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ABSTRACT

Forces associated with head lifting efforts as well as mouth
pressure were measured on four supine normal men, at five
different lung volumes from FRC to TLC, and with the head
positioned at two different heights above the bed. Positio-
ning the head at one of tne two heights ( 3cm and 10cm ) pro-
vided for a change in length of the sternocleidomastoid (S5CM)
muscle.

Graded efforts of head 1lift, and graded inspiratory pressure
manoeuvres were executed and corresponding electromyograms of
the SCM were measured.

The mass lifted during efforts of head lift under static con-
ditions (HSL) was measured with a self-contained transducer
system located under the head of the subject. The muscle
pressures at different lung volumes were obtained from pres-
sure transducer records by adding the pressure-volume rela-
xation curve to the inspiratory mouth pressure-volume curve.

The electromyogram of the SCM was obtained from surface elec-
trodes, amplified and processed with a smoothing integrator

to obtain the mean rectified electromyogram (MRE).

For every subject, the relationships between MRE and MASS
LIFTED, and between MRE and MUSCLE PRESSURE were linear for

every lung volume at every head height above the bed ( r2>
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0.5 ). Data from all subjects were put together to form a
single linear relationship ( MRE vs MASS LIFTED ana MRE vs
MUSCLE PRESSURE ) for every head height above the beda. The
" variability was greater at 3cm than at 10cm of head height.
For toth the head lift manoeuvre and the respiratcry manceu-
vre, there was a greater variability due tc lung vclume, on
the slope and intercept of the curves at 3cm, than at l(cm
of head height. Furthermore, mcre EMG was generatec at 10
cm than at 3cm for a constant mechanical output, i.e., heac
lift or muscle pressure.

Statistical tests were performed on the curves. Slcpe anu
intercept of the curves at cifferent lung vclumes, for a
specific manoeuvre and head height above the bec were not
significantly different ( p<0.05 ). The curves at difterent
lung volumes were then put tcgethér to form a single linear
relationship for both manoceuvres at both heights. Slope ana
intercept of the "pocled" curves, at both 3cm and at l0cm,
were tested for both head lift and respiratory manoeuvres.
It was fcuna that the slcpes were significantly different
( p<0.05 ) while the intercepts were nct. Using the input
variable, MRE, as the common factor, a linear relationship
between the twc output variables, MAES LIFILLDC and MUSCLL
PRESSURE, was determined at each head height. Interpreta-
ticn of the resulting relationships shows that:

(a) Abcut 50% of the maximum inspiratory muscle
pressure can be generated without using the SCM muscle.
(b) For the head located at 3cm above the bed,

the producticn of muscle pressure from 50% to 100% Pmusc(
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rax) corresponas to lifting, with the head, a mass equiva-
valent to 4.5 times the head mass, while at lUcm akcve the
bed, the same respiratory manoceuvre correspcnds to lifting
a mass equal to 1.3 times the head rass.

(c) Changes in lung volume do not bring about
as great changes in length of the SCM mﬁscle as do changes

in head height.
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TLR I

INTECDUCTICN

It has been kncwn for many years that the contraction ot

m

muscle is accompanied by a substantial electrical activity.

This electrical activity can be consicdered as an information

source of the muscle activity.

By the use cf suitable elec-

trodes and amplification, the electrical activity of muscles

can be measured. This measured activity is called an elec-

tromyographic (EMC) signal.

It has alsc been known for
changes with the length of the
level of contraction, and with
constant muscle length.

The work presented in this
to determine an easy method of

tus of weak patients in an ICU

many years that the EMC signal
studied muscle for a constant

the contraction level for a

thesis was initiated in an effort
measuring the respiratory sta-

unit by studying the neck mus-

cle called " Sternocleidcmastoid ".

To clearly understand the impcrtance of this study, the main

reascns why this study will help ICU patients and physicians



are diccused in Chapter II. This cheapter mentions the actual

methcd used by physicians tc determine the recspiratcory statuc

cf their ICU patients. It concludes with a discussicn of the

benefits a simple methcd of determining the recspiratory status
of ICU patients can provide to them.

The muscle studied was the sternccleicdcmastoid (SCM) muscle.
For this reason, Chapter III details the anatomy and physic-
logy of this muscle. It also explains its dual functicn and
its relation to the other neck and resgiratory mucscles.

The most important instrument cf wcrk used in this study is
the EMG scurce signal. The physiclcgy and physical parame-
ters which are the basis cof recorded EMG signals are investi-
gated. These parameters belong to the most recent existing
mocdel develcped by Carlc de Luca. This model is presented
in Chapter IV. 1t helps to understand how the recoraed EMG
is related to the muscle rphysiolcgy.

Chapter V details the material used during the experiment.
This aspect is important because it has been reported in the
literature that different recoraing devices have different
cutput signals fcr the same input signal because their elec-
trical properties are different. The chcice of recording e-
lectrodes, their characteristics and their geometrical arran-
gement relative to the muscle fibres are very impcrtant fea-
tures and are discussed in this chapter. Finally, the chap-
ter outlines the protocol used during the experiment and de-
tails the methoas used to analyze the results.

The results are presented in Chapter VI. 1In Chapter VII,

an interesting discussion of the results is presented. It



cutlines the meaningful results, it discusses the weaknesses
cf the experiment; it argues the results presented in chapter
VI, it explains the SCM dual functicn frcm the obtained re-
sults, and it describes the future steps one should fcllow to
continue the study of the SéM muscle.

The thesis ends with a conclucing chapter, Chapter VIII, ocut-
lining the meaningful conclusions that help to understand the
SCM dual function. It also explains frcm the final results,
how the method used to do the experiment can become a simple
method tc determine the main respiratory function parameter cf

weak subjects, i.e., muscle pressure.




CHAPTER 1

RESPIRATORY FUNCTION ASSESSMENT

STUDY AKRD ITS IMFORTANCE

2.1 Respiratory functicn acsessment.

It hasnbeen noted by the clinicians cf the Intensive Care
Unit of the Hamiltcn General Hospital that a simple method
of assessing respiratcry function of critically ill patients
dces not exist., There are twc reasons for this:

1) these patients require a mechanical ventilatory
support system, and respiratcry function assess-
ment is difficult because the respirator must be
removed from the patient, which in certain cases
may jeoparuise the patient’s life.

2) These critically ill patients may be fatiguea or
sleep deprived, and are not eqguipped to coopera-
te in respiratory function assessment.

One way tc assess respiratory function is to ask the pa-
tient tc deliver a vital capacity (VC) manceuvre, i.e.,
the patient is asked to exhale as much as possible after

making a maximum inhalation, cor to deliver a maximum inspi-



ratory pressure manoeuvre under static conditions (MIPS),
i.e., the patient is asked to inspire as nard as he/she
can while the airways are blocked. These twO manoeuvres
activate the SCM muscles which are also used for perfor-
ming forward flexion of the neck. For an ICU patient,
forward bending of the neck is equivalent to lifting the
head off the pillow. This requires less coordination
and cerebral involvment than doing a VC or a MIP5 manoeu-
vre.

The proposed study consists of assessing the SCM muscle
which acts like a skeletal muscle for performing forward
flexion of the neck, and as a respiratory muscle for per-
forming forced inspirations. The ultimate objective of
this study is to define a correlation between head lift
and respiratory function. From this correlation, an easy
method or determining the respiratory status of these pa-

tients can be defined.

2.2 Importance of the proposed study.

The respiratory assessment done by the clinicians on ICU
patients is of primary importance in weaning the patients
from mechanical respiratory support. A review of nine
month’s caseload through the 15-bed ICU of the Hamilton
General Hospital, done by J.R. Hewson,MD, revealed tnat
599 patients had required mechanical respiratory support
during their stay in the ICU. Of this total, 36l patients

had respiratory suppoort for less than 24 hours, 137 pa-



tients for a duration of 1 to 3 days, 52 for 4 to 7 days,
21 for 8 to 14 days, and 19 for greater than 14 days du-
ration.

An extrapolation revealed that a total of 800 pat%ents
would require ventilatory support in the course of a year
in this ICU. The nine month sample of patients, projected
to twelve months, indicates that in the ICU almost 1000
ventilatory days of mechanical ventilatory support are gi-
ven to the small group of patienté who have not been wea-
ned from mechanical respiratory support by day 14 of their
respiratory support regimen.

In this same review of cases, it appeared tnat the avera-
ge occupancy rate of the ICU is greater than 95%, whicn is
well above the national standards advised by the Ministry
of Health and welfare in Ottawa. This clearly indicates
an overutilization of the ICU resocurces. Besides, 17.5%
of the total available ICU resources have to be utilized
for the mechanical respiratory support of patients af ter
they have already received l4 days of mechanical ventila-
tory support. It is clear then that prolonged ventilato-
ry support is a major problem from a resource utilization
point of view.

Prolonged mecnanical ventilatory support also creates
ventilatory dependence. That is, the patient loses his
ability to breathe because of a lack of utilization. The
respirator pushes the air inside the lungs and the patient
makes no effort. The result of this is that the weaning

becomes much more difficult to perform and demands much




ncre energy from both patient and clinician.

The weaning consists cf reeducating these ventilatcry
deperident patients how to breathe becauce the breathing
rechanism is lcst. The respiratory muscles have keccre
atrcphic and have lcst their cccrdainaticn.

By defining a simple way cf assessing respiratory status
cf critically ill patients, weaning can be performed scc-
ner. This will reduce mechanical ventilatcry dependence
of the patients, and will improve rescurce utilizaticn

of the ICU.



CHAPTER III

THE STERNCCLEIDCMASTCIL MUSCLE

3.1 Anatomy

The sternocleidomastcocid (SCHM) muscle is located very su-
perficially in the neck. 1It can be seen and palpated ea-
sily; The muscle passes cbliguely dcwn across the side of
the neck and forms a prominent landmark, especially when
ccntracted.

The SCM muscle has the shape of the eleventh letter of the
Greek alphabet, lambda. It has three attachment points.

Its lower attachment points are the upper part of the ante-
rior surface of the manubrium sterni and the upper surface
of the medial third of the clavicle. These twoc heads are
separated at their attachments by a triangular interval;
but as they ascend, the clavicular head passes behind the
sternal head and blends with its deep surface below the
middle of the neck forming a thick, rcunded belly. Above,
the muscle is inserted by a strcocng tendcn into the lateral
surface of the mastoia process cf the skull, from its apex
to its supericr border, and by a thin aponeurosis into the

lateral half of the superior nuchal line, i.e., a slight



curved ridge, which runs laterally frcm the external ccci-
pital protuberance to the mastcid process cf the tempcral
bone.

The SCM muscle is innervated by twc sets ¢f mctor nerves:
the eleventh cranial nerve called " The Accessory Nerve ",
and the cervical spinal nerves C2 and C3. The Accesscry
Nerve has twc porticns: a cranial perticn ana a spinal
porticn. The cranial portion derives from four to five
rootlets at the side of the medulla, runs laterally below
the vagus nerve (cr cranial nerve X) at the jugular fora-
men where it is joined by the spinal porticn which arises
from the motcr cells in the anterior gray cclumn as low
as the fifth cervical segment. 1In order tc jocin the cra-
nial portion inside the skull, the spinal portion enters
the skull thrcugh the foramen magnum. Both porticns lea~-
ve the skull through the jugular foramen. The cranial
pcrtion innervates the pharynx, the upper larynx, the u-
vula, and the palate. The spinal portion innervates the

sternocleidcmastoid and the trapezius muscles.

3.2 Physiclcgy.

3.2.1 Functicns of the SCM muscle

One acticn of the SCM muscle is tc tilt the head towards
the shoulaer cf the same side; it alsc rctates the head so
as to carry the face towards the oppcsite side. Wwhen both
SCM muscles act, the rotation of the head is prevented by

the cancellation of the lateral forces, and the final ac-
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tion is the forward bending of the neck such that the chin
tcuches the upper sternum.

The cother action ©of this muscle is tc help to perform an
inspiration. The SCM muscle is considered tc be an acces-
sory inspiratcry muscle. This functicn does nct occur in
normal breathing ( Mountcastle 1980 ), but it becomes of
major impcrtance during forced inspiration and during
exercise where hyperventilation occurs. In a ncrmal ci-
tuaticn both functions are present, but one can vcluntari-
ly stabilize the head to perform a focrcea inspiratiocn as
well as one can voluntarily stabilize the chest to perform

a forward flexion of the neck.

3.2.2 Impcrtance cf the other muscles involved.

As menticned in the previous section, the SCM nuscle
has a dual tunction; it bends the neck forward, ana it
is used as an accessory inspiratcry muscle. Other mus-
cles are also involved in these functions.

In forward bending of the neck, three other muscles in
addition to the SCM muscle are involved: the Lcngus Colli
(Sup. Oblique, vertical) muscles, the Lcngus Capitis mus-
cle, and the Scalenes (Anterior, Middle, Posterior) mus-
cles. The SCM muscle is the prime muscle of the acticn
(Warwick 1973). 1hese muscles, except for the antericr
and middle scalene muscles, do not touch the SCM muscle.
They are located deeper in the neck (Fig. 3.l).

The same phenomenon occurs during hyperventilaticn.

The SCM muscle as well as the scalene muscle are acces-



sory inspiratory muscles while the ciaphragm muscle and
the external intercostal muscles are the main inspira-
tory muscles (Tokizane 1952). During nocrmal breathing
the SCM muscle is nct activated while the three others
are (Raper 1966); the scalene is less activateca than the
external intercostal muscles which are less activated
than the diaphragm muscle (Campkell 1955a, Murphy 1958).
The order cf activation of the interccstal muscles is
frem the first to the eleventh interccstal muscle (Mur-
phy 1958). The SCM muscle is activated during hyperven-
tilation to help the other inspiratcry muscles tc per-
form an adequate inspiraticn tc obtain an apprcpriate
gas exchange in the lungs (Caﬁpbell 1955b). 1Takle 3.1
lists the main muscles involved in bocth manceuvres, i.

e., inspiration and forwarc¢ bending of the neck.

11
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FIGURE 3.1: Musculature of the neck

(The underlined muscles are the ones used in both ma-
noeuvres, Head Lift and Respiratory Manoeuvre.)
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Name Origin Insertion Action Nerve
Longus Capitisjant. tubercle, | Basllar part] Flexes head {C1,2,3
Trans. vrocess | of occipltal
vertebrae C3-€ | bone
Longus Colli Ant. tubercle, | Tubercle on | Flexes neck,| C2-7
Sup. Oblique |Trans. process | ant. arch of | slight rota-
vertebrae C3-51} Atlas tion of cer-
vical part.
Vertical Bodles of ver- ] Bodies of Flexes neck C2-7
tebrae C5-7, C2-4
T1-3
Ant. Scalene Ant. tubercle, | Scalene tu- Bends neck, C5-8
Trans. vrocess | bercle, rid-| Raises 1St
vertebrae C3-6| ge on upper rib
first ribd
Mid. Scalene Post. tubercle ]| Upper 1St Bends neck c5-8
Trans. process | rib, behinAd Ralse first
vertebrae C2~7{ subclav. rib
groove
Post. Scalene |Post. tubercle, Outer ond Bends neck, céE£-8
Trans. process| rib Railses 2nd
vertebrae C5-7 rib
Sternocleido- Sternum, Mastoild pro- | Bends head Accesso-
mastoid Clavicle cess of the to same sidel|ry (YI)
skull Rotates head {spinal
Ralses chin |part,l.e.
to opposite |C2-4,
side, tome- |C2 and
ther bend c3
head forward
+ elevate
chin, When
head stabili
ze, it eleva
tes sternum
+ clavicle,
TABLE 3.1: NMain muscles involved in forward

bending of the neck and in forced

insviration
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TABLE 3.1: (continuing)

Name Origin Insertion Action Nerve
External Lower bor- In upper Elevates rib ]| Intercostal
intercostal}l der of ribv border of below nerves T1-

(11 pailrs) rib below T12
Diaphragm Xiphoid pro- |Central Descent of C4, (also
cess of the tendon the central C3 and C5)
sternum, Ribs tendon )

7=-12, Lumbo-

costal arches

and crura




CHAPTER 1V

THE EMG SIGNAL

4.1 Introduction

The electrcmyographic signal obtained frcm an active mus-
cle is essentially the sumrmation cf the activities of a
large number of physiolcgical units. To effectively use
this signal as an information source, a kncwledge of the ba-
sic structural and functional units in striated muscle is re-
guired.

This chapter briefly reviews the characteristics cf each
physioclogical unit. In addition to giving a brief description
of the electrical events, a model of the myocelectric éignal
will be presented in order to define the mathematical expres-
sicns of the mcst used parameters of the myocelectric signal,
i,e.: (a) the mean rectified value, (b) the mean integrated
rectified value, and (¢) the rcot-mean-squared value. Final-
ly, a brief discussion cf the models of the Force-iMG relation-

ship will be given.
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4.2 Physiology of the nerve and the muscle.

4.2.1 The nerve cell and its action potential.

The nervous system 1s composed of two different parts: (a)
the central nervous system which controls the voluntary actions,
and (b) the peripheral nervous system which controls the reflex
actions and controls certain functions (Somatic and Autonomic ner-
vous system). The nerve cell is the basic element of any nervous
system. It is composed of three parts: (a) the dendrites, (b) the
body, and c¢) the axon. The dendrites are small, less than 10um dia-
meter, and numerous. They transmit the intormation they receive
to the cell body which is the living part of the nerve cell. It
contains the nucleus and when it dies, the whole cell dies with it.
The axon is unique in the nerve cell. It transmits the infor-
mation it receives from the cell body to the dentrites of the
following nerve cell, or to the muscle fibres of a muscle.
Since our main interest is in the EMG signal, total attention
will be directed to the nerve-muscle transmission of the ac-
tion potential (AP). At its end point, the axon is divided
into 3 to 150 terminal branches. The diameter of the axon
varies between 1 and 20um, and its length can reach one meter.
The nerve fibres whose axonal diameters are more than 2um are
called myelinated fibers because their axon is covered with
myelin. This myelin is positioned at interval of 1 to 2mm a-
long the length of the axon. The uncovered parts are called
nodes, and the covered parts are called internodes. ‘The other
nerve fibers (less than 2um diameter) are called non-myelina-

ted fibers. The action of the myelin will be discussed later.
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The infcrmaticn transmitted thrcugh a nerve cell is simply
a depolarization prccess which is transmitted alcng the nerve
cell. This c¢epclarization process allcws the prcpagaticn of a
current alcng the cell. The skin cf the nerve cell is & bili-
pid layer membrane. 1This membrane offers a very high resistan-
ce tc the passage of electrical current, and has a biclogical
capacitance of abcout luF/cmz. At rest, the nerve cell is in a
state c¢f active equilibrium. With the help cf a sodium (Na+)—
potassium (K+) active pump which keeps the K+ions inside the
cell and the Na' outside the cell, the nerve cell sustains a
resting membrane potential (Vm) of about -90 mV (inside rela-
tive toc cutside). The transmembrane pctential (vm) cen be ex-

pressed as:

vm = =BT 1n|By(Ka"1i + B (K 11 + B, [C17]o (4.1)
F P[Natlo + P, (K 1o + B [C1711

where P = permeability of the ion, F = Faraday’s cons-
tant, T = absolute temperature, and R = gas constant.
The expressicn "RT/F 1n" can be replaced by "60 log ". The
above equation is called the "Gcldman-Hodgkin-Katz " equation
or the "GHK" equation,

Wwhen the nerve cell is excited, bicchemical phenomena, still
unknown, increase the membrane permeability tc these ions by
opening different channels and by letting the icns flow
through them. Investigators believe that there are sgpecific
channels for specific icns (Selkurt 1976). The driving force
existing, when the nerve cell is at rest, attracts the nat in-
side the cell and pushes the K*cutside the cell. This phenc-

menon first induces an increase of the sodium conductance (GN )
a
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which derclarizes the nerve menbrane tcwards zero millivclt
tc reach an overshcot cf +30mvV. During that time, a slcw in-
crease in the potassium conductarnce (GK ) starts to repclari-
ze the cell. The peak of CK is reached after the Cya Eeak
so that an cvershoot of +30mV could be reached. After &
few milliseconus, the Nat-k* punp is activated tc ccntinue the
repclarization ot the nerve membrane tc its resting value ct
-90mV after a pericd of hyperpolarizaticn due tc the potassium
flocw. The phencmencn just described is called an Acticn Po-,
tential (AP). This AP is generated at every axon-dendrite sy-
napse and propagates along the nerve cell. The propagaticn
alcng the axon can be continuous cr saltatcry. The continucus
ccnducticon is a slcw ccnduction ( 1-5m/s ) fcund in the ncn-
myelinated fibres. The saltatcry ccnducticn ( 50m/s ) is a
Ccharacteristic cf the myelinated fibres.

The acticn potential (AP) is an all cr none phencnerncor.

when the depclarization of the nerve membrane reaches a thres-

hold potential, the depolarization is autcmatic and instantaneous.

This characteristic is useful fcr the prcpagation of the AP.
Each pcint of the nerve memktrane which is in contact with the
extracellular medium becomes depolarized if the threshold is
overcome, Eecause of this, the local depolarization, with
lccal currents, is prcpagated along the non-myelinatecd fibres
while it is from node to ncde in the myelinated fibres. The
myelin provides a very gocd electrical insulaticn. Depoclari-
zation cannot occur in the interncde space. Wwhen an AP train
reaches a muscle, it depolarizes many muscle fibres synchro-

noysly. These muscle fibres belcng tc a motor unit.
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4,2.2 The motcr unit.

The motcr unit (Fig. 4.1) is the functicnal unit of the
motor systeh. It is compcsed of one mctoneurcn and many Lus-—
cle fibres (3-150). The number of muscle fibres in cne motcr
unit is determined by the function df the whole muscle. lug-
cles contrcling fine movements and adjustments have the c¢mal-
lest number c¢f muscle fibres per mctor unit (eg. eye ball rus-
" cles), while larger muscles prbducing grcss movements have a
larger number c¢f muscle fibres per mctor unit (eqg. limb mus-
cles).

The same muscle ccntains motor units ci aifferernt cize.
Larger motcr units may consist of a larger number ci muccle
fibres, cr the muscle fibres themselves may be larger (de Eruin
1976). When a muscle contracts, it aces so smocthly. 1%1he rus-
cle fibres cf the same motor unit contract synchronously while
the muscle tibres cf different notor units contract asynchro-

nously.

4.2.3 1he neurcmuscular juncticn,

The muscle fibre contracticn is the mechanical result of

the muscle fibre membrane depolarizaticn., 1In order to reach
the muscle fibre ana cause a muscle fibre acticn potential,
the nerve action pctential (AP) has tc pass through the neu-
rocmuscular junction (NMJ) cr End Plate. The NMJ 1is the inter-
tace between the mctcr nerve ending and the muscle fibre. It
serves as an impedance matching device to provide sufficient

current to drive the muscle fibre membrane beycnd threshold.
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The transmission cf the nerve AP frcm the presynaptic membra-
ne to the pcstsynaptic membrane is essentially chemical. ‘ihe
nerve AP makes the presynaptic vesicles, with the help of the
calcium icn, liberate acetylchcline (ACh) which makes the
transition acrcss the synapse gap, separating the nerve ana
the muscle fibre membranes. After ACh binds to the postsynap~
tic receptors, located on the muscle fikre menbrane, the per-
meability sucddenly increases to Natand K'. .These caticns mo-
ve according to their concentration and electrical gradient
causing a depolarizétion of the memkrane beycnd threshcld,
which induces a self-propagating inpulse callea the End Pla-
te Fotential (EPP). The aelay for prcducing a EPP is crcund
l.2msec. cf which (.7msec. is requirec for the synaptic trans-

missicn.

