIII{ARIES

8.L Test Resulc Sumnaries for Scudy 3
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B:y Area t.X)

'I
't,

3

lr
6

a
I

'IO

'I

o
o
c
fl
cl
t)
o
o
n

l'lEF Area
(:olV*mS.)

+7. 85
64.30
6:.80
64.55
oO.65

oO. E3

6.9834

o, 1163

o. o:94

AMUAP Area
{. mV{ mS )

o. 0340
o, o4:::
o. o43 7

0.040t
0. B38r

. N NTCJA

o. oo38

o. o953

o.1 588

I 600
1:oLl
150C1
1 550
1 430
'r44tr
'l:190
:150
140C)
1 860

Esf itnate
P,y Area

I 430
1 5t5
1 435
r 7to
1 630

.1 548

'1 io

O.OltIrt

liergsi(:)ri €\verageE;

Sess i. orr

'1

4
5

l"le a l1

St. [)ev.

cvl

lrrt ra-gegsi r cltt

o. 1499
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8.2 Test Result Sunnaries for Study 4



135

Su-rdy 4 (:MAl'lUCS 1I.)

Srtb ject # l Riqht Therrar

'Iest rer,rrlls - Extracrol,aticrr Ph:i:froci #l

,1

J

5
6
7
I
I

10

t{
rFI
(.x)

'1 3.5

:5.9
!O.tJ
t1 ,'L
21 .9
14.5
19 .8
37.4
'77.7

;-3. 7

l\l(). of
A I {- qir t' r"ia t, i crrrs

PIEP Anea
i mV{mS,

J8.9tJ
30.56
:.,TI TI ?

:8.37
34.78
3:.96
31,53
31.07

'i'8.33

MEF Area
(. mV{ mS:t

:9.73
:a. Io
33.87
31 .scr
:9.35

30.49

;' . 1897

o.o7t8

o. 039.1

AMLiAP Area
t. mV*mSi.i

C,. Et330
o.1050
o. oTrt
o. 0713
tr.'1479
o.137J
Ct.0647
a.g7?7
o.0763
o. 059 1

i'learr EFI

E s; i; i rn;rte
[:i 'r A res

346
t96
348
:ts7

l/tO
487
4::7
3ai
47c)

,l

'l
't

tl
'1

:
1

o
:
'i,

Sessj.cln average.tl

Sess i cln
l+

1

:

5

lvl e a t-l

5t. [tev.

cv1

l.nt ra-gess1t:rr

cvf

AI'IUAP Area
l. mV*mS )

o. 0930
o. 07 1B
o.1 4tt
o.0687
o.0677

o. 0887

O .031e'

cl .5553

o. 0943

Estinate
Fy Area

3::::
59:
:38
457
438

369

90

o. f437

0. o73s



Sitr.tdy 4 (.MAMUC$ II:,

Srrbjecf #a Left Thenar

Tersi- r'es;r-rl.ll; -. ExLr.;r;icrlati.on l"le*ffrocl ttl.

ME[] Area
t. mV*.mS.t

f5 .33
:5 .96
31.10
3:.r9
t3 . '17
t:.60
:t,6'1
:3. 08
27.64
]:A.97

MEP Anea
(: mV*mS )

t5 .65
31. 15
::.89
:t.85
38.41

:6.3?

3.955t

o.'149s

o.or59

AMUAP Area
(: rnVr{ m9:)

o.106:i
o. 0833
a.'r0s7
o.1059
o. I 086
o . 1174
0..1 001
o ,10.r 3
o.to38
o.1 000

Mearr EFI

AMUAP Area
{:mv*rns.l

ci. 0948
o.1 078
o. r 150
o. I oo7
0..10r9

o. t o37

0. oo70

o.9674

o. u57:

Esii: i maf el

P';z A r*;r

:3,3
3tI
:9:
303
:'1 3
'19:J-

::5
:J"::7
!-68
r'89

136

EF]
(. x)

18. 7

78.4
t4.8

18.8
14.4
27 .'I
J5 .8
18. 1

1S.5

::.:

1--.,- +

{tl

Nt). of
A I t elrrra.r.;ion,s

'I

::

5
6
7
6

10

1

o
J
'1

'I

{-}

o
t-l

i.