4,2.4 The muscle fikre.

The muscle fibre is the basic ccmponent of a mctcr unit,
and is also the basic structural unit of contraction. Unacer
& micrcscope, the muscle fibre is a fine threac with a cdiame-
ter varying from 10 to 1G0um, and a length that can reach 3Ccm.
Once the EFP is generated, the depolarizaticon prcpagates
in both directicns from the end plate, located in the middle
of the muscle fibkre, at a speed of 5m/s. The delay from thLe
NMJ tc both ends is around 5Smsec..
The depclarization of the muscle fibre membrane by the con-
ducted impulse is followed by a brief phasic contraction of
the muscle fibre, a twitch, follcwed by a rapid ana ccmnplete

relaxation. The curation of the twitch and cf the relaxaticn,
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from a few msec. tc 0.2 sec., depencs on the type cf fibres
involved. 1There are twc types of muscle fikres: (a) the fast
twitch fibres, and (b) the slcw twitch fibres. A nuscle ccrn-
tains bcth types cf fibre, while a nctcr unit contains only
cne type cf muscle fibre. Consequently, there exists: (a)
fast twitch mctor units, and (b) slow twitch mctcor units (Bas-

majian 1974).

4.3 Mcael for the mycelectric signal

4.3.1 Intrcducticn

A muscle can contract in three different ways. It can per-
form: (a) an iscmetric contraction, i.e., the muscle generates
a tensicn while its length is fixed, (b) a concentric contrac-
tion, i.e., the muscle generates a tension while its length is
shortening, and (¢) a eccentric contraction, i.e., it generates
a tensicn while its length is lengthening (Knuttgen 1982).

Many investigators have studiecd muscle functicn using a
technique called "Electrcnyography" which reccrds, with the
use of variocus type of electrodes, the electrical event which
induces a kncwn mechanical event, i.e., a contraction.

The model presented in this secticn sunmarizes the wcrk
dcne by Carlo de Luca whose contributicns (1966-1979) were ve-
ry impcrtant in modelling the myoelectric (ML) signal. The
derived expressions are only applicable tc the ME signal ac it
exists on the surface cf the active muscle fibres. The ccnduc-

tive medium between the motor unit fibres and the recording site
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is condidered to be purely resistive. The expressions do not
take into account the filtering effect of the ilL signal cau-
sed by the muscle tissue, fascia, fat, skin, and recording
electrodes. This allows simple adadition of the motor unit
potentials. The model presented in this section will also
give mathematical expressions for three out of four parame-
ters used by investigators to describe the ME signal during
a constant force isometric contraction: (a) the mean recti-
fied value, (b) the mean integrated rectified value, and (¢)
the root-mean-squared value. The fourth parameter, the po-
wer density spectrum, describes an entirely new method of
analysing the ME signal. This method has not been used to
study the SCM muscle and will not be described.

The description of the model will be divided into tnree
parts. The first part will describe the formation of the
motor uni£ action potential (MUAP). The second part will
discuss the motor unit action potential train (MUAPT) and
its main parameters. The third part will explain how the

MUAPI's are added together to form the ME signal.

4.3.2 The !

The depolarization of the muscle fibre membrane, from its
resting potential of about -85mV, results in a brief monopha-
sic wave of 2 to 4 msec. duration. The propagation of the
muscle fibre action potential, at a speed of about 5m/s, 1is
seen by bipolar recording electrodes, located in the vicini-
ty of the muscle fibre and arranged in a parallel alignment

relative to the fibre, as a biphasic action potential. The
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time curaticn c¢f thie acticn pctential depends ¢n the distan-
ce between the twc electrcdes. Its amplitucde depenus on the
radius [a] cf the muscle fibre, [ V = ké"7where k i a cocne-
tant (de Luca 1979)]; the distance (L] between the muscle fi-
bre ana the recording site, [ V = k/D where k is a ccnstant
(de Luca 1979)], and the filtering properties of the electro-
des,

Since the nerve acticn pctential depolarizes quasi-synchrc-
ncusly all the muscle fibres cf a motcr unit, the resultant
signal seen at the recording site, the MUAP éymbolized by
h(t) (Fig. 4.2), will constitute a spatial-temporal superpo-
sition of the contributions of the individual muscle fibre
action potentials.

The shape of the MUAP will generally vary due to the uniqgue
geometric arrangement of the mcoctcr unit fibres with respect
to the reccrding site. 7The amplituce varies from a few uv
to 10mV peak to peak with a typical value of 300uv. The num-
ber of phases may vary from one tc four: 3% moncphasic, 49%
biphasic, 37% triphasic, and 11% quadriphasic (reported by de

Luca 1979).

4.3.3 The MUAET

The MUAPT represents a sequence of MUAP’s produced by the
same motor unit during a sustained muscle contraction. 1t
can be describted by its inter-pulse intervals (IFI’s) and the
shape of the MUAP.

The assumpticns made tc create the MUAPT mcdel are:

1) the IPI Lketween every MUAP of one MUAPT remains cons-
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tant

2) the shape cf the MUAP’s remains constant
Manns et al (1977) reported a change in the firing frecuency
(the reciprccal cf IFI) tcward lcw frequencies, as a functicn
of the ccntracting time, during a constant-fcrce iscmetric
contracticn. Many cther investigatcrs rerpcrted a charnge in
firing rate during an iscmetric ccntraction. This goes a-
gainst the first assumpticn. However, it is very difficult
tc record only one MUAPT such that it is aistinguishable,
The myoelectric signal recorded using electrcdes is mostly
compcsed ct several MUAPT s. Ccnseguently, the individual
firing rates Mi(t) cannot be measured. Tc cvercome this
barrier, de Luca (1968) (reported by de Luca 1975) intrcdu-
ced the concept of the generalized firing rate A(t). It is
defined as the mean value of the firing rates of the MUAPT s
detected during a contraction. This value represents the
constant firing rate of cne MUAPT. The IPI ‘s between two
adjacent MUAF’s in the same MUAPT have a tendency to be sta-
tistically independent (de Luca 1975), but this independence
of adjacent pulses is not as strong as that between every
other pulse in the same train.

-1

[
A(t) = ./; p_(x,t) dx (4.2)
X
-
where x represents the inter-pulse interval, and px(x,t),
the probability distribution functicn fitted from a IPI
histogram (de Luca 1979).

The seccnd assumption can be fulfilled if the follcwing
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conditions are respected:
1) the geometric relationship between tne electrodes
and the active muscle fibres remains constant
2) the properties cof the recording electrodces dc not
change
3) there are no significant biochemical changes in the
muscle tissue because that could affect the muscle
fibre conduction velocity and the muscle tissue
filtering properties.
The first two conditions can be verified for short recor-
ding time. The third condition cannot be verified but one
can suppose that such biocnemical changes occur in muscle
and neuromuscular junction diseases.

It would be extremely difficult to give a unigue matne-
matical description of the MUAP because there are many possi-
ble shapes. Thus, to uniform the snape, it is convenient,
from a anathematical point of view, to decompose the MUAPT in-
to a sequence of Dirac delta impulses 4§(t-tyy ) (Fig. 4.3)
which pass through a linear system whose impulse response is
hq(t). The expression ty) represents the time location of
the impulse and the subscript i represents the ith yuaprp.

The resultant M“MUAP can be expressed as:

[- -]
hi(t"tk) =/h1(t-u) é(u-tlk ) du (4.3)
(o]
The motor unit is a oanysical system h(t-u) =0, £t < u (i.e. it

does not respond before an input pulse is agplied at the avJ).

The variable ty can be expressed as: t = E Xy for k,1 = 1,
=31
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2,...,n where x expresses the IPI. Finelly the MUAPT, repre-
sented by the summation cf the MUAF's, can be expressed as:

n
u.(t) = 2h (t=t ) (4.4)
i ke 1 i k

where n represents the tctal amount cf IPI s in the MUAFT.
The descripticn of the distributicn c¢f x is for beycnd the
purpcse cf this chapter. A more ccnplete treatment is given
by Ge Luca (1975).

ﬁow that the twc time depencent elenents characterizing
the MUAPT are known: (&) M(t) and (b) h(t), the exgpressions
for the twc mcst commonly used parameters c¢f the ME signal
(at the MUAPT level), i.e., the mean rectified value anc tlLe
root-mean-squared value can be given.

Mean rectified value:
~A » ~
Elju () ) = f)\.(t) [h,(t-t)] at (4.5)
i 0 i i
Rcot-mean-squared value:
[
(MS[ui(t)l)* = (b h(e-) aby? (4.6)
0

Fcr the convoluticn expressions such as thcse in the akove
equations, the MUAP, hi(t)' can be conveniently representec
by a Dirac delta impulse, di(t), multiplieé by a ccnstant
that is equal to the area of the MUAP. From this approxi-

mation, the above expressions are greatly simplified to:
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Ellu (0] ] ¥ Mi(e) |b, (o) (4.7)
~ ) 2 )
MS [ ui(t) ] ¥ Ai(t) hi(t) (4.8)

—tp—

L J o8
2
where |h (t)] =/‘lhi(t)| ét and hi(t) =/h§(t) at.
.0 ———tmtegmn & 0 '
This apprcximaticon introduces an errcr less than 0.601%

(de Luca 1975) (Fig. 4.4).

4,3.4 'he ME signeg

The ME signal m(t,F) (Fig. 4.5), fcr a ccnstant fcrce
isometric ccntraction F, is modelled as a linear, spatial
and temgpcral summation cf all the MUAPT s detected by the
electrcce. The signal mp(t,F) is not ckservable. Wwhen the
signal is cetected, an electrical ncise n(t) ies introducecd,
and the filtering properties cf the reccraing electrcde r(t)

and pcssibly cother instrumentation affecting m_(t,F) are alsc

Y
intrcduced. The resulting signel, m(t,F), is the cbservable
ME signal. 1he derivaticn cf the follcwing expressicns ascu-
mes that: (a) the noice, n(t), is negligibkle, and (b) the et-
fect of the recoraing electrcdes and instrurentation rerain

constant with time ( m(t,F) = mp(t,F) ) (Stulen 1978). 1hese
consideraticns can be realized with proper experimentel pro-

cedures.

The ME signal can be expressed as:

S

m(t) = Qou_(t) (4.9)
i=1

The subscript F was rencvea because it only indicates the for-
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ce at which the isometric contraction was performed and there-
fore, adds notning to the analysis.
As demonstrated in Appendix A, the correlation function
is used to defined the main parameters of the ME signal
( Fig. 4.6).

Mean rectified value:
s

ECIm(1] = A0 o] + 3(t) (4.10)
i=1

0
where |h; (b)) ='/]hi(tﬂ dt, and where J(t) is a non positive
-_— 0
term which represents the cancellation of MUAP s super imposed
with a 180°pnase shift.

Mean integrated rectified value:

b 4

L
E[/Im(t)l dt] = /c[ Im(t)l 1 at (4.11)
o

0

Root-mean-squared value:

v

s
= i 2t
rms{m(t) ] A(t) (21%.(-) +:E:

v
cizj (t) (¥ (4.12)
=1 3=1

[
where hi(t) = /hf(t) dt, and where the second term within

the parenthesis represents the synchronization of the MUAPT s,
o

v < s. Furthermore, °213 (8) = [ hy(t+Ty4) hy(t) dt. The de-

tails of these expressions are g%esented in Appendix A.

'This general model, including the mathematical expressions
its main parameters, defines the ME signal during a constant-
force isometric contraction. The basic function is the auto-

cogrelation function of the ME signal (Appendix A). Many as-
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sumptions have been used tc define this mcdel. Meanwhile, the
parameters, presented in this model, are cependent cn: (a)

the firing rate, A(t), of the motcr units, (b) the nunkter ct
moctcr unit acticn potential trains (MUAPT s) conprising the
ME signal, (¢) the shape c¢f the MUAP, and (d) the nurber ct
synchronizea LUAPT ‘s.

The approach used thus far has been dairected at relating
the measurakle parameters of the ME signal to the kehavicr cof
the individual MUAFT“s. However, when the recording electro-
des detect a large number of MUAPT s (greater than 15 (de
Luca 1979)), such as would typically be the case for surface
electrcdes, the law of large numbers can ke involved to con-
sider a simpler, more limited apprcach. 1In such cases, the
ME signal can be effectively represented as a signal with a
Gaussian distributea amplituae. By using this apprcach, it
has been demcnstrated that the mean rectified value cf the

ME signal can be expressed as:

E(Im(t) |] =‘V2/W ag(t) (de Luca 1979) (4.13)

where o(t) is the standard deviatiocn cf the amplitude distri-

bution,

4.4 The Force-EMG relationship

Considerable confusion seems tc exist regarcing the mathe-

matical relationship between the IEMG ana the force produced
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in human muscle contracticn. Thecretical ccnsiceraticns sug-
gest that the LMC reccraings frcm surface electrcdes represernt
a very conplex summation of varying numbers ¢f motcr unit
acticn pctentials which vary tcth in size ana in wave fcrnm.
Using certain sinplifying assumpticns such as: (a) tre adcp-
tion of an arbitrary biphasic, symmetrical impulse to represent
the muscle fibre action potential, (b) nc cancelleticn, and (c)
no synchrcnization, it has been suggestea that the mcst likely
relationship would be cne in which the IEMC (either rms cr ave-
rage values) woula vary as the square root of the force (Mcore
1967). Actual cbservations of the relaticnships have mcst cf-
ten led to repcrt a linear relationship (Hudgins 1979, liof
1977) but scme investigatcrs have repcrted curvilinear rela-
tionships with IEMG varying in pcsitively accelerated fashicn
as fcrce cf contracticn increases (Komi 1975, 2Zuniga 1%69).
Furthermcre, among the curvilinear relationships, a few have
been decomposed into two parts: (a) a linear relationship in
the submaximal force range, and (b) a non-linear relationship
in the force range closer to the maximal voluntary contrac-
tion (Kuroda 1970, Zuniga 1969).

The Force-EMG relationship is nct unique and varies from
muscle to muscle. Wworkers who studied the Force-EMG relation-
‘ship in situations in which only cne muscle cculd be involved,
as Lawrence (1983), founa a linear relaticnship. Wwhen, on the
other hand, the muscle under stuay is one c¢f a grcup of syner-
gists, often a ccnsiderakle controversy about this linearity
exists in literature (Kudora 1970, Komi 1976, Lawrence 1683).

Even the biceps brachii, a muscle that is very cften used in



36

this kina cf study and for which rather ditferent Fcrce-LMG rec-
lationships are repcrted, clearly falls in this category as it
is a synergist of the brachialis and the brachioradialis mus-
cles fcr elbcw flexion (Zuniga 1969).

All this contrcversy leads crne to believe that the Force-
EMG relaticnship is aetermined by the muscle under investiga-
ticn. A variety cf phenomena that may ccntribute to the mus-
cle~-dependent difference in the Fcrce-EMC relaticnship can ktc
identified. Some ot them are:

1) motor unit recruitment and firing rate prcperties

2) relative amounts ané lccaticr. of slow-twitch ana
fast-twitch mus;le fibres within the muscle

3) cross talk frcm ME signals cf acjacent muscles

4) agcnist-antagonist muscle interaction

5) viscoelastic properties ¢f the muscles.

The viscoclastic prcperties of the muscles, although they
may be an influential factor, remain difficult tc verify. 1he
agocnist-antagonist muscle interacticn is important during i-
scmetric contractions where the jcints have tc be stabilizead.
The net force produced is usually assumred tc ke linear with
respect to the agonist muscle cf interest. Hcwever, this re-
lationship may be modified by numercus factcrs such as joint
angle, limb position, and pain sensation. The electrical
cross talk frcm adjacent muscles is unguestionably a possible
factcr and cannot be eliminated. This factor is c¢f prime im-
portance when one uses bipolar surface electrcdes because
they detect MUAPT tields from a large vclume.

The relative amcunts andg locaticn of slow-twitch ana fast-
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twitch muscle fibres within a muscle is very impcrtant. The
fast-twitch fikbres have a larger diameter than the slow=-twitch
fibres (Lawrence 1$83). Since the amplitude c¢f the ME signal
is dependent on the diameter cf the muscle fibre (de Luca 1979),
a different ML signal amplitude will ke reccrded whether cslcw-
twitch or fast-twitch fibres are used during the contractions.
The larger mctcr units (containing the larger diameter fast-
twitch fikbres) are preferentially recruited at high force le-
vels according tc the "size principle" (Milner-Brcwn 1973b).
Therefore, the relative locaticn of the fast-twitch fibres
within the muscle and with respect tc¢ the recording electrcces
determines hcw the electrical signal from these mctor units af-
fects the surface ME signal.

The motor unit recruitment and firing rate properties nust
nct be neglected. Larger muscle fitkres have higher threshclde -
cf excitaticn (Milner-Brcwn 1973k). They are recruited at
higher force levels. Moreover, recruitment has much lesc eftect
at high force levels than the firing rate (Kurcde 1¢70). 1t has
been suggested that the recruitment cf more notcr units shculc
cause a linear increase of force, since the number of the activa-
ted fibers is directly related tc the fcrce (Moore 1967). This sug
gests that each muscle fibre in a muscle exerts nearly the secme a-
mount of fcrce at any given frequency ¢f stimulaticn. Ccnse-
quently this suggestcs that the non-linearity in the Fcrce-EMG
relticnship is due to the firing frequency alcne since it gives
a saturaticn of the output force with increasing frequency.

The contrcversy in the literature shcws clearly that each stu-

dy..is unique and cannot be reprcduced. The electrcde arrange-
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ment is a crucial factcr which affects the Force-EMG relation-
ship tremendcusly. Once the electrcdes are rencved, it is quaci-
irpossible tc put them back exactly the way they were. The fcr-
ce~EMG relationship can vary frcom linear tc highly non-linear
with different slopes, and nc evidence has Lteen presented¢ that

any one relationship is most correct.



CHAPTER V

MATERIAL AND PROTIOCOL

5.1 Intrcducticn

Surface electroryographic (EMC) scignals, mass lifted
with the head, anda total inspiratcry pressure generated by
the SCM muscle were recorded at varicues levels of vcluntary
iscmetric ccntraction and at different lung vclumes.
This chapter serves as a description c¢f the experimen-
tal proccedure including the experimental instrumentation, pro-

tocol, data collection and data management.

5.2 Suk jects

Four rncrmal male volunteers (ages 24 to 25 years) were
studied. See Tabkle 5.1 for a full description of the sukjects.
All volunteers were aware that the experimental prccecure wac
nct invasive, and only surface electrcdes were to be in con-

tact with the skin.

53 Instrumentaticn
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BODY MASS  HEAD MASS

SUBJECT SEX AGE  HEIGHT MAX. MASS IC Ve
cm Kg Kg LIFETD(Kg) Liters Liters
LT M 24 185.0 74.8 L.6 12.6 L.13 5.28
PM M 2L 174.0 77.0 5.3 17.1 3.53 L.03
AS M 24,  170.0 73.0 4.6 23.6 3.25 3.75
CW M 25 166.5 54 .2 L6 9.6 2.55 3.25
TABLE 5.1: SUBJECT DESCRIPTION
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The instrumentation used during the experiment can be
divided into three main sections: (a) the instrumentation u-
sed to record the EMG signals, (b) the instrumentation used to
record head lift, and (c) the instrumentation ‘used to record
mouth pressure and lung volume.

The block diagram of Figure 5.1 shows the total instru-
mentation used to record EMG. The input transducer was two
Beckman Ag-AgCl bipolar surface electrodes. They were located
on the belly of the SCM muscle right in tne middle of the neck.
They were arranged in a parallel alignment with respect to the
fibres. The diameter of the electrodes was 4mm, and the dis-
tance from center to center was l4mm. The skin was rubbed with
alcohol and a chloride paste was used in order to reduce the
total electrode impedance. The wires of the pair of electrodes
were twisted with each other to reduce the 601z magnetic coupling.

Ag-AgCl electrodes have interesting characteristics: (a) low
impedance, (b) low noise, and (c¢) non-polarizable, i.e., rever-
sible., However, they have two main drawbacks: (a) they are cur-
rent limited ( lnA ), and (b) they produce a steady potential
resulting in a dc offset that must be removed during calibra-
tion, or through AC coupling.

The choice of an electrode is very important. There are
five main types of electrodes used by investigators:

1) Monopolar needle
2) Coaxial needle
3) Bipolar needle

4) Bipolar fine wire
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BATTERY
— INPUT POWERESUPPLY - -
‘ TRANSDUCER ND-PASS FILTER
———q .
S%gg% (Recording PiEAl}%Pg'%FIER | (10 Hz - 10K Hz)
electrodes) =

TAPE . LPF OF TAPE LOW GAIN
| RECORDER RECORDER (1.25K Hz) AMPLIFIER
e

POWER SUPPLY « 0SCILLOSCOPE
CHART LOW GAIN | (ggfggggizoa
RECORDER AMPLIFTER Integrator)"""“‘
b J
POWER SUPPLY
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FIGURE 5.1 : INSTRUMENTATION USED TO RECORD EMG
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5) Bipclar surfeace
A detailed discussicn cf these electrodes is beycnd the chbjec-
tives cf this chapter. Eince bipclar electrcdes were used cu-
ring the present experiment, it is necessary tc menticn a few
characteristics defining their behavior.

There are many factors affecting the characteristics
cf the recorded signals. Some of them‘are:

a) the distance frcm the muscle fibres tc the reccrding site

b) the size cf the electrodes usea

¢) the spacing between the electrodes

d) the geometrical arrangement of the muscle fibres with

respect tc the reccrding orientaticn.

e) the electrcde-external mecaium interface transfer

functicn or filtering effects.

when the distance tetween the muscle fibres and the
recording site increases, the amplitude of the recorded sig-
nals decreases. This phenomencn is due to the reduction of
the electrical field strengths at the recording site. A se-
ccnd effect of the distance ketween fibres anc electrcdes is
that of low pass filtering. The impedance c¢f the external
medium is such that high frequency signals are mcre severely
attenuated than low frequency signals. As the distance in-
creases, the bandwidth of the low pass filter decreases.

The size cf the electrcdes will determine the electrcde im-
pedance and its effective field pick up area. Larger elec-
trodes have smaller impedance. The net field the electrode
detects is then the spatial integration of the fields adja-

cent to it, over its whole area. Furthermore, spatial inte-
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gration reduces the high frequency compcnents cf travelling
field waves.

The effect of the spacing between the electrcdes is
that of differentiating. 2As the spacing decreases, the reccr-
ded signal becomes closer ana closer tc being the derivative
of the travelling wave. Reducing spacing increases reccrcec
signal bandwidth. GCenerally, reduced spacing causes rewucec
signal amplitude. 1his effect is dﬁe tc the potential dGif-
ference between the electrcdes. 1t is that pctential citfe-
rence that is amplified, and as the electrcédes are ncvec clc-
ser together, the potential difference between electrcdes ge-
nerally decreases.

The gecmetrical arrangenent ¢f the muscle fibres with
respect tc the recording site determines, partially, the shape
of the reccrded signals. As socn as any change occurs, the re-
corded signals lock totally different: (a) the spatial inte-
graticn is different, (b) the distance between the fibrec and
the recording site is changed, a different tandwidth and a dif-
ferent signal amplitude are induced, (c) the directicn of the
field relative to the electrcde crientaticon, etc.

The electrode-external interface is very important in
determining the electrodes impedance per unit area and subse-
guently its filtering effects cn the recorded signal. The ty-
pe of materials used for the electrcde and the electrolyte in-
terfacing the tissue with the electrcde determines the impedan-
ce per unit area of the electrode-external medium interface.

In order to summarize, the size of the surface electro-

des determines the amount of spatial averaging done and thus
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affects the bandwidth of the reccrded signals. Epacing of the
electrcdes determines the amcunt cf differentiating cof the de-
tected fields, the volume of muscle mass recorded fror, and the
bandwidth cf the reccrded signal. £Since distances between the
surface electrcdes and the muscle generatcr are relatively lar-
ge, tissue filtering effects are significant and aftect the
bandwidth cf the signals recorded.

The cther instrunents alsc heve their cwn characteris-
tics. It wculd be superflucus tc descrike then in detail
but it is essential to mention ther. 1%Takle 5.2 sumrarizes
some cf their impcrtant chacacteristics.

The instrumentation used tc reccrd resgiratcry functicr,
i.e., mcuth pressure and lung volume is summarizec in Figure
5.2. The pneumctach is connectec to the flcw transcucer.

Their main characteristice are summarized in Table 5.2.

Figure 5.3 shows the block diagram of the instrumenta-
tion used to study the head lifting manceuvre. The ncst ine
portant device, the head lift meter, has nct been presented
yet. The purpcse of the head lift meter was tc prcvide a con-
venient methcd cf measuring the SCM function thrcugh the amcunt
of heaa 1lift in subjects in the supine position. As indicated
in the klcck diagram of Figure 5.4, the input to such an ins-
trument was the mass lifted by the head and the output was a
reading cn the calibrated scale of a simple meter. To be use-
ful, the instrument had to be simple, easy to use, and hac¢ to
require a minimum of patient movement. Fcr ease cf transporta-
tion and use, the instrument had tc be hznd held and battery

powered.
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TABLE 5.2
8-Channel Low gain Carrier Pressure Flow
chart recorder amplifier amplifier transducer transducer
SANBORN SANBORN
Mode]l HP 7758 A 80814 80854 HP 267 B HP 47304 A
Rinput 50 K ohms 500 K ohms 10 K ohms
Routbut 50 ohms 10 ohms
CMRR 248 dB
Linearity -100 mmHg to t 2.25% of
range +400 mmHg reading
Hysteresis <1.5% Full
Scale
Output voltage 40 uV/Volt
excitation/mmHg
Excitation 440Hz to
freq. range 4800Hz (stan-
dard value
2400Hz)
Excitation 4.5V to 5V r.m.s.
voltage when driven
with 10V r.m.s.
3dB point 200Hz

gain stability +0.05% of rea-

ding per *C
Output noise SmV r.m.s. Max.
at +4.0 V output
level

INSTRUMENTS DESCRIPTION
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MEASURED SYSTEM INPUT TRANSDUCER PREAMPLIFIER LOW GAIN CHART
(Pressure in the (Pressure trans- (Sternomastoid AMPLIFIER RECORDER
bag) ducer) assessment
‘I’J meter)
POWER SUPPLY POWER SUPPLY
FIGURE 5.3 : A TO RECORD HEAD LIFT
INPUT MECHANICAL ELECTRICAL QUTPUT
HEAD MASS WITH | Q TRANSDUCER AMPLIFICATION METER READING
ADDITIONAL LOAD SYSTEM AND SIGNAL PROPORTIONAL TO
CONDITIONING _ THE INPUT MASS

FIGURE 5.4: INSTRUMENT'S GENERAL REQUTREMENTS
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The functicn ¢f the mechanical system was tc cocuple the subk-
ject’s Lead nass to a force transducer. Tc minimize cisturkban-
ce cf the subject, a Gesign consisting of a fluid-tilleu bay
and a pressure transaucer was cevelopeda (Figure 5.5). As shcwn
in Figure 5.6, the fluid-filled bag can be slippec under the
head with minimal effort requirea frem the subject ana from the
investigator. The weight of the hLead ana adciticrnal lcac causes
an increase in fluic pressure which changes the cstate ot the
pressure transducer. The resulting electrical signal w&as used
as the input fcr the electrcnic circuitry.

A Bell and Licwell resistive bridge pressure transducer (tyge
4-327-0109, No. 3263) was used in the constructicn of tlie protc-
type. Fron tests dcne orn the pressure transducer, it was found
that with 6 volts dc excitaticn of the bridge, the output volta-
ge (mMV) was linear with respect tc the transducer pressure in
the expected range of cperaticn; ¥ (mVv) = 1.200 + 0.038 F (nn Hg).

The circuit developed for processing the transducer bridge
vecltage is very sinple. The essential ccmponents cf the circuit
are shcwn in the tlcck diagram of Figure 5.7. The "full scale”
cutput vcltage was chosen tc be 5 volts., This ccnsequently re-
gquired a tctal amplificaticn of akcut 60 dé. The design of the
circuit is shcwn in Figure 5.8.

The head lift meter was found tc perform well. Gccd recults
were cocbtained when it was tested., The meter was ccnseguertly

usea cn & regular basis, during the whole experiment.
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FIGURE 5.6: THE MECHANICAL SYSTEM
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5ol PROTOCOL

A) PREPARATION

1) Arrival of the subject

2) Signing of the consent form

3) Personal data ( age, sex, height, weight, etc. )
L) Measurement of the head weight

5) Measurement of the maximum weight lifted by
the neck muscles

6) Five minutes rest
7) Placement of the electrodes

B) VC (x2) (VC
Ic (x) (IC

Vital Capacity)

Inspiratory Capacity)

[

C) LIFTING OF THE HEAD

Every manoeuvre will be maintained 5 seconds .

1) Wmax (x2) FRC

2) 85 Wmax (x2) 3em of head heaght FRC + 0.5 L
3) 75k Wmax - (x2) . 10cm of head height A FRC+1 L
L) 65% Wmax (x2) : FRC + 2

5) 506 Wmax (x2) TLC

D) RESPIRATORY FUNCTION
I Relaxation manoeuvre (x2)
11 Every manoeuvre will be maintained 5 seconds
1) MIPS (x2) FRC

2) 85% MIPS (x2) 3cm of head height FRC + 0.5L
3) 756 MIPS (x2) X . . X FRC+1 L
L) 65% MIPS (x2) 10cm of head height FRC + 2 L

5) 50k MIPS (x2) TLC
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The expressicn FKC stands for Functicnal Resicual
Capacity and is cuefined as the volume c¢f air remaining in the
lungs atter a passive expiration. Wwhen the subject performs
a maximun inspiration, i.e., until nc more aifﬂis able toc en-
ter in the lungs, then the voclume cf air in the lungs is cal-
lea Tctal Lung Capacity or TLC. when the subject pertorms &
"forced, active expiration until he is nct able to push any mo-
re air out cf the lungs, the remaining lung volume i< callea the
Residual vVolume cr RV. The difference between TLC and FILC, i.e.,
TLC-FKC, 1s called Inspiratdry Capacity or IC. The cdifference
between TLC and RV is callea vital Capacity or vC, TLC-FV = VC,
The expressicn wmax indicates the maximum weight litteda, and the
expressicn MIPS indicates Maximum Inspiratcry Pressure pertcr-
med uncer Static concitions, i.e., with blockea airways.

lhe prcotccol was tcllowea exactly as listed. The positicns
ot the heada were 3cm and l0cm above the bed. 1he 3cm is the
thickness ot the fluid-filled bag on which the subject’s heaa
was resting during the experiment. 7The 1l0cm wes arbitrarily
chcsen tc reauce the length of the SChM muscle. 7This positicn
was obtained by adding many bcaras under the btag. Luring the
experiment, the subject was lying dcwn on a hard surface in or-
der to prcvide stability of the body, especially during the
heaa lift manoceuvre.

In order tc avoid muscle fatigue, a resting period of twen-
ty minutes was given to the subject between the 3cm ana the
l0cm manceuvres, for both head lift manceuvres, secticn C, and
respiratcry manoeuvres (RM), secticn D. During that period of

time, the subjects were allowed either to sit or get up and walk.
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Furthermcre, a resting pericd, varying ketween 1.5 and 2 minutes
was given between each anu every manceuvre,

Lvery manceuvre was performed twice and was perfocrmed the
follcwing way. 1he subjects tcck two or three big Lbreaths,
went to FRC during 1 sec., tcck a slcw inspiraticn up to the
desired lung volume, and then perfcrmed the LIL manceuvre with
their glcttis closed, or the RM manoceuvre with the glottis
open. After the manceuvre was perfcrmed, a resting pericd
of 1.5 tc 2min. was allowed and the subjects were breathing
freely. After the rest, the same manceuvre was performed a
seccnd tgme, using the same method. Between each set cf
HHL manceuvre (eg. wmax (x2) at 3ém above the bed and at FFPC,
for head¢ litt (part C.1 in the protocol)), all subjects askeg,
and were allowed to move their head and rub their neck to re-
move the pain and the discomfort caucsed by the manoeuvre.
Between each set ot LRM manceuvres (eg. part D.l in the pro-
ccl), the subjects were allowed to remove the mouth piece
from their mcuth and mcve their head. Luring those chort res-
ting periods, the subjects were nct allcwed to sit or get up.

BEecause the experiment was long and demanding tor
the subjects, it had to be done in two sessions. 7The tirst
session contained parts A, B, and C, whkile the second secssicn
contained the remaining. The whole experiment lastea six hcurs;
the first sessicn lasted four hours and the second, two hcurs.

Luring the experiment, there was no visual teedback tc the
subject because ot the type of experiment. Meanwhile, the in-
vestigatcr tcok a careful and particular attention in guiding

the subjects tor pertorming the submaximal manoeuvres. ‘“lhis
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way, variability was reduced to the least that could possibly
be obtained. One example of the output obtained on the chart
recorder, for both HL and RYM manoceuvres, at FRC, 1s shown in

Figure 5.9.

5.5 Data manipulation

5.5.1 Mean values

As mentioned before, every manoceuvre was performed twice.
The mean and the standard deviation of the mean were found from
the two recorded values for the same manoeuvre. The mean and
the standard deviation of the mean of each manceuvre are listed
in Appendix C as VALUE and SD. These tabulated values represent
the mean values of Head Lift, Head Lift E:G, Pmusc, and Pmusc
EMG.

The normalized values ,listed in Appendix C, were calcula-
ted from these mean values. Furthernore, the modelling, using

the Least Squares method, was done on the normalized mean values.

5¢65.2 Normalization

The analysis of the results of this experiment required
modelling and simplifying such that simple relationships could
be found to be representative of the four normal subjects stu-
died. Since the purpose of the study was to find a relation-
ship between head lift and respiratory function, the SCi# EAG
was used as the common factor in the analysis.

The first step was to normalize the uata. Table 5.3 summari-
zes the normalization process. Mass lifted was normalized with

the head mass value of every subject. The corresponding E.G
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of the mass lifted was normalizea with the corresponding EAG
of the head mass. Consequently, the scaling of the y axis was
in multiples of tne head mass and the scaling of tne x axis was
in multiples ot the head mass EMG.

For respiratory manoeuvres, muscle pressure had to be
found. It is defined as:

Pmusc = Pmouth + P (at a specific lung volume) (5.1)
The second term, P, was found by asking to the subject to execu-
te a relaxation manoeuvre. The subject took a big inspiration
up to TLC and when the airways were blocked, tne subject rela-
xed completely. A positive pressure was noted in the airways.
Step by step, the investigator unblocked the airways and posi-
tive pressure at different lung volumes were recorded. From
these values, the pressure-volume curve was drawn. The norma-
lization of Pmusc was done by using the maximum value Pmusc(max)
and the head mass EMC was again used to normalized the Pmusc
EMG values.

The above normalization process was pertformed separa-
tely at botn head heights, 3cm and lUcm. As shown in Table 5.3,
the data at a head neight of 3cm were normalized with the values
of Head Mass, Head Mass EMG, and Pmusc(max) at 3cm, and the data
at 10cm were normalized with the values of Head Mass, iHead Mass
EMG, and Pmusc(max) at lOcm. The values in Table 5.3 represent
the mean values calculated from the two values recorded for each

of these manoceuvres.

5.5.3 Modelling

The second step of the analysis was to model the nor-



Jcm above the bed for head helsght 10cm above the bed for head helght

LT PM AS CW LT PM AS CW

Head Fass (Kg) 4,6 5.3 4,6 L,6 L,6 5.3 b,6 L.6

Head Mass EFG (uv) 600.0 140.0 512.0 355.6 €40.0 271.7 520.7 £25.2
(1L) (FRC) (FRC )L (7RC) (#RC) (7RC) (#RC) (*RC)

(cm H2C) 88.025] 125.6 108.2 89.1 79.7 132.5 140.5 90.8
(1L) (1L) (1L) (1L) (2L) (®RC) (2L) (0.5L)

TA3LE 5.3: VALUES USED TO NORMALIZE THE SUBJECT'S NATA
The subscripts indicate the lune volume where the value has been taken

65
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malized relationships. After stuaying the curves, it was
touna that the linear relationship represented an appropriate
~approximaticn. Other relationships were tried: second crder
and third crder curvilinear, and exponential relaticnshigps.
The use ot a mcre complex mcadel did not result in a substan~
tial increase in the coefficient of determinaticn, and thus to
simplify the interpretation, we stayed with the linear model.
The modelling process was performed by using the " Least
Squares Principle ". Appendix k-1 details the methcd, and a
listing of the prcgram is provided.

Cnce the regressicn line egquations were found, a statisti-
cal test was done on the slope ana intercept of many lines tc
see whether they were really coincident cr parallel or had a
ccmmon intercept. The technique used is an ANCVA technigue,
and it has nothing to do with the one-way or two-way ANOVA
techniques cne already knows. It is a specific technique used
only for straight line testing. It uses a F-test. The tech-
nigque employs tests based on variance ratios to determine whe-
ther or not significant differences exist among the means of se-
veral groups of cbservations, where each grcup follows a normal
distribution. This analysis of variance technique determines
the etfect of one independent variable (lung volume) on two de-
pendent variables (slope and intercept). Appendix B-2 details
the methocd used toc allow the pooling of the data, and also a

listing of the program is provided.



CHAPTIER VI

RESULTS

6.1 Fcrce levels

The subjects pertormed two different types Of manceuvre:
head lift manceuvre (HL), ana respiratcry manoceuvre ([Lli) which
consisted of dcing inspiratory pressures. These manceuvres
were pertormed at different lung volumes and at two specific
head pcsitions. MRLE, mass lifted with the head (HL), ana mus-
cle pressure (Prmusc) were tabulated. Pmusc was defined as
being the transthoracic pressure difterence wnen the subject
performed a static inspiratcry pressure manceuvre at a given
lung volume akcve FRC.

The first step of the analysis was to see whether the
manoeuvres were reproducible. Table 6.1 reveals that the se-
ccnd measurement (EMG-WT or EMG-Pmusc) is ncot significantly
different than the first one, for the same manoeuvre. One
may say that the measurements are reproducible. It also re-
veals, because of the low F-values, that the mean of the two
measurements can be taken to represent the manoceuvre. Figure

6.1 shows an example of the clcseness ¢of the curves for the
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HL MANOEUVRE R¥ MANOEUVRE
SUBJECT LUNG
VOLUME SLOPE INTERCEPT SLOPE INTERCEPT
FRC .757 .507 .321 . 700
LT
FRC+2L .213 .101 .326 .017
FRC L0731 .012 1.284 1.833
PM
FRC+2L 1.692 « 557 19.455 * 11.919 *#
FRC . 269 . 274 424 .699
AS
PRC+2L .002 .016 . 089 .177
“RC .155 . 046 . 075 . 095
o
FRC+2L 5.648 4.118 1.128 .148

# gignificant for p< 0.05

TABLE 6.1: »-Values Due to Lung Volume {(FRC+2L)

Affecting the Reproduclbility of the

Linear Force-MRE Relatlionship of a

Manoeuvre
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Hlead Lift manoeuvre. The data are presented in Appendix C (RE-
PRODUCIBILITY). In aadition, Table 6.1 reveals that breathing
to a specific lunyg veolume does not introduce more variability
than the performance of the manoceuvre. Tne F-values are.not
significantly lower when the manoeuvres are performed at a
lung volume of FRC + 2L than at FRC.
A careful examination of Tables 6.2 and 6.3 reveals:
1) no specific pattern in the variation of HL{max), Pmusc
(max), and MRE(max) with ihcreasing lung volume, from
FRC to TLC, for every subject and head height
2) a decrease in HL(max), and an increase in Pmusc(max)
with increasing lung volume over.the range of tidal
lung volume (Vt) for both head heights. (Vt is defi-
ned as the amount of air inspired during normal brea-
thing, at rest,)
3) no specific pattern in the variation of HL(max), Pmusc
(max), and MRE(Pmusc(max)), but an increase in MRE (HL
(max)) occurs with increasing head height for every
subject and lung volume
4) for every subject, head height, and lung volume, MRE(

HL(max)) is greater than MRE (Pmusc(max) ).

6.2 Force-LHG relationship

After keeping the data that were believed tOo represent the
action of only the Sternomastoid muscle, a linear relationship

seems to exist between force (HL or Pmusc) and mean-rectificd-
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Subject Lung 3 cm above the bed 10 cm above the bed
Volume
H% M?n. ?ggpﬁzo H%Kg?n. R?gp. Ma?

FRC 15.600 60.000 7.400 £5.000

FRC+0. 5L 10.700 74.870 5.400 79.500

LT ‘FRC+1L 8.800 88.025 5.650 71.275
FRC+2L 10.800 72.238 8.850 79.738

TLC 10.700 31.750 10.900 31.750

FRC 13.900 71.750 12.900 132.500

FRC+0. 5L 12.900 123.082 12.967 119.332

PM FRC*1L 14.200 125. 564 12.600 120.064
FRC*+2L | 14.272 101.408 | 14.031 90.158

TLC 13.287 33.500 13.968 33.500

FRC 21.400 86.250 23.600 123.750

FRC+0. 5L 16.200 83.005 22.500 103.005

AS FRC+1L 15.100 108.213 20,040 123.213
FRC+2L 14.031 89.209 19. 74k 140.459

TLC 13.500 32.000 17.238 32.000

FRC 9.600 65.625 9.000 86.250

FRC+0. 5L 7.281 65.796 7.719 90.796

CwW FRC+1L 7.400 89.091 7.900 81.591
FRC+2L 6.982 68.977 7.900 81.477

TLC 7.100 31.500 7.600 31.500

TABLE 6.2: HL(max) and Pmusc(max) for the maximum voluntary contractions
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Subject Lung 3 cm above the bed 10 cm above the bed
Volume
HL Mag.  Repp, Meno) HpNpp-  Remnfn

FRC 865454 462.220 782.220 586,670

FRC+.5L| 676.368 448,000 800.000 581,000

LT FRC+1L 720.000 435.560 728.8%0 266,670

FRC+2L 702.220 382.230 8144450 521,000

TLC 728.890 148,890 862.220 1444450

FRC 398.400 418.750 660,000 370,000

FRC+.5L|  400.000 660,000 694,.000 375.000

PM FRC+1L 440.000 510.000 675.000 240,000

FRC+2L 390.000 250,000 595.000 235.000

TLC 365.000 200.000 560,000 300.000

FRC 880,000 592.000 1504..000 1,36.,000

FRC+.5L| 992.000 296.000 1440.000 308.000

As FRC+IL | 1344.000 1,28.000 1544,.000 492.000

FRC+2L | 1184.000 528,000 14,96 .000 1,96.000

e 1104.000 64,0.000 1616.000 440.000

FRC 711.110 193.900 786.670 146.670

FRC+.5L 680.000 200,000 791.110 137.780

cwW FRC+1L 751.110 2y 410 960,000 150.330

FRC+2L 773.330 137.780 1066.700 111.110

TLC 791.110 37.778 1031.110 120.000

TABLE 6.3: MRE generated by a maximum

yoluntary contraction
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CMG (MRE) fcr a single subject, lung volume, and head height
(Fig. 6.2c). Linearity cffered a csaticfying mccel with a

2> 0.5 for bcth marnceu-

mean ccefficient of determination r
vres and bcth head lLeights. As menticned previcusly, the
Least scuares method was used to fina the regressicrn lines.
As there was no strong physiclcgical tasis for assuming cther-
wise, the regrecsicn was not designed tc force the fitted li-
ne throcugh zerc. This implies that it is pcssible to get a
mechanical cutput (HL cr Pmusc) withcut any electrical input
(MRE). This is true only if it is assumed that the output is
due tc the synergist muscles whose electrical input coula nct
be reccrded because they were too far away from the recording
site. Seéondly, this also implies that it is possible tc re-
ccrd the electrical input signal without getting any mechani-
cal cutput, assuming that the recorded signal comes from the
muscles lccated in the vicinity of the reccrding site but who-
se action is secondary to the manceuvre performed. More de-
tails will be given in the next chapter.

Takles 6.4 and 6.5 list the values of the regression line’s
coefficients A and BE. The equaticn adcpted was:

F=A + B x MRE (6.1)

where F is the mechanical cutput, Force, i.e., HL cor Pmusc.
The equaticn is applicable to a single subject, head height,
and lung vclume. As well, coefficients of determination which
describe the gocdness of the fit of the relaticn to the data
are listed.

Lxaminaticn ot these tables revealcs:

1) negative intercepts exist only for the head lift ma-
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Subject] Lung 3 cm above the bed 10 cm above the bed
Volune N 5 -2 N 5 2
FRC 691 1.421 .927 . 562 . 503 « 925
FRC+.S5L § 1.144 1.051 .998 .092 «922 « 973
LT FRC*1L | -.091 1.453 .959 .097  1.107 .955
FRC*+2L | -.088 1.640 .986 <115 1.433 .983
TLC -.412 2.345 949 -.034 1.584 .822
PRC .054  .899 .998 - .020 .985  .981
PRC+.5L}] .006 .624 .988 -.032 47,996
PM FRC+1L -+210 .857 .907 -.009 «940 . 948
FRC*+2L -.007 .803 .984. 131 1.006 U7
TLC F1.765 1.654 .882 -.905 1.833  .954
FRC -.011 1.671 .990 -.038 1.139 «973
FRC+.5L .006 1.369 .999 . 904 . 901 .860
AS FRC+1L -.080 1.250 .993 .108 1.135 . 972
FRC+2L -.048 1.078 .990 -.111 1.210 .927
TLC -.202 1.224 .972 -259 1.191 971
FRC .025 1.008 .993 .018 1.126 « 977
FRC+.SL} 326 425 .990 .029 1.079 .985
CW FRC+1L «321 410 .990 .096 1.041 .972
FRC+2L -.032 .708 .978 . 039 « 990 .99
Y TLC -. 094 .703  .927 -. 050 1.058% . 9o
Force = A + B x MRE
r2 = coefficient of determination
TABLE 6.4:

Linear Force-MRE Relationship: HL Manoeuvre
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Subject] Lung 3 cm above the bed 10 cm above the bed
Volume A 5 22 A 5 2
FRC .293  .528 .985 491 360  .993
FRC+.5L oLll 549  .948 . 576 JA72 «952
LT FRC+1L 415 .783 .995 <511 .923 1.000
FRC+2L L4448  .588 L974 .502 618  .927
TLC - - - - - -
FRC 403 065 .782 324 499 «982
FRC+.5L | 427 119 977 367 402 .967
PM FRC+1L 473 <136 957 <343 L67  LB62
FRC+2L JM416 4150 .973 <381 366 J945
TLC - - - - - -
FRC 426 .326 .980 « 507 453 949
PRC+.SL| L4748 .514 978 «351 663  .980
AS FRC+1L 511  «581 <999 450 458  ,986
FRC+2L «595 <232 .952 Jlué «583  .997
TLC - - - - - -
FRC b2 557 4926 367 1.902 .957
FRC+.S5L] .452 .588 .654 $379 24177 994
CW FRC+1L 480 «764 952 «379 1.623 « 997
FRC+2L 435 .928 .927 56 1.684  .Buy
TLC - - - - - -
Force = A + B x MRE
r2 = coefficient of determination

TABLE 6.5: Linear Force-MRE Relationship: Resp. Funct. Manoeuvre




71

nceuvre

2) nc specific pattern in the variaticr cf slcpes with
increasing lung vclume frcm FIC tc TLC, for every sub-
ject, heaé height, and type of manceuvre

3) a aecrease in slope with increasing lung vclume in the
range cf tidal volume, fcr the EL manceuvre, for every
subject, and for every head height (except for subject
LT at a head height of 1lCcm)

4) an increase in slope with increasing lung vclume in
the range of tidal volume, fcr the respiratcry ma-
noeuvre, for every subject, anc for every head height
(except for subject PM at the head height ¢f lucm).