Segsiorr .rveragelt

Sessictrr
f

1

l-

3
4
5

mean

St. []ev.

cvl

Irrt ra-sesg i or-r

cvt

Est i maLe
By Anea

:J74
::97
t-ol
tt6
'77A

t55

5Y

o. I 555

o. 0694



9iturdy 4 (.MA|4UCS II )

SurbjecL i*! Right Thetr:'rr'

Nc,. o:t
A l Lesrnatiotrs

Al'IUAP Area
i. nrV{ anS.,

a.07ga
o. ogto
o.0861
o. 131 I
O, O89r-
o. 0898
o.0930
o.0966
0.0951
o.0843

l'learr EFI

137

E:rrinrait.e Ef;I
[?y Arna (.,r, )

5;7 135.0
.r53 ltfl' i

c?5 9 cl'I .7
4r9 BO.5
601 15'1 .7
61t 155.9
s55 111.0
555 I4e,.5
538 74'1.9
b.J6 tor.,Y

l -11 _1

Estimate
Ey Area

190
539
606
555
5aa

555

45

o.06 15

o. 1 109

''l e:;t ret,:lr".rItr:; -. Eixt,r:apoLatir.rrr Mtltftod ii l

1 -,-. t

t+

l"1EP Areei
i, mVr.nrSi,r

41,o5
4r .7'1
56.83
55 .30
53.73
55.O:
5.1 .67
53.68
tr.,t:a
53.81

MEP Area
( mV*mS:)

4'1 .68
56. 06
34.37
5i. o /
52.56

5'L .47

5 .658:
n I ftoo

o.0195

AI'IUAP ANEAi
(:mV*mS )

o. o855
o.1089
o. 0895
o. 0948
o. oa98

o. 0937

o. o0?1

o. 0975

o. 1 o4:

I
:
4
5
6
7
a
s

{o

o

o
o
'1
.:t

o
1

1

Seg.:ron averageg

Sess i-orr
*
.1

I

4
5

mean

5t. [iev.

cv1

Irrlra-seEsr otr

CV:



Str-rdy 4 (. l"lAP|UCS II)

Srrbiert. #.:' lef t Tl-rerrar

AI'IUAP Area
(:rnV*mS )

Il. 1016
B. r'136
0.0472
o. 0585
o.t1t8
o. I t96
o. 0675
0.055r
o. 1 10a
0. tort

Mearr EFI

AHUAP Area
(:mV*mS:)

0. r 08r
0. o5t9
0. r:07
o.06{ 3
o. .1 065

o. o89?

o.8306

o.3404

o. 1 053

Eslimate
By Area

384
349

.1033

8I9
510
43t

889
496
536

138

EFI
(:.x)

t5 .5
?o. o
8t .4
45.4
t9. 1

14.9
96 .4

116.3
55 .7
3r .0

51 .6

l et;t rerEL.rltg; - llxtrapolaLion l'let,l'tod #t

+l

I
I
3

5
6

I
I

to

lilo. o{
A l Lerrraf ions

MEP Area
i:mV*rns )

3?.40
35.74
48.81
48.53
5 / .U I
56. Ot
48.85
49.07
54.99
34.78

o
r\

o
o
o
o
o

'I
t

Sessiorr averLlgeg

Session

'1

I
3

5

llear-1

St . liev.

cv1

I rlbra-sess ion

CVJ

MEP Area
(:mv*m$:)

39.57
48.67
56.54
44.96
54.89

49.73

o.6696

o.134r

o. ooSB

Estimale
Ry Area

366
931
47'L
806
5.1 6

616

::i9

o. J$6&

o.1078
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$tutdy /i (.l"lAl"luCS I.I:r

{it-rb jecl *3 Rj.gfrt l henar"

Test resl".rlts * Ext,ranol.,efion l'lell-rocj *1 1

Test
#

EFI

:6.5
16.Cr
':i 1 ',

tt,9
l-ii.4
:4,3
.:,.1 n

31.3
3l --/

t5 .:

t

5
4
q

Cr
'7

a
I

10

Ncr. of
AlterrraLi.ons

MEP Area
(: mV*mS:)

53.18
55 .69
67,'t5
6o.59
69,77
66.39
79.+6
80.40
50.46
55 .6t

AMUAP Area
l:tnV*mS;.)