A one-tail paired t-test was perfcrmed tc see whether the
change in slcpe with increasing lung volume cver Vt, i.e.,
frem FRC tc FRC + 0.5L, for a specific manceuvre (HL cr RM)
and a specific head height was significant (Table ¢.6). Tnc
change in slope was not significant at a heada height ¢t llCcrm
for every subject while it was for a few sukjects at a hecac
height cf 3cm. Furthermcre, the change in slope was cbserved

in head 1lift manceuvre (HL) at a head height cf 3cm.

6.3 Reorganizaticn of the data

Pooling the data helps tc¢ define a more gencral Fcrce-MRE
relaticneship., Table 6.7 shows the results cf the F-test per-
formecd on slope and intercept cf the regressicn line at dit-

ferent lung vclumes. The results shcwed that the slope and
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Manoeuvre | Head Height Subject
(cm) L o .S o
3 1.311  5.044* 2,444  9,601%
= 10 2.581 511 . 749 . 343
3 <154 2.070 3.110* . 091
i 10 1.381 1.667 2.109 .890

# glgnificant for p{0.05

TABLE 6.6: t-Values Due to Variation in Lung

Volume from FRC to FRC + 0.5 L
Manoeuvre Head Subject
Heilght
LT PM AS CW
Slope .822 .810 1.253 1.274
Jem
Interc. 2.433 . 761 .121 396
HL
Slope 604 1.309 062 .070
10cm
Interc. « 292 754 .285 .091
Slope .578 657  5.602% 114
Jcm
Interc. .858 .230 5.979% . 019
RM
Slope 633 311 .675 .187
10cm
Interc. 202 .126 1.790 . 099

* gignificant for p{0.05

TABLE 6.7:

F-Values Due to Lung Volumes Affecting

the Linear rorce-MRE Relationship
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ané intercept of these lines were nct significantly difrerent
than the slcpe and the intercept cf the regrescicr lire calcu-
lated from the pccled¢ data. lkeanwhile, the subject AS showec
significant variaticns ot kcth slcpe and intercept at 3cn cf
head height fcr the respiratory manceuvre. A more intensive
study shcwed that the cignificance was due to the regrescsicn
line at a lung vclume ¢of FRC +2L. Thus, the first source of
variation that could affect the Force-MRE relationship, the
change in lung volume, did not affect much the Fcrce-MRE re-
lationship. 1he cdata from the different lung vclumes cculd
be pcoled and could be rerresented by a single Fcrce-HRE re-
lationship. Thic relaticnship was applicable to a single sub-
ject, head height, and type of manceuvre (HL or RNL).

The ceccnd socurce of variation that coﬁld affect the Fcrce-
MRE relationship, the variation Letween subjects, was tested.
Table 6.8 summarizes the results of the F-test performed on
slope and intercept of the regression line c¢f each sukject
compared tc the one from the pooled subjects, for each lung
volune. By examining the Takle, cne nctices in the respi-
ratory manoeuvre more variation between subjects than in the
head lift manoceuvre. Furthermore, the slcpes shcwed a signi-
ficant difference between them while intercepts did nct (ex-
cept for HL at 3cm and at a lung vecl. cf FRC + 0.5L). Final-
ly, thevvariation between subjects had a greater effect on the
Force-MRE relationship than the variation between lung vclurnec.

To get a mcre gereral Force-MRE releaticnship fcr ncrrals,
the data frcm all the subjects were poccled. 2 new [crce-lIL

relaticrnship was defined for a specific lung vclumne, head
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lfanoeuvre ﬁead Lung Volume
felght FRC  FRC+.5L PRC+1L FRC*2L  TLC
Slope 30515 220195* 10619 30757* 1.8“'["’
Jem
Interc.}]2.021 21.698*  ,169 . 023 .775
HL
' 3lope 497 .033 .201 . 243 . 586
10cm
Slope 5.766% 1.626 9.499# L,583% -
Jem
' Interc.] .918 .021 . 262 2.526 -
RM
Slope | 4.509%  7.218% 7.492% . 598 -
10cn
Interc.| 1.601 3.854  1.347 .155 -

* gignificant for p{0.05

TABLE 6.8: F-Values Due to the Subject's Variatian

Affecting the Linear Force-MRE Relationship
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height, anu type or manceuvre (Tekle 6.9). Ey pccling the
subjects, more variability was intrccucec in the dGata; the
values of the ccefficient of deterninaticn were smaller than
the cnes listec¢ in Tables 6.4 and 6.5. Furthermcre, the re-
gression line fitted better the data at a head height cf 1licm
than at 3cm. In acditicn, the slcpe shcwed a constant increa-
se with increasing lung volume fcr RN, while nc specific pat-
tern occurred for HL.

1he underlined values in takle 6.¢ inaicate the var-
riability between the subjects for the IC manceuvre. These
values indicate the amcunt of MRL taken tc perform a mexirurm
inspiraticn. The mechanical cutput ¢f this manceuvre wcs the
transthcracic pressure generated by the inspiraticn. The va-
riability increases with increasing head height. Figure 6.3a
and b shcw the variability of the data with respect to the re-
gressicn line at every lung vclune.

An even more generalized Force-MRE relaticnship can be
found by pccling the lung vclumes in order to get a unigue
relationship for a single head height anc type c¢f manceuvre.
Figure 6.4a and b show the resultant lines. Ac seen in Fi-
gure 6.4, the scattering between the cdata pcints is now very
large. It is larger for the recpiratcry functicn manceuvre
than for the head lift manceuvre, and it is larger at & head
height cf 3cm than at l0cm. This scattering is alsc seen in
Table 6.10 by paying attention to the low values of the coef-
ficient cf determination.

The aaditional variability introcuced by the resultant

line frcm the pocled subjects’ data recuced the effect cue tc
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Manoeuvrey Lung 3 cm above the bed 10 cm above the bed
Volune A 5 r2 A 5 2

FRC 520 .920 .704 142 . 967 . 944

PRC+.S5L | .853 490 .276 .082 1.066 .861
HL FRC+1L .101 .868 .761 110 1.003 .229
FRC+2L «137 .813 .814 <115 1.08%  .910

TLC .178 .792 47 -.017 1.173 .872

FRC «511 047,099 .500 .362 .600

FRC+.5L «553 .091 .459 494 . 394 JU466

RM FRC+1L .631 .108 .291 U482 «513 455
FRC+2L . 568 .110 .137 495 453 . 542

TLC .369 =.066 .954 U407 -.165 .817

Force = A + B x MRE
r2 = coefficlent of determination
TABLE 6.9: Linear Force-MRE Relatlonship: Pooled Subjects

Manoeuvre 3cm above the bed 10 cm above the bed
A B r? A B r?
HL 352 .789 .503 .089 1.058 .818
RM « 567 .088 .230 493 .408 « 504
Force = A + B x MRE
r2 = coefflclent of determination

TABLE 6.10: Linear Force~MRE Relationship:

Pooled Subjects & Pooled Lunsa

Volumes
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the change in lung vclune. As seen in Table 6.11, this chan-
ge is not statistically significant any mcre. This inpliesg
that the lung vclume- lines can be represented by a resultant
line whose coefficients are calculated frcr the poocled suk-
jects’ and pocled lung volumes’® data (Figure 6.4).

Eecause of the normalization, the lines at 3cm cannct ke
compared to the lines at lGcm c¢f heacd¢ height. Meanwhile, fron
the raw data, the amount ¢f MEE taken tc lift orne head rass
at a head height of 3cm can be compared tc the amount cf NERL
taken tc lift the same.mass at a head height of 10cm. €ini-
larly, the amcunt of MFE taken to perfcrm an inspiratcry ca-
pacity (IC) at 3cm can be compared tc the arcunt of MRL taken
tc perfcrm an IC at 1l0cm . Takle ¢.12 shcws the ratic of MRE
at 1l0cm over the MRE at 3cm. Fcr the HL manceuvre the ratic
is greater than one for every subject, while for the KM mé-
noeuvre, cnly cne subject (AS) has a ratic much lcwer than cne.
Since the subjects were pcoled , the mean ratio was found tc
be higher than one for toth manceuvres (arcund 1.5). Cne ccn-
cludes that mcre electrical input is needed tc drive the CCHM
muscle tc perform a specific mechanical task at a head height
of 10cn than at 3cm.

Using the electrical input (MRE) as the commcn factor, a
linear relationship can be defined between the two mechanical
cutputs, head mass lifted (HL) ana muscle pressure (Frnusc),
fcr every head height. The results are shcwn in Figure 6.5a
and the equations are presented in Table 6.13. £ince the in-
tercepts are close to each other, the mean value is used as

the final intecrcept (Figure 6.5b). 1The final equaticns are:
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Manoeuvre Head Helght above
the bed ( cm)
3 10
Slope .222 177
HL
Interc.| .375 .053
Slope «113 .065
RM

Interc.| .313 . 004

TABLE 6.11: F-Values Due to Lung Volumes Affecting the

Linear Force-FRE Relationship: Pooled Subjects

Manoeuvre Subject Mean
LT FM AS CW Value

HL 1.067 1.941 1.016 1.798 1.446

RM .970 1.500 .689 13.166 1.584

TABLE 6.12: MRE Ratlos Between 10 cm and 3 cm Head Helght

Head A B
Height
3 cm «528 .112
10 cm 459 .386

Pmuse., = A + B x HL

TABLE 6.13: Linear force-Force Relatlionship




Fcr 3cm Prusc

Fcr 10cm EFmusc
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G.494 + C.112 x LL (6.2)

I

0.4%4 + C.386 x HL (6.3)

Frcm the final gragph (Fig. 6.5tk), cne can conclude that:

1)

2)

abcut 50% of the maximum inspiratcry muscle pressure,
performed under static conditicns, (MIMPS), can be
generated by a normal sukject without using the SCM
nuscle

at a head height of 3cm abcve the bed, the amcunt of
recruitment ¢f the SCM muscle used tc perform a MIMPS
manoeuvre is the same as the amcunt used tc lift a
mass of 4.5 X lead Mass, while at 1l0cm, the SCM re-
cruitment tc dc a MIMPS ranceuvre is the same as lif-

ting a mass of 1.3 x Heac Mass.
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Figure 6.5: Relationship between the two mechanical output,i.e., Pmusc and
Mass Lifted. (a) resultant lines; (b) resultant lines with a
common intercept.




CHAPTER VII

DISCUSSION

7.1 Introduction

The preceding chapter showed how the analysis was done to
identify the main results. These results express the dual func-
tion of the SCM muscle. Finally, a relationship between tne
two mechanical outputs was determined for every head height.

In this chapter one will briefly summarize the meaningful
results obtained from the experiment, one will comment on the
experiment itself in order to know its weaknesses, one will
discuss and argue the results, summarize the dual function of
the SCM muscle from the discusssion, and finally, one will in-
troduce the future actions to take to continue the study of

the SCM muscle.

7.2 Summary of the results

The purpose of this section is to make sure that the re-

sults described in Chapter VI are clear to the reader. For
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this reason, a pcint form summary will be used.

The meaningful results cderived frcm the experiment are:

1)

2)

3a)
b)

4)

5a)

b)

6a)

The MRE recorded from a maximum EL manceuvre is grea-
ter than the MRL reccrded frcm a maximun Pmusc manceu-
vre fcr every subject, every lung vclume, and every
head height above the bed (except for subject FM at 3cm
and lung vcl. FRC, FRC+0.5L, and FRC+1lL).
The linear Force-MRE releticnship rerresents a satics-
factory model for a single subject, heaa height, lung
volure, and type of manceuvre. 7The averaged cceffi-
cient cf ceterminaticn is 0.956 for HL, anad 0.963 for RM.
The slope cf every reqressicn line is pcsitive

Fcr the HL manceuvre, 50% cf the intercepts are nega-
tive, while fcr the KM manceuvre, &ll the intercepts
are positive,
Fcr the HL manceuvre, a decrease in slope with increa-
sing lung volume over the range of tidal vclune was no-
ticed, while the reverse occurred fcr the RM manoceuvre.
Once the subjects are rcoled, the variation in lung
volume has no significant effect on the Force-MRE re-
lationship, while the head pcsition seems tc have a
larger one although it could nct be formally tested
because of the ncrmalizaticn prccess useda.

For the RM manoeuvre, the slope increases with increa-
sing lung volume, while for the HL manceuvre, no speci-
fic pattern occurs.

50% of the maximum inspiratory muscle pressure (MIMPS)

cen be generated withcut using the SCM muscle.
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b) At a nead heignt of 3cm above the bed, tne amount of
£45 recorded wnen a MIAPS manoeuvre 1s performed 1S
tne same as the amount of EMG recorded wien a mass of
4.5 x Head Mass is lifted with the head, wnilz ac lJica,
the amount of EAG recorded when a MIMPS manoceuvre 13
performed is the same as the amount of E£.43 recorded

when a mass of 1.3 x tlead Mass is lifted witn the nead.

7.3 Sources Of variability

Tne striking point about the results of tne preceding cnap-
ter is the great variability in the data. TIhis variability
is seen by the very low F-values in every test performed and
also by the large standard deviation of EidG recorded. T[he
causes of this variability can be divided into two sections:
(la) duriny the manoeuvres, and (b) between the manozuvres.

Duringy the isometric manoeuvres, a possible cause of varia-
pility is tne change of the contraction velocity of the inter-
nal structures of tne muscle. Especially during strong contrac-
tions, the stretcning of the series elastic components (tendons
and their retinacula) allows substantial internal shortening of
the contractile elements (3igland 1354). This phenomenon may
apply for both manoeuvres.' In the present experiment, tne con-
traction period was 5 sec.. It is believed that the stretcning
of these elements occurs at the very beginning of the contrac-
tion such that no more stretching occurs during that contrac-

tion.” Furthermore, since fatique was thougnt to be avoided,



86

it is possible tnat the muscle might not work mucan narder at
the end of tihne contraction than at the beginning such that no
significant stretcning occurs. The contraction velocity, as a
possible source £o variability, may not be very important dJdu-
ring a short isometric contréction, but deserves to be mention.
[n addition to this phenomenon, the inspiratory pressures per-
formed under static conditions may not be isometric manoeuvres.
The respiratory muscles changed their length because of tne
deformation of the chest wall during these breatning efforts
(Agostoni 19566). This implies that tne change in tne con-
traction velocity may. be a much more important cause of varia-
bility during the respiratory manoeuvres (RM)' than during tn2
head lift manoeuvres (iiL). In the following section one will
See wily the respiratory manoeuvres may give rise to eccentric
contractions of the 3CM muscles.

A second important cause of variability is the use of tne
abdominal muscles during 4L manoeuvres,” The SC4 Z'1G proiuc-
tion chanjas with the degree of utilization of the abdominal
nmuscles, The use of the abdominal muscles, 2snecially th2
rectus abdominis muscles, changes the SC9 muscle length. Du-
ring the head lif¢ manoeuvre, the contraction of the 3TM mus-
cle has the tendency to deform the chest wall by moving thne
sternum toward the chin altough the lung volume is maintained
constant during the manoeuvre.' This results in a shortening
of the muscle. By contracting the rectus abdominis muscles,
an opposite force is created on tne2 sternum. This new force
has the tendency to move the sternum toward tne umbilicus cau-

sing a lengthening of tne 53C: muscle. The resultant force



87

applied cn the sternum, during the HL manceuvre, is the sum
cf the two abcve cppocsite fcrces. 1This recultant fcrce deter-
rnines the sternum position and ccnsequently, tne length cf tie
SCM muscle. 1he cegree cf utilizaticn ¢f the akdcrninal rus-
cles, especially the rectus abdcminis, changes the position of
the SCk muscle cn its force-length curve and consequently,
changes the EMC prcduction. Although careful attenticn was
taken tc avcid the use of these extra muscles, the natural ten-
dency cf the subject was to use them, especially fcr mancecu-
vres close to maximum. Although the effect c¢f the akdominel
muscles cn HL manoceuvre was not systematically measured in this
pilot study, it cannot be neglected. Cne way cf stuaying the
contrituticn cf the abdceminal muscles during the HL manoeuvre
wculd be tc record their EMG prccducticn and relate it to thc
mass lifted with the head to see whether the change in EMG ic
prcporticnal to the change in mass lifted with the head.
Another cause orf variability is the way poeple brectre,
i.e., the use of their rib cage vs the use cf their abdcmen.
Every subject had his cwn way cf breathing. A few used rore
their rik cage, and the cthers used more their abdcmen. Chest
breathers use mcre their SCM muscles than akccrnen-diaphragn
breathers (Cancn 1971). This aspect was important tc ccnsi-
der during the respiratory manceuvres performed during the ex-
periment. This phenomenon increases the variability bketween
the sukjects. Furthermcre, it is likely that this scurce cf
variability (use of rib cage and/cr zbdomen) was greater in a
given subject during subnaximal ranceuvres than c¢uring maximal

manceuvre. We mace no effort tc remcve this variable. The
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subjects were not asked tc kreathe with any specitic gattern.
Cne apprcach tc this prcblem might have been tc define a spe-
cific chest breathing pattern and tc teach it tc every cne ct

- our subjects. In additicn, a specific way ot apprcaching the
defined lung volumes might have been taught tc the subjects.
Cne of the objectives of this experiment was tc compare nor-
mals with weak ICU patients, and tor that reascn subjects were
allowed tc breathe*with their normal pattern. It is clear that
it is very difficult for a weak ICU patient tc perform respira-
tory manoeuvres using an imposed pattern. Figure 6.3 shows
ciearly that the scattering of the points is larger for the
respiratory manceuvre than fcor the head litt manoeuvre. It
seems that the way of breathing was a more impcrtant varia-

ble for RM than the use ot the abdominal muscles fcr kL,

for both head heights.

Table 6.1 showed that breathing up tc a specitic lung
volume, during a manoeuvre, dces noi'introduce mcre variaki-
lity than doing the manoceuvre. Because the F-values are very
small at FRC (Table 6.1), the anount cf variability introdu-
ced by the way the manoeuvre is performed, is prcbably large.
1he comparable F-values at FRC + 2L (1akle o.l) indicate that
the variability introduced by breathing to a sgpecific 1lung
volume, before performing a manoceuvre, 1is not larger than the
one introduced by the manoeuvre itself, but may still ke largec.
Conseguently, Table 6.3 reveals that the increase in scattering
ot the points for the RM manceuvres might probakly be cue tc
the way the subjects were performing the inspiratcry pressures.

Since the inspiratcry prewsures were dcne by breathing with
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closed airways, the teaching of a breathing pattern is valid
to approach & dertined 1lung vclume, and tc perform an inspira-
tocry pressure during kM manoeuvres.

Eetween the manoceuvres the main cause of variability was
the change in the gecmetry cf the muscle fibres relative to
the recording site due to the movements of the subject’s head.
As described in Chapter V, the subjects expressed the stcng
wish to nove their head between the nianceuvres for both RM
and HL manceuvres. This change of head position changed the
orientaticn of the muscle fibres relative to the reccraing
electrcdes. As explained in Chapter Vv, the recorded EMG chan-
ges with the gecmetrical arrangement ot the nuscle fibres re-
lative tc the recording electrodes. Although care was taken
to put the subject’s head back in the same position, after the
resting periods, it was impossible to get back the same elec-
trcde-muscle fibres orientation. Furthermcre, because the ex-
periment was lengthy, it had tc be done in twc sessions.

The electrodes were not at the same place on the neck au-
ring the second sessicn relative to the ftirst session. Cnce
the electrodes were removed, it was very difficult to put
them back where they were before even if tremendous care was
taken.

Another inportant source of variability i1s the acticun
ct the agcnist anda the antagonist muscles during the manceuvre.
The variability intrcduced by their action, intrcocduced a va-
riability in the action ot the SCM muscle. 1The ccntrikbuticn
of thecse muscles during the manceuvres was nct studied., It is

difficult tc determine their etfects on the SCM muscle func-
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ticn. One way to apprcach this prcktlem is to record the EMNG

cf the main agcnist and antagcnist muscles activated curing a
specific manceuvre. Statisticel analyses might tell us whether
their acticn is sighiticant. For the moment, cne kncws that
these muscles play an important role in the performance cf a
manceuvre andé that the variability they introcuce might pcs-
sibly ke important.

Finally, the last but much less impcrtant variable tc ccnsi-
der was "Fatique". It was repcrted in the literature. that to
avoid fatigue, the contraction pericd chculd be less than ten
seconds and the rest period between every contracticn, at least
twc minutes (Cncckaert 1975, Kemi 1976). The ccntracticn pe-
ricd and the rest pericd used in the experiment.were 5 cec.
and 1.5 to 2 min.. It was thought that fatigue was avcided,
but still it remains a possible variable. The effect of fati-
gue cn EMG is to increase the EMG prcduction for a constant
force, mainly due to an increase in synchrcnization (Missiurc

1962, Bigland-Ritchie 1979, Ralstcn 1961).

7.4 Discussicn cf the recults

7.4.1 The sternccleidomacstcid dual function

As explained in Chapter III, the SCM muscle has a dual
functicn., It is used as a skeletal muscle tc lift the head
in sukbjects in the supine position, and it is used as an ac-
cessory respiratory muscle. The first finding of the experi-

ment was that the EMC recorded during the maximum HL manceu-
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vre was greater than the EMG reccrded during the maxinum RM
narceuwvre. It indicates that during the maximum HL menoeuvre,
the SCM itc used tc & greater extent than during the maxinun RM
nanceuvre. 1This interpretation supports the hypothesics that
the SCM it the primary muscle used during HL, and the cther
neck muscles are mincor muscles which cnly help the SCM tc per-
fcrm the movement. As a respiratory muscle, the SCM ics a mi-
nor muscle. Mcst cf the lcad is teken by the cther recpirato-
ry muscles: Diaphragn, external interccetecl muscles, and cscale-
ne muscles. Frcnm Takle 6.3, the mean ratic EMG(HL(nax)) over
EMG(Pmusc(max)) was calculeted for every head height: (&) fcr
3¢cm, the EMG retic was 2.31, and (k) fcr l0cm, the EMG ratic
was 3.86. Thece resultes chcw that for toth hezd heightc the
ECM is at least 3 times less used tc perforr & maxirmum inspi-
ratcry pressure than tc perform maeximum head lift. This ccn-
firms that the SCM muscle is nct used to its full capacity tc
perfcrnm an inspiratcry pressure ranceuvre. In patients with a
high cervical lesicn, the SCM muscle beccmes the main inspira-
tory muscle. An increase in EMG at a ccnstant inspiratory pres-
sure was ncted when ccnpared tc normel sukjects, and a hygpertrc-
phy cf the muscle was noted (Cenon 1979). It seems that in
thece patients the SCM muscle is used tc ite full capacity, or

close to it.

7.4.2 Fcrce-EMG relaticnship

Consicering all the highly ccrplex physiological events thet
occur within the muscle stpucture during a ccntracticn, and

censidering the visccelastic properties cf the muscle tissue,
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2 purely linear Force-EMG relaticnship is unlikely cver the
entire force range. However, fcr practical purpcses, & linear
ncdel prcvides a satisfactcry fit tc the data chkserved during
iscrmetric centracticns, providing thet the head pesiticn and
the electrcde placement remain ccnetent.