0.346t
o.365 1

U . zrUOJ

o.3714
o,4tst
o.4058
9.5644
o.5ct93
o. 3:1 I
a.3767

Plean EFI

Est im,nte
By Area

153
'15:
165
'L7S
Io4
163
14U
157
156
'147

3
c

6
5

5

o

Sesgj"on avt;lri\ges

Sesgiorr

'I

;;
4

5

llea ri

St. [tev,

C.V1

Ir-rtna-se:;sti"clu

CV:

AMUAP Area
i: mV*mS:)

0.3556
o,3888
o,4.1 45
0.5368
o. s493

o.4u90

o.o76r

o.186t

l"lEP Area
(. mv*ms:l

54.43
66.87
58. 08
79.93
53. 04

04 .47

1I.O591

0 . 1715

Lr . E501 o.06!9

Esf i"mate
Ey Arera

15:.r7i
163
148)
15r

.1 f,:--:

0. Ll6:r5

o. 0379



StL(dy 4 (:MAMUCS Il)

Surbject #3 Lef t, Therrar,

MEP Area
(: nrv*rnS:r

ou. 5+
60.01
59.30
s&.77
t.|.ud
73.94
69.35
70. clt
56. ?3
58.63

Egt,imate
By Area

'I 568
1 tt8
.1835

t:65
'1995
t 10.1
r-93,]
:o:u
1 568
I 841

140

EFI

I l.J

13.t
43.1
39.7
:;.8.7
30.:

t8.8
3t.9
19.6

'::l r

Tesl resurlts - Extrapolatiorr l,lethod *1

'I
:

Cl

7
I

lo

Tesl
#

No. of
A I ternatiorrs

'I

1

o
1

o
o

U

o

Sessiion averages

Sess; i otr

'1

-l

3
lr

5

I'leari

St. [tev.

cv.1

Intra.-sessiotr

CV{-

AMUAP Area
( rnv*mS )

0.036:
0.0489
U. UJJS
o. ots9
u.uo/1,
o.035:
u. u45 /
o. 0347
o.0363
0 . o31:

l"le*rn EF I

AI'IUAP Anea
(. rnv*mS )

u. u+d.:)
o. ot91
o . o36l.
LJ. UJTr
u. u35 /

o.034.1

o. u056

o. t 633

MEP Anea
(:mV*mS.,

60. 1S
59. 04
74. O1
€r?.tl9
57.78

64..L4

o. r 131

o. oo78 o.1554

E.st, i. nrale
Fy Area

'1 44ti
:fl50
:050
llrlt6
77l.4

tci49

387

o. 1 986

o.1574



Sturdy 4 r: HAMUCS II)

Srrbject #4 Right Therrar.

-l-est lilo. of
# A l. t,errra.biong

5eggicin;i\vci.rage$

Seggion
#

1

4
5

l'le a t-l

St. []ev.

cv1

lntra*session

cv:

Te!rt r:eBLrIt,,; *. Exlr.apolatiorr Met,hod *H

l'lEP Anea
i. mv*ms)

!8.86
'27.49
:'5 .30

38.04
39.:6
39.94
43.34
4/! . /t::

Est i.male
P,y Area

1401
947
463
598

10r I
757

.l ':': r.

.1 :,AA
'I J46
! 1+\5

Estinrate
Ey Area

'r'r7 4
531
885

1:65
.t:q.t

'I04 1

334

o.3rr4

141

EFI
t:Yo.,

55 .3
57.4
3r-.4
.rU.5
4A .4

37.8
50. s
51 .7
/tO. 3

Ll :,

I
3
3
4
5
6
7
5

lo

o
1

o
o

1

o
:
'i)

ti

AMUAP Area
t. mV*rn5 )

o.0106
0, o?90
o.054.1
o, o4?3
o. 0360
o. 0506
o. o3.1 I
U. U5U6
4.9347
0, 0305

l"learr EF I

l"lEP Area
i:mV{.rns:}

:8. 17
:5.t6
'J/.'J+
39.60
43.88

.t4t . cr5

7.8541

o. t354

o. ol 68

AMUAP Area
( mv*ms:l

o. ot48
o. o48t
o.0433
tl .o3r3
o. o5t6

o. 0360

o. 0095

Li. doc.J

rJ.1>Jcj o. 16r:
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SLudy 4 (. I"IAMUCS II)

Sutbject #zr Lef t Tlrerrar

Test No. of
* Aiter,rraLiong

Tesit resurlts -. ExLrapolatir.rrr l"leLl-rod #1

'I
'I'

3

5
6
7
6
I

10

3
1
n
o

o
'I
3
o
I

l"lEP Area
(:rnv*mS )

':.,-7 A 1

30.40
'27.o9
:s.3t
31.14
t9.60
31.53
't,() a:,
:8.1I
30.44

Al"lUAP Ar.ea
(: mV*.mS:)

0. 0579
o. o588
o.0659
o.a67a
o. u630
o. os50
o. oB33
4.rj674
o. 0379
o.0379

I'learr EFI

Est inrat,e
Ry Area

476
5'L b
47'L
4'17
:+94
538
390
44;:
744
$o3

EFI
t:x,.t

.tq a

tl .o
15.5
IO.U
44.4
36.5
1q I

62.9

Segsiolr aveiragegi

Session

1

!
3
4
5

lleal-r

5t. ltev.

cv1

Intra-sesg iorr

CV?

MEP Area
(. mv*m5:,

:9.00
]:7.7.t
30.37
31 .17
39. !7

t9.50

1 .3t88

o. 0450

o. 0506

Al"lUAP Area
t. mV*mS )

0. u584
0.0668
0.0590
0. o754
o.8379

o, 0595

o.0139

0.2337

o.055t

Egtimate
By Area

496
4'L4
516
476
77'L

5l:

746

o. f803

o. 0547



Stt-tdy 4 (.l"lAfiuCS II)

Sutbjeet #5 Ftrght Ther.rar

E,ii' I i. ni ar L e
P'y Area

3'J7
3t6
:5 1

::rJ7
'197
iO4
3.1 I
4'85
t 1.1

370

Est i mat e
By Area

3:7
tt9
308
30t
390

:69

53

o.1966

o.1:59

143

E:F I
t:.x,.r

t3.o
't7.t

:5.3
JJ ,:;

:o .5
16.O
':'.1 .l

.1 ! 1

Ters;f resLtlt,.!:; .-. Ixt,r.apolatiotr l'lerthod #J

_f 
- .,- ,r,

t+

i
:
J

4
5
c,

s
I

10

f{n. ol:
Altelrrrat.i.t:ns

l'1[iP Ar:e;r
t mV*rnslt

3:'. 45
3J,70
38.57
30.14
33.5:
3i.44
34. t9
37.45
35.13
36. 11

MEP Area
(: mV*mS)

33. 08
''U.553t.48
36.09
35 .6t

i.36t.1

o. 0705

o. o!57

AI'IUAP Ar:ea
t. mV*nt5.l

o. o99t
O. r 0:6
O.t11 cl

o.1453
a.'1645
O.159Cl
o. 1073
n .t ?:.7
O. 1C,63
o. 0976

Pleatr EFI

AMUAP Area
(:mv*ms)

o .1 009
o. t 334
0 . 1618
o.1 300
o, r3t0

o.rt96
n n:!:'al

o. 17,1 3

'i
I
0
Cl

'1

t
'I

0
o
o

Sessic:n aveL.age:i

Session
#

.{

2

1
5

l"le a n

Eit. [tev.