'Theoretical ctudies (Mccre 1%67) heve suggyested thet thic
EMG anmplitude should increase as the sguare roct of the number
of zctive motcr units and hence the tension, since the nunker
of zctivated fibres is directly related to the fcrce (Moore
1967). Hcwever, the thecretical model seems tc be dependent cn
the assumpticn of asynchronous activity cf mcter units. 2Zuniga
(1969) chowed thet when synchrcnizaticn occurs during an ico-
metric contracticn, linearity may te reached. Moore (1S567)
showed that synchrcnizaticn increzcses the rme value cf the ENG.
Such a shift would nake the muséle's rms value rice mere near-

ly linearly with fcrce, when ctherwise it would rise less

The Force~-EMG relaticnship is prirearily determined by the
muscle under investigaticn. Each muscle hac unigue physioclogi-
cal prcperties and anatcmical structure such as the releative
eémocunt ¢f red ard white fikres -in the muscle (Woods 1978).
Woods, wcrking cn the biceps, triceps, end adductcr pcllicis
muscles, repcrted that the linearity in the red muscle Fcrce-
EMG relaticnships may reflect the relative uniformity cf the
fikre compcsition (80%-90% red fitree in the muscle) cr, al-
ternatively, & uniform distributicn. Meanwhile, the ncn-li-
near relaticnshigs, cbkserved in'the two brachial muscles of

recughly equal fikre rerresentaticns, may reflect mcre a dif-
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ferentiel distributicn cf the two fitre types. CErecificelly,
if the higher-threchcld pale fikrec are ncre superficiclly
located, then they wculd ccntritute rcre tc the surface EMG
cs exerted fcrce iﬁcreas €.

The Fcrce~EMG relaticnship depends zlso on the exgeri-
mental ccnditicns; and in particuler whether the rnucscle ic
fatigued. Fatigue can give rise to &ary tygpe cf relcticuckhip
frcw linear tc highly ncon-linear (Kurcda 1570). Furthermore,
fatigue is likely to exert an increasing effect &s it keccrce
mcre severe.,

Adciticnal variekles that may ke impcrtent ir thc chepe cf
the Fcrce~EMG relaticnship incluce:

l) electrcde arrargement (perecllel cr rperrenciculer tc
the nuscle fikres)
2) the type cf mcvement executed during the experimert
(ccntinucus ves interrupted serial movemente)
3) the phyesical ccnditionirg level of the subject.
These variebles can produce any type cf cherge to the cheage
cf the Force-EMG relaticnship.

In additicn, the degree of centrikuticn cf other muscle
groups and the varying amounts cf cocontracticn amchg antago-
nist muscle groups may alter the fcrce ccntributicn cf the
muscle under invectigaticn tc the measured net fcrce (Lawrernce
1963). The negative intercepts found in the heed lift manoeu-
vre may be due tc the activaticn cf the platisma rnuscle whcee
acticn woulé be tc stabilize the infericr jew ‘just before and
during the head lift manceuvre. It alsc can be due tc the ac-

tivation cf the csternohycid muscle whose action would be to
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stekilize the hyoid kcne just befcre erd during tle reead lirt
manceuvre. These two muscles ere very clcse to the SCM nuscle
end tc the recording site. There .is & strcng prcbability thet
their EMG cignals were captured Ly the reccrcding electrcdcs.,
The acticn cf thece nucscles, hcwever, doec not secrm tc ke very
impcrtant kecause, acccrding to 1ekle 6.4, the negative inter-
cepts are close tc zerc. The pceitive intercepts cre due tc
syrnergict nuscles whcee EMG signals cculd nct ke reccrded be-
cauce the muscles were too far away from the reccrding cite.
For the head lift marnceuvre, the synergist muscles are: the
nedial and posterior scalenes, the lcngus cclli, anc the lcn-
guc capitie. Thece nuscles ere lLocated very deeply in the
neck and no EMG cculd ke reccrded from the reccrdéing cite.

Fcr the respiratory manceuvre, the synergist muscles are: the
diaphragm, the external intercostzl muscles, and the ccalene
muscles. The firet two sete of muscles ere not lccated in the
reck ard they are the mcst importent muscles cf the manceuvre.
They are recpcnesible fcr the first paft of the curve where the-
re is a lerge increase of Pmusc with & very’small increase in
MRE (Figure 7.1). Acccréing tc Lynn (1978), who wcrked cut a
mathematical mcdel shcwing the effect cf the muscle-electrodes
gecnetry (bipolar surface electrcdes) using the dipole theory,
wher a muscle liés close tc the skin csurface, most of the
ernergy in the surface EMG is derived frcm fikres lying within
cne lergth unit cf the electrcdes, i.e., the distance Le-

ween the twc reccrding electrodes. The decrease in signel e-
nergy with fikre distance is so rapid that any active fikres

within ebcut (.4 length unit cf the electrcdes will tend tc do-
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minate the record, and any attempt to record from fibres more
than about 1.5 lenygth units below the skin surface will proba-
bly be foiled by an inadequate signal/noise ratio. It also
seems that recording trom a muscle lying below another one
which is even slightly active will present great difficulties.
According to this theory, the greatest effect would be due to
the platisma muscle because it is located between the electro-
des and the SCM muscle. The sternohyocid muscle, being further
away, would have much less effect on the recorded EAG.

The other component of the Force-EnG relationship, the
slope, was found to be positive in every subject, lung volume,
head height above the bed, and tyoe of manoeuvre. For an in-
crease of force, a proportional increase in EMG was recorded.
Many investigators tried to explain this phenomenon. Milner-
Brown (1973), working on the first dorsal interosseous muscle,
reported that among the two ways of increasing the force level
of contraction, the recruitment of more muscle fibres and the
increase in firing frequency, recruitment was the major mecna-
nism at low levels of force (Milner-Brown 1973a), while the
firing rate was the major mechanism at intermediate and hign
levels of force (Milner-Brown 1973b). Meanwhile, over the
whole physiological force range, the firing rate is the major
mechanism of increasing force output for more than two tihird
of the force range. As explained in Chapter IV, the size prin-
ciple is very important in recruiting more muscle fibres. .ore
recent studies (Lawrence 1983) showed that large motoneurons
increase their firing rate more rapidly with increasing sti-

mulation and attain higher firing rate. At high force levels,
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in absence of recruitment, tne growth of the motor unit firing
frequency and conseguently the IEHMG might increase more rapidly
than would be expected, thus providinj a strong possibility of
straightening out of the quadratic relationship suggested on
theoretical bases for tne asyncnronous model. [Moreover, as
mentioned before, synchronization contribute to linearity in

the relationship (Moore 1967). The degree or recruitment and
discharge frequency used by a muscle during an isometric con-
traction is highly dependent on the muscle under investigation.
A review of the literature leads us to assume that. the Force-gEMG

relationsnip may be linear even at high force levels.

7.4.3 Importance of the Force-Length curve

The change in length of a muscle modifies its geometry
relative to the recording site, and conseguently, changes the
EMG recorded (Chapter V). wWhen a muscle shortens, more EMG
is recorded for the same generated force (Manns 1977, 3igland
1954, Close 1960, Druz 1979); the muscle fibres shorten and
an apparent increase in the conduction velocity is noted by
the electrodes. This phenomenon increases the amplitude of
mean-rectified-EMG (4MRE). The MRE ratios given in Table 6.12
agree with the literature. Tne change in head height from
Jem to 10cm decreases the 504 muscle length. sore EMG was
recorded at 1l0cm than at 3cm for the same mechanical output
force, for both types of manceuvre, HL or RM. Thereforec, tae
muscle length when the head height is 3cia seems to be closer
to the optimal length because the neuromuscular efficiency

ratio (Force/EMG) is larger than it is at ldcm.
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Ey modelling the reck system and by looking at the die-
tributicrn ot the fcrces invclved durirng a nanceuvre, cnc fcund
that the velues in Table 6.12 might represent an underestirma-
ticn cf the reality; Ly ascsuming that the neck kelhaves like
@ hinge with the axis of rctation located in the middle cf the
neck (Appendix D), the fcrce generated ty the ECM muséle de-
creases &£ the head height increases, fcr the came mass lifted
cr the same Pmusc generated. This model suppcrte the hypctlie-
sis saying that the muscle shortens &< the head'height increaces.

‘The change in lurg volume, from FRC to TLC, ray nct af-
tect much the fcrce generated by the muscle since the cerphalad
displacerent of the sternum nay be very erall, which gives rise
to a very crmall increase ¢t the angle a (Figure 1, Appendix D).

It hes kteen menticned kefcre that the change in lung vo-
lume cver the rarge cf inspiratcry capecity (IC) does nct give
rise to eny particuler pattern of change in the slope of the
regression lines. The reascns fcr this are prcbably the rncn spe-
cific way the subjects were kreathing to the specified lung vclumes
the use c¢f the abdorinal rmuscles during HL, and the ncn sgecific
way tc rerfcrm inspiratcry pressures. At ihe sare time, we no-
ticed that fcr the HL manceuvreg, the slcpe of the regreccicn
lines wee decreasing with increzcsing lung volume cver the rar-
ge of tidal vclune (Vt). This indicates thet fcr a conctant
nase litted, mcre ENMG wac reccrded at a lung vclure ci FRC+0.5L
then at FRC. The reacscn is that the SCM muscle shcrtens when
the lung vclume increases by 0.5L. Takle 7.1 shcws the slcpe
ratic (FRC/FRC+(0.5L) fcr kcth typece cf nanoeuvre. The clope

ratios are &ll grecter than 1 (excert fcr sukbject LT ct 1lGcm)


http:FRC/FRC+G.SL
http:FRC+0.5L
http:volun.es

Subject Jem above the bed 10cm above the bed
HL Man. Res. Man}| HL Kan. Res. Man

LT 1.352 0.962 0. 546 0.763

PN 1.441 0. 544 1.040 1.241

AS 1.221 0.634 1.264 0.£83

CW 2.372 0.947 1.044 0.4734

TABLE 7.1: Slope ratio for a change in lung

volume from FRC to FRC + 0O.5L.
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for the HL manoceuvre. In general, the values are below 1.5
(except for Cw at 3cm). This indicates that tne change in
muscle length is not-considerable. However, the slope ra-
tios at 3cm are larger than at l0cm. This means that at ldcm,
the subject’s rib cage kept a more uniform configuration du-
ring the breatning of the 0.5L; the change in muscle length
is much less because the ratios are closer to one (except for
subject LT). At 3cm, the subjects used more their rib cage
to breathe the U.5L than at 10cm. One can conclude that rib
cage breathing changes the SCu length; One would predict that
using a fixed chest breathing pattern, the effect of a change
in SCM length could be more clearly demonstrated.

In contrast to the HL manoeuvre, the RM manoeuvre shows
an increase in slope with increasing lung volume over the ran-
ge of Vt. This is represented by a slope ratio less than 1
(Téble 7.1), and could be explained by a lengthening of the 5CM
muscle due to a paradoxical movement of the rib cage during
breathing or/and during the inspiratory pressure manoeuvre.
Agostoni (1966) reported that during inspiratory efforts, witn
closed airways, the horizontal section of the rib cage (up-
right posture) becomes more elliptical, whereas during expira-
tory efforts, it becomes more circular. During these respira-
tory activities, the main change occurs on the lateral diame-
ter over the expiratory reserve volume (ERV) and on the dorso-
ventral diameter over the inspiratory capacity (IC). The above
deformations imply that some muscles lengthen instead of shor-
tening. During the inspiratory efforts, Agostoni lost the EMG

of the parasternal external intercostal muscles at the second
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intervertebral space. e concluded thet the intercostal (IC)
muscles were lengthening during the manceuvre., Frecrn thic fin-
ding, one can extrapclate the lengthening cf all the upper rib
cage muscles including the SCM and scalerne muscles tecaucse ct
their attachment pcints. Furthermcre, during tidal treathing,
the rib cage expands more than the abdcrnen in the upright pcstu-
re, while the reverse occurs in the recumbent pcsition (Cruz
1981). Most normal csukbjects are akdominal breathers when supi-
ne and rib cage treathers when sitting or standing (Cruz 1981).
The inspiratory acticn of the diaephragm is tc cause an exran-
sion cf the rib cage by pulling cephalad at its inserticnc on
the lcower rikbs and tc raise the intra-abdcminal pressure which
puches outward on the diaphraym’s zone cf appcsiticn tc thc

rib cage (Loring 1982). Mcrecver, the inspiratcry action c¢f
the diaphragm on the rib cage is greatest at low lung volumes.
In a stucy perfcrmed by Kocepke (1958), on subjects in the su-
pine pcsition, the pattern of recruitment during inspiration
began with the diaphragm. The interccstal muscles (IC) were
then recruitec in a pattern from the first to the eleventh IC
muscle dcwnward. Curing guiet breathing, the diaphragm was
always active, the first IC muscle was usually active, the se-
cond IC muscle was occasionaly active, and the remaining IC,
never active. One can conclude that the rib cage inspiratcry
muscles lengthen mainly during the inspiratcry pressure manceu-
vres at lcw lung vclumes and nct during cquiet treathing. For
twc subjects ocut cf four (Takle 7.1), the lengthening cf the
SCM muscle was greater at lC0cm than at 3cm. It indicates that

these sukjects performed the manceuvres using more their dia-
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phragm than their rib cage, which induces a greater paradoxicel
movement cf the rib cage, than the twc cther subjects. Ly in-
posing a specific rib cage breathing pattern cn the subjects,
this phencmenon cculd decrease a lct and could pcssikly discprear.
The change in lung vclune did not affect sigrificantly tlre
Force-EMG relaticnship for every subject (except fcr AS) as
shown in Takle 6.7. It seems that the variability within thc
subjects themselves was fairly great, but this right be reduced
bty paying attention to some cf the variables presented in ccc-
tiocn 7.2. The consequence cf this wculd be tc increase the F-ve-
lues but it dces not mean that lung volume would keccme a signi-
ficant factcr affecting the Force-EMG relaticnship. Shearp (1¢74)
shcwed that the changes in muscle functicn were clcocsely relcated tc
the increase in lung vclune. He fcund that the decrease in length
¢f the SCM muscle was 15% when lung volume increased from
FRC tc TLC. The measurements were made at only twe lung vclu-
res, FRC and TLC. Furthermcre, he repcrted, cn a study acne
on 6 normal males, that tc generate a given pressure, much nore
EMG waes required at lzrge than at small lung vclumes, suppcrting
the conclusicn that the inspiratcry muscles (Diaphregm, IC,
SCM, and Scalene) decrease their length. As shown in Takle ¢.9,
for the pooled subjects, a net increace in slope occured with
increasing lung vclume, supporting the conclusion that the £CM
muscle increases its length due to the paradoxical mcverent of
the rib cage during the inspiratory pressure manceuvres. The-
se results are in contrast to Sharp’c recults. Illcwever, Sharp
did nct mention hcw his subjects were breathing and what was

their body position, supine or upright. It appears that Sharg’s
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subjects kreathea more with their rib cage and mcre uniformly
during the experirent. 1In addition, Sharp did nct say wncether
the change in slope (for the pccled subjects) was signiticant.
For this thesis experiment, Takle 6.9 shcws that the greatcst
change in slcpe, tor the RM manoeuvre, occurs at lcw lung vclu-
mes, i.e., belcw FRC + 1L, for koth head heights. This suppcrts
the hypcthesis that the inspiratcry acticn cf the ciaphragn c¢n

the rik cage is greatest at lcw lung vclumes.

7.5 The SCM mucscle tuncticn

The experiment described was perfcrmed primarily to
understand the functicn or the sternccleidcmastcia (£CHM) muc-
cle under specitic conditions.

The experimcnt ccntrasted twe functions cf the SCM
muscle: fcrwarc flexicn ot the neck, and inspiratcry moticn
ct the chest wall., 1t appears that, in ncrmal subjects, the
Sternocleicdomastoid muscle has a nore impcrtant role in for-
ward tlexicn of the neck (or head 1lift in sukjects in the su-
pine pcsiticn), than it has in treathing. It seenc that the
inpecrtant tunction cf the SCM, as a recpiratcry ruscle, ic,
like all the rib cage muscles, to pocsiticn the rik cage tc al-
lcw cptimal length-tencicn conditions tc¢ prevail tor the func-
tion of the diaphragm, which is viewed as the prime inspira-
tcry muscle.

The change in lung volume affectes much less the SCM nuscle

physiclogy than the head positicn, which eappears to ke a very
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impcrtant facter. The effect cf lung volune decreases with
increasing forward bending cf the neck (head positicn) as
cshcwn in Table 6.11. It might indicate , that as the neck
bends, the SCM muscie may change its pcsiticn on its length-
tension'curve tcward a flatter region, or alternatively,
that the changes in length produced Lky the changes in lung
vclume are much smaller than the charges iﬁ length produced
by the alteraticn in head positicn.

Head lift is clcsely related to the Sterncmastoid acti-
vation (Fig. 6.4a), and even more at 1l0cm than at 3cm. £Circe
the intercept is positive and clcse tc zere, for both heaa
heights, there is no dcubt that at zero head lift, thcre is
nc activaticn cf the SCM muscle. 2s & skeletal muscle, the
SCM activaticn is linearly related tc the mass liftea with
the head. The slope is close tc 1 and the intercept is clcse
to 0,0, especially at a head height cf 1lCcm.

As an accesscry inspiratory muscle, the SCM muscle
starts to ke activated only after 50% cf the maximur mus-
cle pressure has already been generated (Fig. 6.4b). 1That
first 50% cf the pressure was performed by the prime inspira-
tcry muscles, i.e., Diaphragm and IC muscles. Here cgein, the
activaticn of the SCM is linearly related tc the fcrce (nusclce
pressure (Pmusc)) generated.

Ey relating the twc mechanical outputs at & specific EMG
value, cne defines a new nethcd of testing the SCM rusclc whi-
le it behaves as an inspiratory muscle (Fig. 6.5). Ly cnly
using the head 1lift meter, one can apprcximately kncw the maxi-

mum Pmusc. that the subject is able tc generate by knowing the
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maximum mass he/sne is able to lift with his/her head. This
method does not involve any sophisticated device, but only tae
small hand held head lift meter.

The HL-EMG relationship at 10cm of head height has muchn
more impact than the one at 3cm because the slope of the I[IL-
EMG relationship is very close to 1 (1.058) and the intercept
is very close to 0,0 (0,0.089). This indicates that the mass
lifted is a close correlate of the Sternomastoid muscle acti-
vation (EMG), and that the regression line equation of the HL-
Pmusc relationship at 1l0cm (Fig 6.5) is approximately tne sa-
me as the regression line eguation of the EMG-Pmusc relation-

ship (Fig. 6.4b).

7.6 Future steps of this study

The study of the SCM muscle is far from being finished.
Two different kinds of projects can be done to continue the
study. The first project would be to perform the same expe-
riment using weak subjects. Firstly, one could study weak ICU
patients. These patients must have no history of any disea-
se affecting the SCM physiology and anatomical structure. 1In
other words, their SCi4 must be intact. Secondly, one could
study normal subjects weakened with curare. The purpose o
these two studies would be to see the shift in slope and in-
tercept of the HL-Pmusc relationship and its significance re-
lative to the relationship obtained from normal subjects.

The second project would be to determine the length-
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tensicn relaticnship cf the SCM in ncrmal sukbjects in the su-
pine pcsiticn while the change in head pcsition changes the
length cf the muscle. Sharp (1974) described the length-ten-
sicn relationship cf the ZCM when the change in lung voclure
was changing the length c¢f the muscle. It was nct specified,
but everything leads tc the conclusicn that his subjects were
in the supine pcsiticn. A fcrmal stucy shculd be carried
cut, whose purpcse would be tc defiine the shape cf the cur-
ve. This wcula be necessary tc ccrnfirm the hypcthesis that,
as the neck bends, the SCM muscle changes its position on

its length-tensicn curve tcward a flatter regicn, thus de-

creasing the effect c¢f the change in lung volure.



CHAPTLE VIII

CCNCLUSICHS

The SCM muscle is used primarily tc change the positicn
of the head while it is much less involved as an inspira-
tory muscle. By ccrparing the EMG generated fcr a naximum
manceuvre, for a single subject, head height, lung volume,
and type of manoceuvre, it has been found that the EMG prc-
duced during maximum lifting is much higher than the EMG
produced during maximum inspiratory pressure.

The linear relationship between Force (mass lifted cr
muscle pressure) and EMG was found tc be a very acdeqguate

approximaticn ( £ 2

> 0.95 ).

Fcr the head lift manoceuvre, the decrease in slope with
increasing lung volume over the range of tidal voclume
indicates a decrease in the SCM nuscle length, while for
the respiratcry manocuvre, the increase in slope with
increasing lung vclume cver the same range indicates a
lengthening cf the SCM muscle prcobably due to a paradc-

xical movement cf the rib cage cduring the inspiratcry

pressure menceuvre. Furthermcre, it was found that fcr
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the prccducticn of the same mechanical cutput, fcr both

BL ané RM manceuvres, nore EMG was cbservec at 10cm thean

at 3cm cf head height. These phencrmena can be attributed
tc the fcrce-length characteristics of the muscle, to the
motor-unit recruitment, and to the muscle gecmetry rela-

tive to the electrodes.

On the pocleda sukjects’ data, the change in lung vclure
dces nct affect significantly the Force-EMG relationship.
This may be attributed tc the fcllcwing :

1) the great variability in the data hide any
real significant effect due toc lung vclure,

2) the positicn cf the SCM muscle cn the force-
lenéth curve cdoes nct change sufficiantly,

3) the change in lung vclume does nct change suf-
ficiently the pcsition of the SCM muscle rela-
tive to the electrodes tc nctice any effect
cn the recorded EMG.

By relating the two mechanical cutput forces, one can
determine & new method of defining the function of the
SCM muscle when it is used as an inspiratcry muscle.

The results show that for a head height of 3cm above the
bed, the same SCM EMG activation is necessary when a ra-
ximur inspiratory muscle pressure (MIMPS) is performed

as when a mass of 4.5 times head mass is lifted with the
head, while at a head height of 10cm, the same MIMPS re-
quires as much SCM EMG as a head lift cf 1;3 times hezd

mass. Furthermcre, 50% of the MIMPS can be acne withcut

using the SCM muscle in ncrmal subjects.
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The LiL-Frnusc releticnship et 10cm c¢f heac height ic the
rncst impcrtant curve cf this experiment because the crn-
ly instrurent the investigatcr neecs, tc dc the measure-
ment, is the cmall hand-neld head lift meter. There ic
nc rneed¢ tc lcad the fcrekead with weights since the rar-
ge cf mass it meinly between zero eénd the mass of the
cubject’s head. 1his beccres crucial in testing the SCH
muscle cf ICU patien;s= No damage to the vertekral cclumn
is likely toc be sustained by vcluntary lifting of the weight
ct the head alene. It was arquec¢ that the pattern cf brea-
thing may kave an important effect cn the variakility. £Cince
it is too demancing tc ask a weak ICU patient tc kreathe u-
sing a specific pattern, we let the ncrmel subjects breathe
their cwn way. Free breathing consistency will therefcre be
kept between the ncrmal subjects’ and the weak ICU patients’

experiments.
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-AFFENDIX A

The main statistical parameters cf the ME cignel cre
very impcrtant in the fcrmulaticn cf the nccdel hecauce inves-
tigatcrs use them in their research. The general rncdel preccn-
te¢ allcws crcss-correlaticn cf the MUAPTI s detected at the re-
ccrding site, The prccess acéds a new term which tekes intc ac-
ccunt the cependence between MUAPT's.