cv1

I rrt ra-sress i orr

CVr' o. 1 383
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lliLrrdy .4 i. l'lAPllC::i .Ll )

Surb,ye',:t {.16 f?igfit -l herar

l'es;L resiLtlt,g - Extrar:olaLicl-l l"leLhod #1

#
No. of

A l ternaL iotrs

Serssion averageci

Seggiorr
#

I

5

l'lsra r-r

St. lrev .

cvt

Int, ra-'geg.s i" orr

l'lEP Area
i: mV*m5:)

5t.59
55 .38
6::.99
65 .89
63.40
64.95
59.11
57.6Q
59.56
56.7'r

l'lEP Area
tlmV*mS)

53. 94
64 .44
Cr4.1I
58.35
58.13

59. Bl

4.470tl

4.o747

o. o:74

AMUAP Area
(:mV*mS l

0. u646
o. 0575
o. 0636
o. 0483
o.o516
0. 0451
9.tr474
0. o4u9
o. o75t
0. u554

Mearr EFI

AHUAP Ar.ea
(: mv*m5.)

o. o6t 1

o.0550
O.0/t84
o.o441
o. 0653

o. 0550

o. oo87

o. 159Ci

o.1579

EsLimate
P.y Area

8'1 3
96.1
9SA

136:-
lltE
'I 439
't:347
7449

7g?
I 0:3

EFI
(: X)

5&.7
lo,9
86.6
95 .9
85 .5

87. O

s7 .a

65 .6

75.'7

'1, 3
:1
3t
40
53
l" .'l

1.f

80
90

10 0

Estinrate
P,y Area

847
11 76
I 533
.1 3:B

sg7

'1'1 :5

!16

o.1?4r

O. 1+40
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B.3 Test Result Sunrnaries for Study 5
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{5t r-rd;' 5 t. Manlra l. .t

Surbject #1 Rigl-rt Thenar.

'l-esii ['r*gr".t.lts-, -. l'lanlra]. E.:ttinrati-on
'i eist. I'l[:.P Freafi Es binratrei:l

, +l i. fir V .) c:ol.r n {:

'I rr. it0 L84
f C,.7O '7it9
3 7.10 ::4-
4 o.9O 163
5 9.60 163
6 8.40 1 95
7 'i.+o i47
I 8. OO ;it9
I "? .40 3t9

10 7.t0 to6

!j ggE i. orr i:rvr: f'ca.fl €lt:

Sessiorr f,lEP Peak
+t (. flll' )

t 6.60
: 7.OO
3 9.OO
I t./u
5 7.30

Mearr 7':56

5l:, [:'ev.

CV:l.

o. a7

dl .1155

I rrt ra-sess i o)r

CV: o. o4:cl

Estimatecl
coLil-r'L

'166
l4r-
r'79
t38
::J67

::Jt8.74

43.65

0..1 996

o. 1 546
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Sbutdy 5 t, llanr-.t;rl..r

!3lrLrjecf *t1. Larf L. Tfreltrar:.

felsL resurl L::: -- l'larlrlr,,,r1 E:ttint;.rti.orr

l'e,sl, MEiF Peal.r Estinr;rfed
# (. 

'ltv.i eoturf

1 6.80 r'::
: ,5.40 185
:i 7.{_i0 |44
4 6.[jtr 165
5 6.40 .1 60
6 {r,8[i 136
7 5.9A .t97
I o. OO ;.::
I 7. [10 :36

i|J 7.00 ;i73

Segs;rori averages

$esgion I'lEiP F,eati
# t.mV)

'1 ir. 6O
I 6.90
3 6.60
4 5.95
A I .UU

Mesn 6.61

5t. ttev,, u,4 1

cvl 0.o6ic]

Irrf ra-sessiotr

CV: o. o';,36

Es binrerteid
coL{l"tt

ro3
154
148
to9
::49

193.00

/t:l . CiE

ll .r180

c1 .1114
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Str:dy 5 t. l"lanuta I )

liurbject #.i: Rrght Theriar.

]-est rer:urlls - l"lanural Estimation

Test. l"lEP Peak
# (.mV)

I 10. 80
: 9.80
J t+.uu
4 L4.OC)
5 15.50
6 ts,OO
7 13. OO
I 1:.80
I 16.LtO

10 13.00

Serssion av€trages;

Segsiorr I'IEP Peark
i* t.mV)

1 .1 0.30
3 .1 4.OO
: .1 tr .:'c

4 1:.99
J .l9.:U

Plean 13. 39

5t. llev. 1.93

cv1 0..1 43c7

i.ntra-se.:giori

CV: fj . {-14 gij

Est i mated
coutrrL

':r'1 A

196
tou
31t
{'71
:50
r-89
r55
307
.:'.1 ?

Eglt:i.mated
coLrr.lt

io7
to6
:'An
?71
t60

!41 . r-0

3:. 07

o.'1 330

u . 10:9
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Sturdy 5 r. f,lanur.r 1 r

Sub jeet *ll Lef t -fhenar.

Tegt nesLr .l. L$ - I'larrlta l Esit imat i cln

Test I'lEp peak Estimated
s (:mV ) cclut"lL

1 10.60 11 !.
r- t O.4O ::Ss .r t.8o !564 1t.80 t56
5 14.OO 3t7
6 13.50 27A
7 15.50 t91
I 15.OO :l?3
9 15.00 :t5

10 16. oo to6

Sessiotr aaverageli

Session MEP Peax
# r.mV)

I 10.50
i 1:.BO
5 13. 75
4 Iq, :'tr
tr ..r Fh

l'1eal1 1-J . gi,

St . [tev. :::,A4

cvl 0.150:'

I nt ra-ses$ i ori

CV: O . O::1 .l

Estimai:ed
eolrrtl

t1 7
t56
:?8
:9:
lt5

-:15. YU

39.45

D.154t

0.O476
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Stt-tdy 5 (: lvlatlLra L)

Surbjert #3 Right Thenar.

Tegl resurlt,s -- Manlral Estinraticln

Test MEp peafr Est imated
+l (:mV,) courrrt

I
!-
J

5
6

B
I

'1 C.t

,1

:

5

Mean

St, Dev.

cvi

14.OO
'1 3. OO
13.50
13.50
tq qf r

I5.50
1€l . O0
16, O0
13. OC)

1-:: . 5u

j:: Iil

13.scr
1!; .50
1b.O0
'12.75

o, o99?

66
76
7t
"t3
qB
95

'I O:
1:1

BPJ

Es:;t;inrert ed
cr:utnt

.3t
96

1.1 1

94-

9A.7A

15.:7

o.r684

o. t ool

Sesslicln averaqes

Sessr"c,tr l"lEP Pe*.rk
It r.nrV i

I rrt ra-sestg i Ltrr

{v;i o.ol60
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SLurdy 5 t. f'larrura ]')

Srrbject #3 Lef t Tfrerrar

Test r.esurlt.s - M"rrrural Esiinration

Test l"lEP Peak Es bimat,ed
# r. rnV.t coLnlL

1 .1 7. OO 785
:: 16 . OO 54q,
3 14.5[] o55
4 14.OO 7:3
5 16.00 706
6 16.00 63t
7 18.50 816
B 1o.50 643
I I 4.50 7A9

10 14,OO 656

Sessiorr ;i ver:ages

SrssEiiorr l"lEP Peah
# i.mV)

1 16.50
: 14.t5
5 lCr. OO
4 17 .94
5 14.:5

Mean 15 .70

St. [tev. 1.43

cvl 0.091 1

Irrtra-session

cvi o.o347

Estimated
cctLlt.)T'

667
689
665
775
672

685 .40

i'a I ?