Consider two MUAET ‘s uj(t) anc uj(t) whecse MUAE s fire at tar
for ui(t), and at tb' fer uj(t) (Fig. A-1). The time ccpen-
dent ccrrelaticn of the MUAPT c may be eipresseo as:

) = uglty) *ous(e) (A.1)

b

Ru,u.(t_,t
i J( a’ b

For twc staticstically indepencent MUAPT ‘s in the same ccntrac-

ticn, the correlation is expressed as:
o o0
Ruiuj(ta,tb) =/h(t)hi(ta-t)dt ij(t)hj(tb-t)ct (A.2)
0 0

The lcwer limit is zerc because the MUAPT is only present for
pcsitive time.

Let’s consider two cases:

l) Two mcter units (MU's) fire in uniscn with identical
firing rate, A (t) = Aj(t). If the MUAPT s have a relative
displacement (Tij) greater than or equal tc the time duraticn

of hi(t) cr hj(t), then the cross-ccrrelaticn can be expres-
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FIGURE A-1: Dirac Nelta function ilmpulse traln
graphlcally arransed to "emonstrate
autocorrelation and cross-correlation.

( de Luca 1975)
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sed as:

s ®
Ruiuj(ta'tb)_= ./;1(t) hi(ta—t)ct./;a(t) hj(tb—t)ct (A.3)

(] 0
Wwhen Tij is lescs than the time duration cf hi(t) cr hj(t),

then the crcss-correlaticn is expressed as:

Ruju (t,,ty) = Jkl(t) h.(t —t)ct Jll(t) bty t)at
+ Jlx(t) hylt, -t£Tij) h, (tb—t)ct (A .4)

In such z case, the MUAPT s will be ccnsidered to be synchro-
nized.

2) Twc MU’s fire in uniscn with identical firing rate,
li(t) = Aj(t), and both 6ontain MUAP s with the same stape,
hi(t) = hj(t). In such a circumstance, the crcss-ccrrelaticn
functicn will ke identical tc the auto-correlaticn functicn

anad can be expressed as:

Rugu(t,,t,) = Jkl(t) hi(ty-f) at j}l(t) h (-t at
+ Jkl(t)tl(t -t) h, (t —E)ot (A.5)

Let s gc further in the analysis by giving more statis-
tical deperndence between the twc MUAPT ‘s, i.e., by putting
ta = ty =t Both mathematical exprescsicns rerrecsent the sa-
me MUAFT. The crces-correlation functicn, being identical tc

the auto-ccrrelaticn functicn, is ncw simplified as:

«»
~ -~ 02 ‘,ﬁ 2 ~n -~
Rugus(t) = [ Ai (t) hy(t-t)at] + M (%) hi (-8 ct (2.0)
0 0
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2 2
[E(u;())] + 9u ()

2 .
[mean] + Variance

[}

(rms)

Disregarding the pclarizaticn of scme recording electrodes,
the ME signal has a mean value cf zerc. Therefore, the (rmsf
value is equal tc the variance ;%i(t)' One ernds up with the
rain parameters of the MUAPT nodel rpresented in Chapter 1V,
secticn 4.3.

The ME mcdel compcsed cf twc LUAFT s can ke extended to
rany mcre, acting in the same contraction. The ME signal is
represented as the spatial-tempcral superpcsition of the
individual MUAFT s that are active in the vicinity of the elec-
trodes.

S
m(t) = Zui(t) (de Luca & Vandik 1975) (A.7)

=1

The above equaticn assumes that the numbter cf active MUAPT’s
remain constant throughout the constant contracticn. The
autc~ccrrelation of the ME sigral allcwus us to find the

expressicns for the mean, the variance, and the rms value.

S S
Rmm(ta,tb) =:£::E:Ruiuj(ta'tb) (A.8)

i=1J=1 -

Eefore sumrming the correlation functicns, it is necessary
to consider that scme cf the MUAPT ‘s (v<s) may be synchronizec
at scme time thrcughout the contraction. Then, the autc-ccr-

relaticn function of the ME signal may be expressed as:
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s S » -«
REm(t,, t,) = 2. _/:\i(?:) byt -‘t)dE _(xj(?;) hj(tb—?;)a‘t

M(t) hj(t —E) o (tb-t)dt

+
10 X
(=

+t§ﬁ1(t) hi(t —t+T1]) hs(t -t)ct (A.5)
i1 J21°0
(ce Luca & Vandlk 1975)
Festricting the anelysis tc the case where ta = tb = t, i.e.,

considering the auto-correlaticn cf the ME sigral whern there

is no relative shift, the abcve equaticn beccomes:

Rmm(t) = [ifh.i(é) h. (t—‘t)d?-.]2 if:i(t) hzi (t-T)at
?.:;fh(t) h2 (t- t+'113) b (t-t)d‘i (A.10)
-[E(m(t))] +om(t)
=(mean)2 + Variance

=(rmsf

By approximating h.(t) by K. (t), the abcve equaticn can te
i i

simplified as:

Rmm(t) = [z}n(t) h1(t)] ih(t) 5 (t)

+ EZh(t) c 50 (A.11)

izl js1

This equaticn dces nct demonstrate the effect of the cancella-
tion that results when poSitive and negative phases cf dif-
ferent MUAF s superimpcse. The cancellatién will not affect
the variance term, because of the hﬁ(t) term, but will czffect
cnly the mean term by reducing it. Ccnseguerntly, a non posi-

tive function, J(t) < 0, must be added tc the mean term tc
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give:

Elim(e) ] = E{f,‘ loscol 1+ aco (A.12)

ist

Furthermcre, the synchronizaticn term, L(t), reduces

D(t) =E /M(t) h, (t—t+'I1]) h (t-1) at (A.13)
i=1 j=170
the meanr—-squared term because these MUAPT ‘s dc nct ccrrelate
with each cther. Thus, an extra term is added to the expres-
sicn of the mean-squared value cf the ME signal tc give:

S _
MS [m(t)] = z :NS[ui(t)] + C(t) (A.14)
i=1
where L(t) < 0 cr 0 < C(t).
Finally, the three main parameters of the ME cignal can
expressed as:

1) Mean rectified value

Ellm(t)l ] = A(t)}:lh (el o+ ace (A.15)
1 1—-—-_
Full-wave rectificaticn may be realized by taking the aksc-
lute value cf hi(t) and m(t).
2) Mean integrated rectified value
T
El [ln(t)l at] = fEHm(t)lldt ]
0 f.k(t) Zlhi(t)l at +/J(t)dt (A.106)
0

et
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anc if the value cf hi(t) rerains constant during the

contracticn,

s T .
,
E[ﬁn.(t)\] =Z|hi(t)l /A(t)dt +/J_(t)dt (A.17)
0 i=1 0 0

3} Rcct-mean—-squared value

S v v
2
rms(m(t)) = A(t)¥ [Zhi(t) +ch";j(t)1% (A.18)
i= 1

i=1j=1

since the ME signal has zero mean.
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ALFEENCIX p-1

Principle ¢t Least Squarec.

A cimple illustraticn cf the principle is ac fcllcw. Sugp-
pose Xi is the measurement of a guantity whcse true value ic 'f.
Then Ei = Xi - T 1t the error in the meacurencnt. If tlc
measurement is rerecatea, one can end up with several crrcrs.

Let us cell the sur of their square as:

n 2 2
L =Z €i =Z{xi —'I'} (L.1)
. i=1
where Zis replacea by Z .
i=1

Acccrding to the principle cf lcast squareg, the kect chcoi-

ce fcr T ic the cne that makes E a minimum. At its rinimurnr

value,
oL = 22 lxi-1l = 2¥Lxi - znT = 0 (E.2)
dx
cr T = £ xi which is ncthing tut the mean cf n measurerente.

I

Now suppcse that cne has twc sets cf data X and Y ccrnnected
by @ linear relaticnshipr ¥ = @« +8 X , where aand 8 are constants.
The prcblem cf determining the best line is ncthing but eva-

luating ana using the principle of least squares.
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Fcr example let us assume that X-values are feairly accure-
tely kncwn and errcr is associated with Y-values cnly. Suppcse
a ant bt are the least squares choices fcr @ and 8 respectively.

Then a + bXxi is the calculated or the estimated Y whcse actual

value 1is Yi. Therefcre,
([ Yi - (a + bXi) |} =€i is its errcr. (B.3)
To satisfy the principle cf least squares,

(C.4)

]
3}

L[ Yi - (a + bXi) 12

must be minimun which meanc dE/da = 0 anGg dE/db = U.

Sclving these equaticns, we get:

2
a=2Yidxi -FriPri¥i ana bt =_nPXivi -FLiPYi  (L.5)
2 2 2
nYexi - (TXi) n):‘Xi2 - (i)

a anc¢ b, as Gefincd akcve, are kncwn as KDGCRESSICON CCLFFICILI1E.
They cetermine the sc-called REGCILSSICK LINL : Yc = a + ba .

The errcrs in a, b, and Yc can be estimateda. 1The rcgroccicrn
line reprecsents an average estirating line becauce it dccc rot
rass thrcugh all experimental points. Its cverell relickiliiy
ic mcasured by the co-callec stanceard errcr c¢f estincte, Sy .x%,
which is & rncasurce cf the scatter ancng Yi's arcunc the averoge

3

2
Sy.x = | Z(Yi - YC) (L.0)

(n - 2)
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line. Dy cevelcping the equaticn t.6 enu bty replecing Yc by ite

exgressicn, a + kAl, Sy.x can take the tcllowing ftorrn:

3

2
EY.x = ZYi - (aZY¥i + b ZTxiyi) (B.7)

(. - 2)

The errcrs in the ccefficients a and t crice because ct
the errcrs in Y's. Xx°'s are assuned tc ke fairly accuratecly
kncwn. Ccing thrcugh a series cf mathematical equaticns, the

stancarc ceviaticn cf the ccocefficients can ke expresced ac:

Sla) = 2 xi Sy X (L.5)
2 .2
(nZxi = (IXi) i

%
S(b) =[ n Sy.x ({L.S)
(nZ!Xi2 - (zxi)2 )

The nethcd just describec¢ has been writtern under the fcrn
cf & coemputer program. The ccrputer language uscca ie LACIC
acapted fcr the Lip 87 microcomputer.

Cnce the regressicn line wee found, the gcocunecs of the fit
had toc be tested by calculating the ccefficient of determira-
ticn (rz). Its value is between zerc anc cre. 2 r2 = 1 indi-
cates that all the cxperimertal peoints fell cn the regreccicn

lire (perfect fit). This ccefficient ic expressec as:
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- = E(¥yci - Y) = E(X1 - %) (Vi - Y)

-2 - -
=(¥i - Y) [ T(xi - X) (Yi - y) ] (C.1lC)

where Y ic the mean value cf Y's.
Cnce the apprcpriate substituticonse ere mace, the r2 value can

be represented in a more useful expression:

t2 = | ©aivi - (EXiEYi)/rTI TXivi -Eai®Yi/n| (D.11)
£xi2 - (£xi)2/n J evi? - (gvi)®/n

The square rcot of rz, r, is called the ccefficient cf ccr-

relaticn. 1he value cfi r ceternines hcw clcsely the variaklecs
Yi anc Yci are asscciated. The value cf r veries frem -1 tc +1.
The sign cf r, indicated by the sign cf T(xi-X) (¥i - 1),
inplies the cign of the slcpe of the regressicn line. Lcet in-
vestigators use the coefficient cf ceterninaticn, r2 , hbecause

2

it inaicates that the regressicn equation accounts fcr (r® x 1CG)%

of the variakility cf the cata about X.
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APPENDIX B-1
BEST FITTED STRAIGHT LINE

OPTION BASE 1

PRINTER IS 701

MASS STORAGE IS ":D701"

DI3P “CURve ELUATION PROCRA!l NO.1l ©3luo3l"
DISP "IT FINDS 'I'di ELJATION Y=A+3X"

WAIT 2000

DIM %X(50,2),Y(50,2),5(50,2)

XX=0 @ YY=0 @ Xy=0

XXS=0 @ YY3=0 ¢ XY33=0

XM=0 @ YM=0 ¢ XS5yu=u ¢ Y32=0

D=0 @ A=0 @ B=0

1=1 @ 4=1

DISP “FILENA-E";¢ INPUT P3

O ERROR GO'TO 120

ASSIGNE 1 1O FS$

READ# 1 ; N

FOR I=1 TO N

READE L ; RU(1,1),4(1,2)

DISP U3ING 22U ; I,xXx([,l),X(I,2)

NEXT I

OFF LRROR

ASSIGWE 1 TO *

IMACE “N=",20.,2X,"X=",6D.3D0,2X,"Y=",48D.3D
I=1

FOR I=1 TO N

XX=XX+X({,1)

YY=YY+X([,2)

XXS=XXS+X(I,1)"2

YYS=YYSHX(I,2) 2

XY=XY+X(L,1)*x(I,2)

NEXT I

XM=XX/N

Yii=YY/N

XSQ=XX3-XM* XX

YSQ=YYS-YM*YY

XYSS=XY=-XM*YY

B=XYSS/XSy

A=YM-DB* XV

D=XY3S" 2/ (XSQ*Y3Q)

SYx=SQR ((YYS-(A*YY+BXXY))/(N=-2))

SB=SUR (N/ (N*XXS-XX"2))*5yx

SA=SUR (XXS/ (H*XXS5-4472))*Syx

DISP "ESTIMATING LUUATION YC=A+UBX AND ITS STANDARD ExROR Syx ARL"
DISP USING 440 ; A,SA,U,5b,Syx

INRGE “fC =", 30, 30, 2N 30,30, + *,;30.30,24,30,30,"%x",5%,%3ys="30 1
DISP USING 4uv0 ; D
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400
405
470
480
490
500
510
515
520
522
523
525
526
|kl
528
529
530
540
550
560
570
580
590
60UV
61y
620
630
640
650
66U
670
680
690
700
71v
720
730
740
750
760
770
780
790
800
8L0
820
830
840
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11M1AGE “THE COEFFICIENT OF DETERMINATION ( il G S L P T
PRINT " FOR I'HE INPUL FILLENAME ";c'9

PRINT "ESTIMATING cQUATION Yc=A+3X AND ITS STANDARD ukikule 5yx AR
PRINT USING 440 ; A,3A,8,Sb,Syx

PRINT USING 46v ; D

FOR I=1 TO N

Y(I,1l)=x(I,1)

Y(I,2)=A+B*X(I,1)

NEXT I

Y(N+1l,1)=(-A)/08

Y(N+1,2)=0

MaN+ 1

FOR I=1 TO "

Z2(I,l)=Y(I,l) @ 2(1,2)=Y(1,2)

DISP USINGC 530 ; 2(I,1),2(1,2)

nNEXTLT I

IMAGE "X=",6D.3D,34,%Y=",60.3D

DISP "OulPUT TO FILE, Y/N“;

INPUT R3S

I¥ JpPCS (RS(L1,1))="¥" 'fHEN 3O1C 540

IF UPCS (RS(L,1])#"N" ‘"HEN BEEP ¢ GOTO 540
GOoro 83u

DISP "OUTPUL FILENAML";@ INPUT FOS3

ON ERROR GOTO 620

GOro 630

OFf ERROR ¢ IF ERRN =63 'PHEd SOrO 63U ELSE 070
DISP “FILS ALREADY EXISTS. STORE OVER IT";@ INPUT RS
IF UPCS (RS(L,1}))="y" THEN GOTrO 800

IF JPC% (RS(L1,1])#“N" THEN BEEP € GOTO 83U
GOT0o 830

DISP "ERROR NO.", ERRN @ PAUSE

DISP "CREATE FILE, Y/N";

INPUT RS

IF UPCS (RS[1,1])="Y" THEN GOTD 730

IF UPCS (R$[1,1))#"N" THEN BEEP @ GOTO 680
GOTO 8130

CREATE FOS$,3

ASSIGN$% 1 TO FOS

PRINT# 1 ; ™

FOR I=1 TO M

PRINTS 1 ; 2(1,1).,2(1,2)

NEXT 1 .

GOTO 810

PURGE F$ @ GOTO 680

OFF ERROR

ASSIGN$ 1 TO =

DISP “DONEL "

LND
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AFPLYNCIX E-2

E-2-1 Statistical anclysis

1he technique used will be entirely descritkead for cslcpec.
For the cese ct intercepts, only the finel equaticns will ke gi-
ven because the technique is similear.

Suppcse a seriec of. n cbservaticns cf pairs (x,Y) can be

partitioned intc r grcups with n paire in the ith

GrCUup such
that n1+ gt oo + n.= n. Assure & simple linear rcgrescsicn re-
del for each group of cbservaticns with a ccmmen errcr variance
s? fer all grcups (tested using the BDartlett’s tecst). The Ly-
pcthesis to test is: lic =Q1=($2= =@r" the equality cf the r
slcpes cf r regressicn lines. As cdefinec kefcre, b is thc least

squares test choice fecrfp.

C . . . 2 2
Ceonsidaering the case r = 2, the variance cf b1- t2 is Sb + L’b
1
Since L{kq- b,) =@1— @»2= 0 uncer Ho:@1=@2 ana since by- b, hao
a2 ncrmal distribution with mean@-@, and variance g2 4 o2 ,
then the statistic

Sy.x.'2 + Sy.xg-l

(Xg5 %) 2(x2j-x2iJ

has a t-distributicn with ng+ ng - 4 cegrees of freecor. Tc tect

the hygpcthesis lic, the prccedure is tc uce the statistic 1 with

2
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1

In the case r is greater than twc, the general slcpe oh-

rejecticn regicn T > tu,1_§ cr T < tu,g where v = n + n2—4.

tained by treating all the indivicdual grcups &s cne largc grcug

is b _ where
p

a
[y
.

v - _2
by = TLGy, -5 (v, -7 / T - % (E-2)
izl § Ial 0

r
where X an¢ Y denote the overall means using &ll n = E:nivalues.
th
The error sum cf csquares of the i grcup is Sy.x?, an¢ the poc-
i

»

led errcr sum cf squares is Sq= 2, Sy.x? . The tctal sun cf
‘sl

squares kased cn all r data sets ccllectively, can be pertitio-

nea as:

r n 2 2
Y L., -%) = E:Uy x + thnb - b) (x..- %.)
st 3! 1] iel sl 1
rn;
X. L-3
piﬂ F( ( )

= 81 + S2 + §S3.

The term S1 is the pocled error sum cf squares of each regres-
sicn curve, S2 is the sum ¢f squares cue tc differences between
group slcpes, and S3 is the sum cf squares cue tc the gerercl
slcocpe b .

The statistic uced is:

E.

(s2/(r-1)] / [S1/(r-2r)] (C-4)

has a F-distributicn with (r-1l) and (n-2r) cegrecs cf frcewcr
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if g, =§2= ... =@, =f. Thus the critical regicrn fcr Hec: ¢ =9,

= ce. =0, is > F,,,02,1-a.where vy= r-l,v2 = n-Zr, and a is

1
the significant level.
If llc is accepted, then the slcpe of the pocled regressicn

. . . . 2
line is bp and its variance, Sb , Can be expressed as:
4 p

szp [zr;SYoX /(n=2r)} / [§ :(Xj - ii)zl (E-5)
For the case of the intercepts, the same technique was
used. For testing the homcgeneity ktetween the intercepts cf-
r regression lines, the general intercept obtained by treating

all the individual grougs as one large grcup ic ape where

r N

ag =S x (F x,

p - X ¥, )/Zi(x -- (B-6)

izt jaf I 2 ist jsi
where X and ¥ denote the overall means using all n values.
As kefore, the tctal sum cf sguares based on r data sets

collectively can be expressed as:

LN 2 d 2
L -1 =Tsyx +Z§f<a—a> (X, —X>/Z<2fX.,/n)
iz1 jo ' i1 ! iz1 je1 ie1 jo1

+ aDZZ(x - X, >/ 2 fx L /n;) (B=7)
||1l:1 is1 ‘31
= g1 + A2 + A3

csirilarly, the statistic is:

F = [A2/(cr=-1)] / [51/(n=-2r)] (BE-86)
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If the hypcthesis Uc:d1=d =« =d ic acceptec, tucn tic

2- * e .
intercert cf the pocled regressicn line is &p anc its vearilecarce
S:p can ke exrressed as:

Sazp —[2.;3, x /(n=-2r)] /[Zi(xj- X ) /2 ):‘x /n)] (E=9)
i=1 i=1 j=1 i1 j=1

This technique turned out tc ke very useful fcr sinplifying
data manipulaticns. This analysis was perfcrmed by the Hp €7
microcomputer. ‘

The whole technique can ke uced tc test two or mcre regres-

sion lines. The t-test does not need to be used.

p-2-2 The Bartlett’s test

. 2 .
The Bartlett’s X -test was used tc test the homcgeneity cf

the variances,
2 2 2
Let 51' 52' s e o g Sk

grees of freedom V1, Vz, ...,Vk;Vi(i =1, 2, «.., k) whereV= n, -1.

be k indererndent sample variances with de-

Here it 1is cconsiderec¢ that a samgle is reprecented by a set cf
2
data, anc then “2- Sy.x . Let’s putVs= EV -Z)). S. /N anc
i1
cC =1+ [((21/,,) - 1/4) / (3(k-1))]. As the test critericn,

one uses the guantity

r .
X = (\)lnsz— Evilnsf) / C (E-10C)
i<1
. . . _ . 2 _ .2 2 .
The rejection region for testing tHo: 51 = S2 = ... = S 18

2 2
X >xk 1(l-a) where @ represents the level c¢f significance.
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APPENDIX B-2
STATISTICS ON THE STRAIGHT LINES

OPTION BASE 1

MASS STORAGE IS “:DL701*

DISP "STAT PROGRA.1 431126" ,

DISP “THIS PROGKA.4 COULPARES SEVSRAL SETS OF DATA."

NDLISP “IT TESTS I'HE HOMOGEJEITY OF Tui LIITERCERYS AND SLoOpLS "

DISP "TiL STRALISHYT LINLS TE3TED. IT TeSTS TiE PRECISION 3Y Pehidd yIed"®
ISP "A £ TEST. ‘fHi OUTPUT WILL TELL WIETHER TUE CURVES ARC 1) 1J3IUEIIS
DISP “THE INWPUT FILES MUST BE THE ONES USED TO SET THE CURVMIS CudArIDN LY
DId X(100,50),Y (L100,2),U(25,4) ,M(235) ,A80(25) ,XHEAN(25) ,&XX(25) ,u3DSIG(25
DISP "THE FIRST OBJECTIVE IS 'M) SEE wHEPMHER PHE CURVE3 VARKIANIE (Vy.x)“
DISP *ARE HOMOCSENEOUS, AID WHETHER THEY CAN 3E REPLACED Y unxLY D1e
DISP “VALUE (v). THEREFORE, A BARTLETT’S TEST 15 PERFORMED.™

DISP * TIE OPEKATOR MUST MAKE THE ENTRY USING TuUL KEYBNARD.“

DISP “TdLE A VALUE IS 'T'HE Sy.x OF EACH LINE, WHILE THE B8 VALUE COITAINS™
DISP "THE NUABER OF POINTS PER LINE; ‘PHE C VALUE IS THE SLOPL OF CACH™
DISP “LINE,AND TiE D VALUE IS 7Tdt INTERCEPT OF EACH LIWE."

DISP * HOW IMANY LINES DO YOU UHAVE TO TEST";Q@ INPUT NA

MU=0 @ VAR=0 ¢ C=U0 ¢ VARR=0 @ S381l=0 € SBU=0 @ TO=0 @ Tl=u 0 M=y

INV=0 ¢ LOGV=0 @ T=0 @ 30BU=0 ¢ BlBl=0 ¢ N3A=0 @ VYX=0 @ 43=U

FOR I=1 TO NA

DISP "Sy.x{":1;")","N(";I;:")","Slope(":ln")","Inc(";1:")";

INPUT U(I,1),U(1,2),0(I,3),0(L,4)

NEXT 1

FOR I=1 TO NA

U(I,l)=U(I,1)"2 @ U(l,2)=U(I,2)=-1

MUsMU+0 (1,2)

VARSVAR+U (I,1)*U(I,2)

INVSINV+l/U (I, 2)

LOGV=sLOGV+LOG (U(I,1))*u(I,2)

NEXT I

C=1+(INV=-1/MU) /(3% (NA-1))

VAR=VAR/MU

T= (MU*LOG (VAR)-LOGV)/C

DISP "THE OUPPUT (I) IS DISTRIBUTED AS CHI-SQUARE OF (NO. GF LIJE3-1)"
DISP "WE REJECT HOMOGENEITY AT I'HE SIGNIFICANCE LEVEL (alpna) IF THE®

DISP “REALIZATION OF (T),(t), IS SUCH THAT t >or= TO CHI-SuUARL(l-alpna

DISP "THE (l-alpha) QUANTILE OF 'THE DISTRIBUTION OF CHI-3QUARE(MO. OF*
DISP "LINES - 1)."

PRINTER IS 701

DISP USING 4u0 ; 'T,VAR

IMAGE "t=",4D.3D,06X,"372=",4D. 3D

PRINT “IlOMOCENELITY OF ‘1€ CURVE VARIANCES HAS BELEN ‘TE3TCD"
PRINT USING 400 ; T',VAR

DISP “HAS HOMOGENEITY BEEN PROVEN, Y/N";@ INPUT RS

IF UPC$ (RS$[{l,l))="Y" THEN GOTO 465
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150 IF UPCS (RS[L,l})#“N" THEN BEEP @ GOTO 430
460 GOTO 1180

3695 Isl @ Jsl @ ABOBO=0 @ wds0 ¢ WBlBl=Q @ XINT=0 @ ASLO=U
470 FOR I=l TO NA

43U DISP "INPUT FILENAME NO.%;I;".%;

490 INPUT P$

500 ON ERROR GOTO 480

S1u ASSIGN$¢ 1L TO F$

520 READ# 1 ; N(I)

540 FOR J=l TO N(I)

550 READ# 1 ; X(J,I),X(J,NA+I)

560 DISP USING 580 ; J,X(J,I),X(J,NA+I)

570 NEXT J

580 IMAGE "ROW NO."“,20,2%X,"X="6D.3D,2X,"Y=*,6D.3D
5845 ASSIGN$ 1 TO *

590 OFF ERROR

592 MsM+(N(1)~-2)

595 NEXT I

597 1=l @ K=l @ L=l

600 FPOR I=l TO NA

505 XMEAN(1)=0 @ Xx(I)=0 @ NBOSIG(I)=0 & wB0O=0
6l0 POR K=1 TO N(I)

620 XMEAN (1) =XMEAN(I)+X(K,I)

630 XX(I)=XX(I)+X(K,1)"2

640 NEXT K

650 XMEAN (I) sXMEAN(I)/N(I)

055 FOR Lal TO N(I)

66U wWAOSIG(I)=WBOSIG(I)+(X(L,I)=-XMEAN(1))"2

665 NEXT L

070 wBO(I)=N(I)*WBOSIG(I)/XX(I)

6UU  WBOBO=WBOBO+WBO(I)*U(1,4)

090 WB=WB+WBO (1)

700 WBlBleWwslul+wBOSIG(I)*u(I,J)

710 WBASNBA+WBOSIG(I)

120 VYX=sVYX+U (1,1)

730 NEXT I

740 XINT=WBOBO/WB

750 XSLOswB10l/W3A

760 FPOR I=1 TO NA

770 BOBO=BOBO+ (U(I,4)-XIN'T) "2*WBO (1)

760 B1Bl=BlBl+(U(I,3)~-XSLO) "2*WBOSIG(I)

790 NEXT I

300 ‘TO0=80BO/ (NA-1)/VYX

dl0 T1=BlBl/(NA-l)/VYX

815 MB=NA~-1

820 SBUSSUR (VYX/W3)

330 SBL=SQR (VYX/WBA)

331l DISP USING 835 ; M3,M

833 PRINT USING 835 ; M3, ™

J35 IMAGE "T 1S DISTRIBUTED AS Lr(",2D,%,%,30,")"
44U DISP USING 850 ; '10,Tl

450 IMAGE “FOR INTERCEPI Ta",4D,.3D,06X,"FOR SLOPE T=",4D.3D
HeU  PRINT USING 850 ; T0,T)

70 DISP "IIAS HOMOCLNGITY JELN PROVEMN FOR SLOPE AND INTERCEPT Y/N" ¢ INPUY
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480 IF UPC$ (R$[l,1])="Y* ‘THEN GOTO 905
690 IF UBCS (R$[{L,Ll])#“N" THEN BEEP @ GOTO 870
300 GOTO 1180

405 VARR=SQR (VAR)

yly DISP USING 930 ; xIN1,Su0,XSLO,SBLl,VARR
920 PRINT USING 930 ; XINT,SBU,XSLO,SBl,VARR
930 IMAGE "Y=",b4D.3D,2X,4D.3D,3X,"+",3X,4D.3D,2X,4D.3D,X,*X",3%,"Sy.x=", 1D,
940 DISP "MINIMUM VALUE OF X" @ INPUT C

950 DISP "MAXIMUM VALUE OF X" @ INPUT D

360 DISP "STEP VALUE * @ INPUT E

970 J=0

980 FOR I=D TO C STEP -E

990 IP I<C THEN GOTO 1040

1000 J=J+1

1010 ¥(J,1)=I

1020 Y(J,2)=XINT+XSLO*I

1030 NEXT I

lU4u DISP "CREATE FILE * @ INPUT R$

1050 IF UPCS (R$[1l,l])="Y" THEN GOTO 1080

1060 IF UPCS (R$([1l,l])#"N* THEN BEEP @ GOTO 1040
1070 GOTO 1180

1030 DISP "OUTPUT FILENAME®" @ INPUT FOS$

1090 ON ERROR GOTO 1080

1395 GOTO 1100

1100 CREATE POS,3

1110 ASSIGN¢ 1 TO FO$

1120 PRINT# 1 ; J

1130 FOR I=l T0 J

L1140 PRINTS 1 ; Y(I,1),Y(1,2)

1150 DISP USING 580 ; I,Y(I,l),¥(I,2)

1155 NEXT I

1160 OFF ERROR

1170 ASSIGN¢ 1 TO *

1180 DISP “DONEI" @ END
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Note:

In the graphs, every lung volume line has its own

symbol, The following table gives the correspon-

dence between the symbols and the lung volumes.

e——
Lung Volume Symbol
rRC
+'RC+. 5L ccseene
FRCT1L - - - -
FRC+2L - -

TLC




_RAW DATA



STAT LIFT JiE $°3-T3ATCRY Pul.CTICL FARKCTUVIR
SUBJECT | LU.G VOLUNE TG (uv) 3L (Kg) TFG (uv) Pmusc (cm H20)
VALLY + S.T VALUE + 3.D VALUZ * S.D VALUTE + S.D
BE5.454 51,426 15.600 1.900 462,220 0,000 60,000 .100
682.910 91.538 10.188 <156 342,230 4,450 53.750 1.250
FRC 333.331  8.568 7.659 <294 195.560 35.560 42.500 2.500
129.455 18.513 5.133 . 296 40,000 4.4uo 27.500  2.500
66.364 9,000 2.928 .036 0.000 0.000 0.000 0.000
0.000  0.000 0.000 0.000
676.364 10,285 10.700 .955 448,000 16.000 74.870 1.392
465,455 29,091 8.947 1.058 4,000 12.000 47.370 4.928
FRC + 0. 5L 331.818 24.438 8,050 177 16.000 0,000 35.995 3.160
* 252.727 12.856 7.330 674 0.000 0,000 9.870 1.392
127.273 12.422 6.217 141
0.000 0.000 0.000 0.000
720.000 8.890 8.800 0.000 435,560 0,000 88.025 5,000
648.890 8,890 7.600 .100 346,670 L4, 450 74.275 1.250
LT FRC + 1L 560.000 62.220 5.300 .200 102.200  4.530 b9.275  3.750
L4y 450 88.890 L,000 .600 26,670 8.890 39.275 1.250
15.802 19.555 0.000 0,000 0.000 0,000 13.025 0,300
702,220 8.890 10.800 .100 382.230 26.670 72.238 5.000
693.330  0.000 8.850 .050 177.780 135.560 57.238 . 100
FRC + 2L 613.340 26,670 6.850 . 500 157.780 2.220 50,488 1.250
346,670 8,890 3.650 .150 31.120 4.450 42,238 .100
15.556 17.480 0.000 0.000 0.000 0,000 17.238 0.100
728,890 17.780 10.700 . 800 148.890 2.220 31.750 . 500
TLC 640,000 0.000 7.500 . 500
613.330 8.890 5.450 .150
471.110 8.890 4,830 .070
106.667 17.778 0.000 0.000

Gel



10cmr

HEAD LIFT _ MANOEUVRE _ RESPIRATORY FUNCTION MANOEUVRE
SUBJECT | LUNG VOLUME EMNG (uv) HL (Kg) EMG (uv) Pmusc (cm H20)
VALUE + S.D VALUE * S.D VALUE + S.D VALUE + S.D
782.220 .100 7.400 .200 586.670 .100 65.000 5.000
711.110 71.110 5.150 .050 271.110 40,000 52,500 2.500
FRC 142,220 0. 500 3.450 .150 62.220 8.890 4y.250 1.250
124.450 17.780 2.700 0,000 2h, 450 2,230 32.500 2.500
0.000 0,000 0.000 0,000 0.000 0,000 0.000 0,000
800.000 52.460 5.400 . 064 584,000 56.569 79.120  6.695
505.491 4,415 4,001 .108 155.000 29.698 59.495 2.002
FRC + 0.5L 314,023 34.981 2.768 . 086 40.336 10.839 48.995 1.922
* 228.871 6.929 2.236 .108 7.000 1.414 42.370 4,928
162.145 6.598 1.453 .053 0.000 0,000 9.870 1.392
0.000 0,000 0.000 0.000
728.890 17.780 5.650 2.150 266.670 .100 71.275 1.250
648,890 8.890 5,700 .300 191.110 22.220 63.025 2.500
LT FRC + 1L 471.110 8.890 4,750 .150 31.120 4.450 Ly,275 3.750
284,450 7,780 3,100 .300 4,000 L4l 33.025 2.500
0.000 0,000 0.000 0.000 0.000 0,000 13.025  0.500
Bul 450 44 450 8.850 .750 524,000 .100 79.738  5.000
586.670 135.560 6.650 «550 120.000 13.330 65.488 1.250
FRC + 2L 391.110 53.330 k.950  .050 115.530 26.700 54,738  2.500
266.670 17.780 3.700 . 500 62.220 8.890 39,738 .100
0.000 0,000 0.000 0.000 0.000 0.000 17.238 100
862.220 8.890 10.900 . 500 144,450 15.560 31.750 0,500
666.670 L4 450 5.450 .150
213.340 17.780 4,350 .150
128,000 17.778 0.000 0,000

T
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Jen

ETAT LIFT  NANOEUVRE RESFIRATCRY FUNCTION MANOEUVRE
SUBJECT | LUNG VOLUME o UV ) AL (=) TG (uv) “Fmusc (cm H20)
VALUE * S.D VALUE + S.D VALUE + S.D VALUS * S.D
398.400 31.200 13.900 .787 418.750 97.227 71.750 3.536
345,000 41.480 11.900 1.198° 305.830 83.674 73.714 3.233
2RO 179.090 33.644 €.760 . 943 183.630 59.928 €1.458 9.133
< 98.182 25.713 3.818 1.616 142.290 55.095 56.500 4,243
] 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000
400,000 .100 12.900 1.032 £60,000 20.000 123.082 1.250
368,400 22.286 9.122 2.013 302.500 24.749 BR.04E  3.232
+ 0. 6L 342.500 28,723 7. 543 . 784 222.500 77.075 82.040 7.365
FRC .5 280.000 130.000 2.000 .119 145.800 65%. 54k €3.589  €.708
0.000 0.000 0.000 0.000 48,750 22.127 59.228 4,567
0.000 0,000 4.332 .100
440,000 20.000 14.200 . 789 510.000 56.569 125.564  3.536
360.000 137.500 11.700 . 509 310.000 70.711 95.189 8.309
PM FRC + 1L 325,000 22.360 10. 065 .875 265.000  2.357 85.356 . 884
288.330 36.938 7.300 . 570 70.000 20.000 74,314 2,500
260,000 52.786 4,600 L60 24,000 15.572 60.564 5,000
0.000 0,000 0.000 0.000 0.000 0.000 8. 064 .100
390,000 25,820 14,272 .522 250,000 10.000 101.408  2.500
FRC + 2L 362.000 10.860 11.085  1.130 190.000 70,000 77.658  3.536
336,670 20,540 11.000 . 500 150.000 50.000 72.158  2.475
324,000 20.736 9.000 . 243 80,000 10.000 64,846 3,977
0.000 0.000 0.000 0.000 56.667 13.€11 58.387  5.156
0.000 0.000 16.408 .100
TLC 3€5.000 15.000 13.287 129
344,000 32.863 11.400 .253 200.000 10.000 33.500 . 500
288.000 22,804 10.000 .100
263 333 5.777 €£.217 . 704
215,000 25.981 £.100 . 765 -
172.500 L.0O4s 0.000 0.000 ®




10cm

HEAD LIFT MANOEUVRE RESPIRATORY FUNCTION MANGEUVRE
SUBJECT | LUNG VOLUME ENG (uVv) HL (Kz) EMG (uv) Pmusc (cm H20)
VALUT % S.D VALUE £ S.D VALUE % S.D VALUE + S.D
660.000 40,000 12.900 1.548 370.000 20.000 132.500  5.000
507.500 24,749 10.645 . 500 250.000 98.995 102.500 3.53€
FRC 515.000 <313 8.96€ .910 160.000 10.000 84,063 1.326
369.000 66.468 7.652 .328 96.250 23.850 71.250  3.53€
271.670 91.924 5.328 .055 73.500 9.192 55.000 2.355
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
694.000 96.802 12.967 .903 375.000 35.360 119.332 .100
573.170 21.449 10.215  .125 | 161.250 12.370 B7.457  2.652
FRC + 0.5L | 448.340 134.355 8.330 .328 60.840 27.100 €L, 020 L2
270,000 147.784 5.000 Al 54.170 10.610 56,082 .010
281.670 40.065 4,600 . 097 35,000 21.210 50.582  5.303
0.000 0.000 0.000 0.000 0.000 0.000 L4.332 .100
675.000 135.355 12.600 . 257 240,000 141.420 120.064 5,000
554,050 10.438 10.700 . 284 170.060 69.830 98.064 5,000
PN FRC + 1L 422,000 25.456 9.170 «156 130.840 34,170 24314 3.536
501.430 h2.428 7.890 436 60,000 5.000 63.689  7.955
420,380 16.440 6.784 . 537 43,130 25.630 51.502 8,716
0.000 0.000 0.000 0.000 0.000 0.000 8. 064 .100
595.000 7.071 14.031 .184 235.000 7.070 90.158  13.53%
505.750 16.617 10,010 . 220 110.210 5.010 74, BUE b2
FRC + 2L L22.860 60.609 9,745  2.410 67.250 6.720 4,221  3.094
404,000 8.48¢% 8.024 1.082 22.500 5.900 50,471 2.210
230,000 47.697 €.547 635 5,000 .100 32,691 1.722
0.000 0.000 0.000 0.000 0.000 0.000 16.408 .100
560,000 84.853 13.968 . 093 300,000 10.000 33.500 . 500
L18.857 6%.2656 11.273 .228
TLC 379.19€ 17.0L46 9.995 JA65
344,170  B.245 7.843 . 034
341.667 40,069 7.237 .308
160,000 10,000 0.000 0,000,

6e1
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3cm

HEAD LIFT MANOEUVRE

RESPIRATORY FUNCTION MANOEUVRE

SUBJECT | LUNG VOLUME EMG (uv) HL (Kg) EMG (uVv) Pmusc (cm H20)
VALUE * 8.D VALUE * S.D VALUE t 8.D VALUE + S.D
F 880.000 80.000 21.400 . 594 592,000 67.882 86.250 3.536
L 820.000 132,800 13.410 1.009 236.000 39.598 €3.750 1.768
FRC 800,000 132.000 12.400 o542 188.000 39.598 58,750 1.7€8
720,200 101.320 12.204 497 52.000 16.971 52,500 13.53F
748,000 67.880 10.317 .683 12.000 5.657 L3,750 1.7F8
0,000 0.000 0.000 0.000 0.000  0.000 0.000  0.000
I 992.000 132.000 16.200 .824 294,000 1£.000 83,005 3.53%
906.400 93.900 12.300 <314 136.000 56.569 £8.005 3.53F
FRC+0.5L 900.000 84.850 10.938 «795 120.000  8.000 €4.670 5,000
880.000 99.600 10.834 .772 8R.600 3.677 59.255 3.536
778.670 75.420 9.813 .383 £8.500 16.2€3 51.505 5,657
0.000 0.000 0.000 0.000 0.000 0.000 5.505 .100
1344 ,000 226.270 15.100 1.701 428,000 50.912 108.213 31.820
981.330 18.850 10.465 .9U2 186.000 31.113 76.963 5.303
AS FRC+1L 910.400 24€ €40 10.120  1.442. 98.676 137.726 £7.963 .707
706.130 57.320 €.824 .721 L2.000 .125 60.713 7.071
559.250 104,520 5.819 «519 39.000 .633 41,463 11.667
0,000 0.000 0.000 0.000 0.000 0.000 10.713 .100
1184.,000 132.000 14,031 . 556 528,000 22.627 89.209 1.768
906.430 72.950 8.929 .101 204,000 28.284 76.709-  3.53€
FRC+2L 807.870 166.667 7.648 .739 65.200 7.354 €9.209  3.5%6
707.700 153.870 6.543 348 26,000 5,657 62.542 5,890
564.340 70.800 4,705 1.158 6.000 1.500 52.959  7.071
0,000 0.000 0.000 0.000 0.000 0.000 20.459 .100
1104.000 67.880 13.500 . 519 640.000 .100 32.000 . 500
970,670 75.420 10.658 . 763
TLC £57.600 9.050 8.133 645
809.810 158.690 7.120 .697
705.330 54.690 6.982 . 502
70.730 13.570 0.000. 0.000
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10cm

L

HEAD LIFT MANOEUVRE

RESPIRATORY FUNCTION MANOEUVRE

SUBJECT |LUNG VOLUME EMG (uv) HL (Kg) EMG (uVv) Pmusc (em H20)
VALUE * 8.D VALUE + S.D VALUE + S.D VALUE + S.D
1504.000 32.000 H 23.600 621 | 436,000 130,108 123.750 15.910
1200.400 23.560 16.345 .692 103.500- 21.920 91.250 3.536
FRC 1129.300 133.890 15.461 .607 82.000 8.485 77.500 3.53F
1133.100 75.150 12.128 21 51.332 .020 24,500 . 707
948.800 133.940 8.279 1.866 32,000 {11,314 38.750  1.768
0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
1440,000 28.890 22.500 .910 308,000 5.657 103.005  3.53F
1189.200  5.200 15.045 487 102,000 42,426 71.755  9.54€
FRC+0. 5L 1035.000 125.000 11.473 .252 36.000 5,657 56,755 5,303
270.000 183.360 9. 069 .513 12.000  5.€57 47.505  1.414
282.800  1.200 7.131 G111 8.000 8.000 33.005 10,5607
0.000  0.000 0.000 0,000 0.000 0.000 5,505 .100
1544,.000 33.940 20.040 .987 492.000 16.971 123.213  24.749
1270,000 77.320 13.421 .53 131.000 32.527 83.213 17.678
AS FRC+1L 1164.600 50,100 12.375 .015 42.688 18.854 65.401  3.094
861.330 64.100 7.981 842 34.000 5.€57 58.838 15.026
416.000 .100 5.935 <171 22.000 B.u4Es 35.713  7.071
0.000  0.000 0.000  0.000 0.000 0,000 10.713 .100
1496,000 33,940 19.744  1.834 496.000 16.000 140,459 5,000
1172.800 65.620 13.993  .917 63.532  .662 74.83L° .88
FRC+2L 1067.900 125.420 10.150  .071 31,500 16.263 65.459  7.071
872,960 39.060 7.094  .075 24,000 11.314 55.459  8.839
233.600  4.530 5.983  .829 10.000 10,000 b2.459  b.243
0.000  0.000 0.000  0.000 0.000 0,000 20.459  .100
1616.000 158.390 17.238  3.315 | 440.00C  .100 32,000  .500
1249.420 7.670 11.506 . 508
TLC 1073.150 <0.100 9.073 L7
823.780 115.080 6.688  .375
292,000 28.280 4,945 .163
32.000 5,820 0.000 0.000

XE2%
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Jem

[

HEAD LIFT MANOEUVRE

RESPIRATORY FUNCTION MANOEUVRE

SUBJECT JLUNG VOLUME EMG (uv) HL (Kg) EMG (uv) Pmusc (cm H20)
VALUE * 8.D VALUE * S.D VALUE + S8.D —L VALUE #* S.D
711.110 77.360 9.€00 1.044 193.900 32.860 €5.625 .884
518.930 25.560 6.900 .336 56.000  8.800 51.250 1.768
FRC L84 440 18,860 5.931 . 098 17.788 6.285 38.750 1.768
294,820 10.470 4,054 . 203 6.111 2.357 28.750 1.765
181.330 20.110 2.760 .100 0,000 0,000 0.000 . 0.000
0.000 0,000 0.000 0,000
680.000 6.290 7.281 . 845 200.000 43,998 65.796  3.536
L92,540 14.600 4,140 460 88.444 11.942 62.046 3.536
FRC+0. 5L 346,670 6.290 3.519 .228 37.036 20.949 51.421 4.419
133.330 12.570 2.185 .163 17.409  3.664 Lo.796 3.536
0.000 0,000 0.000 0.000 0.000 0.000 8.296 .100
751.110 31.430 7.400 .325 2ub 440 94, 281 89.091 5.000
677.330 17.780 5.118 . 081 56.520 25.877 58.674 1.177
CW FRC+1L 423.110 17.780 3,600 460 37.778 16.971 b5, 341 1.768
274,440 64.430 3.012 473 3.333 1.571 32.841 1.768
0.000 0,000 0.000 0.000 0.000 0,000 14.091 .100
773.330 17.780 6.982 1.171 137.780 43.998 68.977 1.768
371.110 15.710 3.713 159 60.520 7.649 57.870 2.323
FPRC+2L 317.330 3.770 2.700 .318 4L6,000 136.770 49.185 5.597
317.070 67.040 2.145 .078 11.111 3.143 38,560 - 2.358
0.000 0,000 0.000 0.000 0.000 0,000 25.227 .100
791.110 37.710 7.100 A73 37.778 21.999 31.500 .100
626.670 103,710 4,485 .163 :
TLC 287.400 14.670 3.143 <242
189.630 71.240 2. 588 U477
104,440 37,910 0.000 0.000