o. 038.1

o . 1:85
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5tr-tdy 5 i. l"lalrura I .l

Surbjecb *4 Fir"ght Therrar:

l'esf resiurits - Plarrura1 Estimat,ion
'fegt Pl[P l-tearr Estji.nrated
+l (. rnv ) cOutnt:

1 8.0iJ 366
: 7.SLl :i90
li 6 .8O j+O[i

'i o, dB 378
5 9.gO 47Q
6 10.OO 553
7 L'L .40 597
g I O.lCr 567
9 .1 .1 .tO 535

10 .1 I .40 597

Sessiorr averages

Ses:lion MEP Pelarr
++ (: rnv )

'1 7 .SCt
r- 6.8O
3 9.90
4 10,80
: lr.su

Mean 9.34

Sf. [rev. I.9:

cvl 0. Ju60

l.r'ri-r'a-selggiorr

CV:i A.O!17

Est,im;rLed
coLil-lL

374
57C
511
58t
566

446.10

95 .63

o.I967

o. 0655
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Iitutdy 5 t. l'lartlta I .r

5r-rbjecf *4 [-eJ: t Thenar

Test reg,urlLs - M:rr'rutal Eistintatiort

Tes L PltlF' Peak EsLi"mated
# r. nrV.r coLlnt

1 a.:o 501
: 7.&O 306
3 9.lo 130
4 9.00 166
5 8.lo stl
6 8.OO 3lo
7 8.80 J99
I 8.40 :J69
I 7.8A 300

10 7.68 355

Siegsion i{vet:ages

Sessiorr ME:P Peak
# (:mv)

t B.oo
;' 9.1C)
3 A.lO
4 8.60
5 7.70

Mearr I .3O

5t, , [rev. D. !;5

cvl 0, o665

Lrlbra-ge'grlron

CV;: O. O::sc/

Eribinrabed
coltttt

303
t46

ta4
3:7

t95 .80

-i1.:1

0.1055

o. 065 1
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5tr-tdy 5 (:f'lanLtal )

Surbject #5 Rrght Therlar

Tesb res{-tli;s - Matrut,aI Etstimatiion

l-eEt MEP Peali Estimaled
* t. nrV.t coutnf

'1 9.OO tsu
t g.4a 101
3 S.40 183
4 8.40 lo?
5 8. OB 1:3
6 8.C:O 166
7 9.1A ?o7
6 9. !O 178
9 9.40 l9:'

'1 O 9,, 1A i:.46

l:ie1;'-,j r (Jr'i a ve Icage:]

9essiorr l"l[]:[tr ljelali
+l (.mvl

1 9.:O
I 8.40
.j O..JLJ
4 c.:o
5 Y.+U

Mearr g .9O

5f. Liev. fl.51

cv 1 0. ri573

I rr l- ra - s,e$ s i or"i

CV.: 0.o164

[ist; imatecl
f cJLu-lt

'1 15
'1 9t
'744
'I 93
t19

17:. Srl

*i.8::

Ii '.j L':.,n

0.r477
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St urdy 5 t. Planura I .r

Subject #6 Riqht Thenar

Test resrr.l.ts - Marrural Estimation
'fest, PIEP Perak Estimatecj
+l (. mV.) co;rrrt

I 8.80 :t9
r' $.8O f49
3 14.00 49A
4 ,1 3.EO 431
5 11.r*O 336
6 .1 :. OO 391
7 1.1 . BO 343
B 11.40 34tct 1.1 . BO 3t7'IO 11.4O 3+3

Sess:"on averag€)s

!lession l'ltsP Per;-rk
# i.mv)

meafl

5t. ltev.

CV.1

a. ao
13. 75
11 .60
11.60
1 l . CrU

tr.17

J.,76

o.1534

Es;Lr nr;rLed
cr:urtrt,

r-3c/
464
co5
341'
335

Ii/rB.9n

80.45

o.:306

o. 0608

t.
.:'

5

Irrt ra-sc.ssi.orr

CVr' 0.0:46
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