10cem

P HEAD LIFT MANOEUVRE RESPIRATORY FUNCTION MANOEUVRE
SUBJECT } LUNG VOLUME EMG (uVv) HL (Kg) EMG (uv) Pmusc (cm H20)
VALUE + S.D VALUE £ S.D VALUE t S.D VALUE + S.D
786,670 31.430 9.000 1.032 146.667  6.285 86.250  5.303
697.780 81.710 €.100 .332 47,964 3.143 57.500 1.768
FRC 629.930 119.840 4,773 . 081 45,036  3.143 L6.250 1.768
406.670 47,140 3.912 .158 11.853 1.571 35.625 .884
192.890 33.940 1.607 «152 0.000 3.143 18.750 1.768
0.000 0,000 0.000 0,000 0.000 0,000 0.000 0.000
791.110 37.710 7719 . 504 137.780 18.856 90,796 3.536
589.310 77.070 4,830 .325 77.778  6.285 69.129 2.358
FRC+0. 5L L53.330 6.290 3.513 481 39.409 3.350 52,046  1.768
268,890 15.710 2.614 .161 L, L4yl L 4Ll 4, s4€ 1.768
0.000 0,000 0.000 0,000 0.000 0,000 8.296 .100
L 960.000 35.560 7.900 460 153.330 9.428 81.591 3.536
734,810 46.090 5,658 . 082 82.418 8.448 61.384 « 293
CW PRC+1L 511.110 94,280 4,357 . 240 33.333 3.143 bs,341 1.768 |
275.560 17.780 3.314 162 2.222 2.222 34,091 5.303
0.000 0,000 0.000 0.000 0.000 0.000 14.091 .100
1066.700 35.560 7.900 479 111.110 18.856 81.477 8.839
648,370 142.580 4,773 . 081 67.778 7.857 55.852 = .B884
FRC+2L 366.670 59.710 4,221 171 17.778 8.889 50.645 2.945
391.110 17.780 3.400 .321 0.000 0,000 25.227 .100
0.000 0,000 0.000 0.000
1031.110 35.560 7.600 U460 120.000 43.998 31.500 .100
637.680 111.96€0 L.715 .759
TLC L49,630 49,240 3.713 .159
214.820 2.100 2.500 .100 =
64,000 30150 0.000 0,000 NS
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NORMALIZED DATA




3cm

HEAD LIFT MANOEUVRE

RESPIRATORY FUNCTION MANOEUVRE

SUBJECT JLUNG VOLUME J|EMG (XEMG head mass) HL (xHead Mass) EMG (xEMG head mass) Pmusc (xPmusc max)
VALUE £ 8S.D VALUE % 8.D VALUE % S8.D VALUE + S.D
1.137 . 247 2.215 . 094 «770 .009 .82 .039
. 555 . 061 1.6€5 .109 .570 . 014 611 . 049
?RC . 216 . 049 1.116 .095 .326 . 063 483 . 056
.111 . 024 .637 . 025 . 067 . 008 «312 . 046
1.126 <111 2.326 . 271 . 746 .036 .851 . 064
775 .113 1.945 .283 .073 .021 . 538 . 087
FRC+. 5L <553 . 087 1.750 . 086 . 027 .000 .Lo9 .059
421 . 056 1.593 .190
«212 . 038 1.352 . 067
1.081 .105 1.652 . 067 . 726 . 009 1.000 114
. 933 .181 1.152 . 075 .578 . 081 . 844 . 062
LT fRC*1L . 740 .210 .870 . 154 .170 .010 3 560 . 074
. 026 .035 0.000 0.000 . oLy .015 JUUE .040
1.155 . 096 1.924 . 063 637 .052 .B21 .103
1.021 .130 1.489 <149 . 296 . 063 .50 .037
FRC+2L . 577 . 063 . 793 . 054 . 263 . 007 L5748 - L0477
. 026 .031 0.000 0,000 . 052 . 008 LU80 .027
1.070 . 089 1.331 .153 . 248 . 007 .361 .020
1.025 .100 1.696 . 0€5
TLC . 787 . 080 1.503 . oLl
.178 . 04l 0.000 0.000




10cm

HEAD LIPT MANOEUVRE RESPIRATORY FUNCTION MANOEUVRE
SUBJECT | LUNG VOLUME |EMG (xXEMG head mass) HL (xHead Mass) EMG (xFMG head mass) Pmusc (xPmusc max)
VALUE * S.D VALUE % 8.D VALUE * 8.D VALUE *+ S.D
1.111 127 1.120 .315 <917 .013 .815 114
.222 . 003 «750 « 236 24 . 068 .658 . 073
FRC . 194 .030 . 587 .159 . 097 .015 «517 . 048
1.250 . 099 1.174 . 046 . 912 .101 . 992 146
. 790 .018 .870 . 047 242 .050 746 .072
FRC+.SL 491 . 061 .602 .035 . 063 .018 614 . 063
.358 016 LU86 .037 . 011 . 002 « 531 . 095
0253 001"" 0316 0020
0.000 0.000 0.000 0.000
1.139 . 0Ll 1.228 . 501 417 . 006 . 894 .072
LT FRC+1L . 736 . 024 1.033 . 061 . 049 .008 «555 . 082
bl .018 674 . 084
0.000 0.000 0.000 0.000
1.319 . 088 1.924 .215 .819 .011 1.000 .125
.917  .068 1.446 .159 .181 . Olh 685 - 074
#RC+2L .611 .092 1.076 . 040 . 097 .015° 498 . 031
17 . 034 . 804 131 ’
0.000 0,000 0.000 0.000
1.347 . 033 2.370 .173 . 226 . 027 .398 .025
1.026 . 070 1.630 . 088
TLC 1.042 . 084 1.185 065
333 .032 . 9L46 . 058
. 200 . 031 0.000 0.000
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Jcm

SUBJECT jLUNG VOLUME

HEAD LIPT MANOEUVRE

RESPIRATORY FUNCTION MANOEUVRE

EMG (xEMG head mass)

HL (xHead Mass)

EMG (xEMG head mass)

Pmusc (xPmusc max)

VALUE * 8.D VALUE t 8.D VALUE t S.D VALUE * S.D
2.846 U426 2.609 175 2.9 . 908 . 571 . 0Ly
2. 464 472 2.233 . 248 2.185 . 754 . 587 042
*RC 1.279 332 1.269 «190 1.312 . 522 489 . 087
.701 324 717 <311 1.016 66 450 . 046
0.000 0,000 0.000 0.000
2.631 <347 1.712 «395 4,714 480 . 980 . 038
2.446 «380 1.416 .162 2.161 <331 . 701 .0bs
FRC+. 5L 2,000 «357 1.314 .036 1.589 JEAL €53 .077
0.000 0,000 0.000 0,000 1.041 . 550 . 50€ . OA8
.348 .183 A72 . 050
3.143 «367 2.655 .176 3,643 654 1.000 .. 086
2.571 A52 2.196 .118 2.214 .663 .758 . 088
PM FRCH1L 2.321 .326 1.889 .184 1.893 152 .680 . 026
1.060 411 1.370 121 . 500 179 . 592 .037
1.857 «510 . 863 . 095 171 .123 .u82 . 053
0.000 0,000 0.000 0,000
2.586 . 262 2.081 234 1.357 « 597 .618 . Cl6
2.405 .318 1.065 .115 1.071 A3 575 . .036
FRC+2L 2.314 <313 1.689 . 063 .571 112 . 516 . 0L4
0.000 0.000 0.000 0,000 405 .126 JUés . 054
2.457 410 2.140 .070 1.429 173 « 267 . 011
2.057 +310 1.877 .019
TLC 1.881 .176 1.167 144
1.536 « 295 1.145 .155
1.232 117 0.000 0,000

51




- 10cm

HEAD LIFT MANOEUVRE RESPIRATORY FUNCTION MANOEUVRE
SUBJECT [ LUNG VOLUME [EMG (xXEMG head mass) HL (xHead Mass) EMG (xEMG head mass) Pmusc (xPmuisc max)
VALUE * 8.D VALUE t 8.D VALUE t S.D VALUE * S.D
2.429 . 969 2.421 .316 1.362 . 534 1.000 .075
1.848 $ 723 1.998 114 . 920 €76 774 . 056
#RC 1.896 643 1.683 .188 . 589 .236 634 . 034
1.358 . 704 1.436 . 076 354 .208 . 538 . 047
1.000 677 1.000 .021 . 271 .125 415 .033
0.000 0,000 0.000 0,000
2.555 1.221 2.434 «195 1.380 « 597 . 901 . 034
2.110 793 1.917 . 043 « 594 . 246 660 .O4s
FRC+. 5L 1.650 1.053 1.563 .078 . 224 176 483 .022
. 994 . 880 .938 . 092 .199 .107 427 . 016
10037 .u98 0863 0027 .129 0122 0382 QOSL‘
0.000 0,000 0.000 0.000
2.485 <971 2.365 .073 482 . 289 . 561 .O48
2.039 .729 2.008 074 . 221 . 093 481 .078
PN FRC+1L 1.553 .619 1.721 . 047 «159 .148 .389 . 080
1.846 . 781 1.481 . 097
1.547 . 584 1.273 .11l
0.000 0,000 0.000 0.000
1.862 691 1.879 . 061 .865 319 680 .052
1.557 .750 1.829 J71 JU06 .156 . 565 .025
FRC+2L 1.487 « 534 1.506 .219 . 248 .108 485 LOu2
.847 JUE2 1.229 132 . 083 . 050 .381 . 031
0.000 0,000 0.000 0,000
2. 061 1.010 2.622 .0Ls 1.104 410 «253 .013
1.542 . 766 2.116 . 065
TLC 1.396€ « 535 1.876 .107
1.267 59 1.472 .022
1.258 « 573 1.358 .072
. 589 . 236 0.000 0.000

251
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10cm 153
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Jem

HEAD LIFT MANOEUVRE

RESPIRATORY FUNCTION MANOEUVRE

SUBJECT | LUNG VOLUME JEMG (xEMG head mass) HL (xHead Mass) EMG (xEMG head mass) Pmusc (xPmusc max )
VALUE % 8.D VALUE £ S.D VALUE * 8.D VALUE * S.D
1.563 «111 2.69¢ «253 1.156 .169 . 797 . 267
1.547 . 246 2.f53 .2U1- JAu61 .092 . 589 <190
FRC 1.461 .178 2,243 «261 .367 . 089 . 542 .176
0.000 0.000 0.000 0,000 .102 . 036 485 .175
.023 .012 Lok <135
1.758 .221 2.378 «292 .578 . 049 767 .258
1.719 .28 2.355 .286 . 266 .119 €28 .217
FRC+. 5L 1.521 <195 2.133 .190 . 234 .023 . 598 .222
0.000 0.000 0.000 0.000 173 . 013 . 548 <194
2.625 . 524 3.283 . 534 .836 .126 1.000 . 588
1.917 .097 2.275 +319 .363 .072 <711 . 258
AS FRC*1L 1.778 «537 2.200 423 «193 . 080 €28 191
1.379 «155 1.483 .231 .082 . 003 . 561 .230
1.092 .238 1.265 «176
0.000 0,000 0.000 0,000
1.770 .198 1.941 <119 1.031 . 076 .824 .259
1.578 375 1.663 . 244 .398 . 068 .709 . 241
FRC+2L 1.381 Jub 1.422 <147 .127 .018 640 - 221
1.102 «173 1.023 .303 . 051 013 .578 .22h4
0.000 0,000 0.000 0,000
1.896 . 207 2.317 .282 1.250 .039 . 296 .092
1.675 .070 1.768 «229
TLC 1.582 .359 1.548 .229
1.378 .150 1.518 .185
.138 . 031 0.000 0,000

#s1



10cm

HEAD LIPT MANOEUVRE

RESPIRATORY FUNCTION MANOEUVRE

SUBJECT | LUNG VOLUME [JEMG (xEMG head mass) HL (xHead Mass) EMG (xEMG head mass) Pmusc (xPmusc max)
VALUE #+ S.D VALUE * S.D VALUE * 8.D VALUE * S.D

2.176 362 2.637 .223 .837 .278 .881 <145

1.822 . 247 1.800 L9€ .199 . 049 .650 . 048

?RC 0.000 0,000 0.000 0,000 .157 .022 «552 .Ols

. 099 . 003 . 530 .024

1.987 U439 2.494 «179 .196 . 088 511 . 086

FRC+.5L 1.479 « 500 1.972 .210 . 069 .013 Lol .052

. 543 .057 1.550 .102 .023 .012 .338 .022

2.439 .392 2.918 . 261 .9L5 . 065 .877 .207

2.236 .320 2.690 .138 . 252 .071 «592 147

AS #RC+1L 1.654 .288 1.735 .270 . 082 .039 JA66 .039
: « 799 . 080 1.291 . 093
0.000  0.000 0.000 0,000

2.252 JUbé 3.042 «126 .952 . 063 1.000 .071

2.051 243 2.207 093 122 . 005 .533 .025

FRC+2L 1.676 . 054 1.542 .24s . 060 .033 66 . 067
0.000 0,000 0.000 0.000

3.103 «255 3,747 .236 . 845 . 029 .228 .012
2.399 .302 2.501 <196
TLC 2. 061 «379 1.972 .154
1.582 «110 1.454 . 089
. 061 .017 0.000 0,000




3cm

10cm 156
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Acm

HEAD LIPT MANOEUVRE RESPIRATORY FUNCTION MANOEUVRE
SUBJECT |LUNG VOLUME |EMG (XEMG head mass) HL (xHead Mass) EMG (XEMG head mass) Pmsc (xPmusc max)
VALUE * 8.D VALUE t S.D VALUE = S.D VALUE + S.D
2.000 .318 2.087 «331 . 545 .120 . 737 .051
1.459 145 1.500 .148 157 - .033 «575 .052
FRC 1.362 121 1.289 . 08¢ . 050 .020 | U435 . Olly
0829 00?1 0881 0088
.510 .082 .600 .030
0.000 0,000 0,000 0.000
1.385 .110 . 900 145 . 562 .152 . 739 . 081
<975 . 066 .7€5 . 088 . 249 . 0L6 696 .079
fRC+.5L .375 . 054 475 .059 . 104 . 064 . 577 .082
. 049 . 013 365 . 065
1.905 .1b5 1.113 .073 .687 .300 1.000 112
| 1.190 .110 .783 .139. .159 . 081 .659 . 050
CW FRC+1L 772 .220 .655 .136 .106 .053 .509 . 048
2.175 «159 1.518 330 .388 .143 774 063
1.044 . 096 .807 . .075 «170 .030 .650 . 063
?RC+2L .892 .055 . 587 . 098 «129 .110 . 552 . 094
.883 .233 JAU66 . 040 . 031 .010 433 .051
0.000 0,000 0.000 0.000
2.225 .217 1.543 .180 .106 . 067 .354 .020
1.763 .380 975 . 084
« 294 .121 0.000 0,000




_;Ocm

HEAD LIFPT MANOEUVRE

RESPIRATORY FUNCTION MANOEUVRE

SUBJECT J LUNG VOLUME ]EMG (xEMG head mass) HL (xHead Mass) EMG (xEMG head mass) Pmusc (xPmusc max)
VALUE + S.D VALUE t S.D VALUE * S.D VALUE * S.D
| 1.116  .201 1.326  .138 311~ .019 .950  .095
1.008 .280 1.038 . 069 .102 - .009 633 . oLl
rRC .650 116 .850 . 077 . 096 .008 . 509 .039
<309 . 080 349 .051 .025 . 004 ¢392 .025
0.000 0.000 0.000 0.000
r . 943 187 1.050  .123 .292 .06 1.000 .078
725 .032 . 764 143 .165 .016 . 761 . 056
*RC+. 5L 430 . O4ly . 568 . 063 . 084 . 009 «573 042
0.000 0,000 0.000 0.000 . 009 .010 .380 .034
1.535 11k 1.717 .186 .325 . 026 .899 . 074
1.175 «127 1.230 . 079 e175 .021 L67€ .030
CwW FRC+1L .817 «221 J9U7 .100 .071 . 008 499 .039
: Jhb . 049 . 720 .071 . 005 . 005 375 . 073
0.000 0,000 0.000 0.000
1.706 .118 1.717 .190 .236 . Olh . 897 «132
1.037 . 329 1.038 . 069 <144 . .019 615 . 034
FRC+2L .626 . 053 739 .107 . 038 . 020 . 558 . 054
0.000 0.000 0.000 0.000
1.649 117 1.652 .183 «255 . 098 U7 014
1.020 « 263 1.025 . 216
TLC .719 .123 .807 .075
«102 . 067 0.000 0.000
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PM

Mouth Pressure
( cm H20 )
Value * S.D.

LT
[

Lung Volume
( Liters )
Value + S.D.

Mouth Pressure
( em H20 )
Value + S.D.

Lung vVolume
( Liters )
Value + S§.D.

31.750
24.500
22.000
19.500
16.500
14.250
12.000

8.500

0.000

2.250
0.500
0.000
0.500
0.000
1.250
0.500
0.500
0.000

L.125
3.395
2.995
2.475
1.845
1.245
0.795
0.365
0.000

— . e ————————————
AS

0.125
0.150
0.000
0.070
0.000
0.000
0.000
0.030
0.000

33.500
28.000
23.750
20.000
17.750
14.000
12.500
11.000

7.000

6.500

0.000

0.500
0.000
0.250
0.000
0.750
0.000
1.500
0.000
0.000
0.000
0.000

3.525
3.350
2.800
2.550
2.125
1.800
1.475
1.100
1.000
0.700
0.000

0.075
0.000
0.100
0.000
0.025
0.000
0.075
0.000
0.000
0.000
0.000

Mouth Pressure

Lung Volune

Mouth Pressure

Lung Volume

( em H20 ) ( Liters ) ( em H20 ) ( Liters )
Value * S.D. Value t S.D. Value t+ S.D. Value + S.D.
32.000 0.500 3.325 0.050 31.500 0.000 2.550 0.025
30.000 0.000 3.100 0.000 29.250 1.250 2.375 0.025
29.000 0.000 2.950 0.000 26.500 0.000 2,100 0.000
27.000 0.000 2.750 0.000 21.000 0.000 1.725 0.125
25,000 0.000 2.500 0.000 "15.500 0.000 1.125 0.125
21.000 0.000 2.150 0.100 9.500 0.000- 0.600 0.000
18.000 0.000 1.650 0.000 8.000 1.000 0.225 0.025
15.00C 0.000 1.500 0.000 0.000 0,000 0.000 0.000
12.000 0.000 1.150 0.000

0.000 0.000 0.000 0.000

17"
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Note:

The following manoeuvres were performed at a

head helght of 3cm above the bed.

Manoeuvre Symbol

Recording No. 1
Recording No. 2 @ | = = = = = =
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LUNG

MEASUREMENT No. 1

MEASUREMENT No. 2

SUBJECT {1 U EMG MASS ENG MASS
uv K& nv Ke
774 448 10,344 591.372 10.032
341.899 7.953 324,763 7.365
FRC 110.942 5.429 147,968 4,837
57.364 2.964 75.364 2.892
LT
693.330 8.900 6£93.330 8.800
640,000 7.350 586.670 6.350
FRC*+2L | 355,560 3.800 337.780 3.500
33,036 0.000 1.924 0.000
429,600 32.687 367,200 31.113
303.520 10.702 386.480 13.098
FRC 1hs.446 5.817 212.734 7.703
72.469 2.202 123.895 5,434
PM
372.860 12.215 351.140 9.955
FRC*2L | 316.130 6.000 357.210 16.000
303.264 8.757 Iy, 736 9,243

HL MANOEUVRE AT A HEAD HEIGHT OF 3cm ABOVE THE BED
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HEASUREMENT No. 1 MEASUREMENT No. 2

SUBJECT LUNG ENMG HASS ENG MASS

VOLUME uv Kg uv Kg
832.000 11.858 768.000 12,942
618.680 12.701 821.520 11.707
FRC 680.120 9.634 815.880 11.000

AS
958.016 8.828 854 . 848 9.030
925.728 8.387 690.016 6.909
FRC+2L | 598,400 6.196 816.000 6.891
514.272 3. 547 614.000 5.863
788.470 10.644 633.750 8.556
Skl , 490 6.564 493.370 7.236
FRC 503.300 6.029 165. 580 5.833
305.290 4.257 284.350 3.851
161.220 2.660 201.440 2.860
cw

755.550 8.153 791.110 5.811
386.820 3.554 355.400 3.872
cnceay | 1210100 2.382 313. 560 3.018
384,110 2.223 250.130 2.067

HL MANOEUVRE AT A HEAD HEIGHT OF 3cm ABCVE THE BED
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MEASUREMENT No. 1 MEASUREMENT No. 2

SUBJECT LUNG EMG Pmusc ENG Pmusc
VOLUME uv cm H20 uv cm H2C
462.220 60,000 L62.220 60.000
346.670 55.000 337.780 52.500
¥RC 231.110 45,000 160,000 40,000
35.560 30.000 Ll 440 25.000

LT
3554560 67.238 408,890 77.238
213.330 57.238 142.220 57.238
PRC+2L 160.000 52.238 155. 560 49.738
26.670 42.238 35,560 42,238
321.523 75.286 515.977 68.214
389.504 70.481 222.156 76.947
#RC 243.558 52.325 123.702 70.591
87.195 52.257 197.385 60,743
PM
120.000 75.159 260,000 80.159
100,000 70.409 200,000 73.909
70.000 62.034 90.000 67.959
FRC+2L

43,056 54 . 7044 70,278 62.034

RM MANOEUVRE AT

HE HEIGHT OF 3cm

OVE THE BED
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MEASUREMENT No.1

MEASUREMENT No. 2

SUBJECT LUNG EMG Pmusc EMG Pmusc
VOLUME av cm H20 uv cm H20

659.882 89.786 524.118 82.714

227.598 56.982 275.598 61.982

PRC 227.598 56.982 148.402 60.518

35.029 56.036 68.971 L8.964

64343 45.518 17.657 41.982

AS

505.373 87.441 550.627 90,977

232.284 80,245 175.716 73.173

72.558 65.673 57.842 72.745

FRC*2L 20.343 68.432 31.657 56.652

161.040 64.821 226.760 66.509

47.200 53.018 64.800 49.482

FRC 24.063 40,518 11.493 36.982

CW

181.778 67.209 93.782 70.745

52.871 60.193 6£8.169 55. 547

FRC*2L 82.770 54,782 9.230 43,588

7.968 36.202 14.254 40.918

T AH HEIGHT OF 3cm ABOVE THE BED
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APPENDIX D

A MODEL OF THE NECK

Assume that the neck behaves like a hinge. The axis of
rotation is located in the middle of the neck, as shown in Fi-

gure 1.

FIGURE 1

The mathematical analyslis consists of finding the force
?1 that 1s generated to support the welght mg. The method
that is used here 13 the calculation of the total moment at
the axls of rotation. From the geometry of the system, the

force F, generated by the muscle, 1s found.
At equilibrium, the total moment around point A is:
Fy x L sing - (mg + F3) x L cos@ =0 D.1

where Fq = F cosa and Fp = F sina.
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By solving equation D.1, one gets an expression for the force

F generated by the SCM muscle. This force lis:
P = mg / ( % cos« - sina ) D.2

where mg 1s the total welght 1lifted during a speciflc manoeuvre.
The complexity of the neck system does not allow « to be
greater than 45 degrees, l.e., 0{%x{ 45 . This implies that
cos « varies between 1 and 0.707, and sin«x , between 0 and 0,707,
These variations are small compared to the variation of the
ratio a/c. As « increases, the ratlo a/c increases a lot be=-
cause a increases and c decreases. Therefore, since mg 1s cons-
tant during a specific manceuvre, the increase in head height
glves rise to a decrease in the force ¥ generated by the mus-
cle to perform the same head 1lift. Thls decrease is inversely
proportional to the ratio a/c.
The model applies also to BRM manoceuvres. The welght mg
has to be replaced by a system which has the same effect on
the muscle. Thls system conslsts of representing the respi-
ratory system by a piston in which a negative pressure exists.
Thls pressure represents the inspiratory pressﬁre performed du-

ring the manoeuvre.
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