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ABSTRACT

-

Saunders and his associates reported that dhrigg

.

J submaximal neuromuscular blockade, vital capacity" was
. s

reduced to a greater extent than would have been predicted
!

%. according to the reduction in the maximal inspiratory pnes-— -

sure in a simple mechanical model (J. Appl. Physiol.
.

44:589,1978). Disproporticnate respiratory muscle weakness
and a different recruitment pattern for different wvoluntary
efforts were proposed as possible explanations.

This issue was addressed by measuring the rectified

.

electromyogram of tﬁe diaphragm, intercostal, scalenes, and

stérnomaastoid muscles during maximal and submaximal atatic

inspiratory manoeuvres. Two studies were performed. The
L 3
v

control series of experiments showed that at very low levels
of‘ static pressure, only ‘Ehe diaphragm was activated.
Further increases in pressure then recruited tEF
intercostal/accessory muscles, in some subjects more than in
others. There was generally an orderly inhcrease in the rec-
tified EMG in all muscles with elevations in pressure. For
particular levels of pressure to be produced at lung volurfes
P .

above the relaxed end-expiratory , position, the EMG was

increased, Compared to the maximu EMG elicited with
114
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maximil static pressures or full inépirationa, reating ven-

tilatory requirements sgtill leave .a large myo-electric
ke f_ i
reserve.

In the submaximal neuromuscular block study, the

mean maximal inspivatory pressure was decreased from 103 to
, .

o

39 cm H20, but only two of the five subjects behaved in the
manner obscr;;d by Saunders and his associates. There was
no clear evidence that the diaphragm was less hffected; than
the other muscles. In many cases however, a submaximal
level of pressure was achieved by augmented EMG in all mus-
cles. It 1ie s8suggested that curare interferes with thg
conversion of electrical events into whole muscle tension

and/or that the ifmpaired chest wall volume compartments are

inefficient at producing static pressure. .
\-
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INTRODUCTION



I. INTRODUCTION

In healthy individuals, the functional capacity of
the respiratory musculature appears to be in excess of most
physiological requirements. Evenv during high-intensity
exercise, muscle pressure and air flow rarely approach their

maximum [180), and alveolar ventilation is gufficient to

maintain the arterial blood gas tensions [77]. In the pres-
ence of nerve and/or muscle disorders however, respiratory
muscle pressure c¢an become inadequate and réspiratory

failure result if assisted ventilation ie not provided.

Pharmacolegically-induced conditions of acute neu-
romuscular weakness can mimic the clinical picture. Not
only do they further our understanding of the manner ' in
which the respiratory system copes with weakened or fatigued
muscles, but insight is offered into other fundamental pro-
perties of skeletal muscle.

The 1nvestigation; reported in this thesis were
stimulated by the observation that during submaximal neu-
romuscular blockade, vital capacity was reduced to a greater
extent than would have been predicted according to the

reduction in the maximal inspiratory pressure in a simple



mechanical model (232]. Digproportionate regpiratory muscle
ueakncsg and a different recruitment pattern for different
voluntary efforts were proposed as possible explanations.
This issue was addressed by-measuring the rectified-
¢lectromyogram of the diaphragm, intercostal, 8calenes, and
sternomastoid muscles at the time of maximal and submaximal
static 1nspiratory manceuvres before and during partial
curarization. Thié would determine the level of activation,
relative to that at maximal inspiration, over the full range
of respiratory pressures for the four muscles. If curare
affectsh particular muscles more than others, the manoeuvresg
in which their recruitment was extensive originally, would
be expected to be most impaired. Specifically.rit wasg
hypothesized that if the inspiratory capacity was more
iﬁpuired than the atatic inspiratory pressure, then the
extra-diaphragmatic muscles would show greater reductions in

their_clectromyograms than the diaphragm. .
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II.A. RESPIRAWTORY MUSCLES

IT.A.]l. Action of the Respirntory Muscles

For air to enter the lungs, a pressure differential
must occur between the environment and the alyrecli. ' This
differéntial is developed by the inspiratory. regpiratory
musgcles uﬁich expand the thorax causing a decrease in the
intrupl;ural pressure. The pressure difference acroas the

lungs enlarges the alveoli to produce a momentary decrease

in the alveolar air preasure. 5Since alveolar pressure ig

now less than atmospheric pressure, air flows into the lungs

following the gradient. Pressure equalization 1is finally
reached at the end of the breath when inepiratory muscle
contraction ceases. Expiration is usually the reverse pro-
cess where primarily elastic forces increase alveolar pres-—
sure above atmospheric and air flows out, Unless specifi-
cally stated otherwise, the focus of all discuseion in this
thesis is on inspiratory events.

A full description of the mechanical events during

the breathing cycle would consider the muscles undergoing

coutraction, the forces which result from such contraction,



and any motion of pParts produced by those forces {45].
Rarely can this be accomplished because it is difficult to
determine whether movement of any particular ﬁart of the
respiratory system 1s the cause or the effect of muscular
forces. In addition, consideration must be given to tﬁose
parts which do not move. Whether it 18 &8 rigid structure or
a muac%e contracting isometrically, the participation may be
¢ritical to the smooth performance of the inspiratory act.

Our early understanding of the muscular aspeéts of
‘bpeathing 1ia due to the immenge contribut;on of Duchenne
[82]; From extensive clidical ‘studies and the g?e éf
Faradic stimulation on man, recent cadavers, and animals, he
observed that diaphragmatic contraction caused the ribs to
move in an upward and outward direction. Both the antero-
po;terior and the latéral diameters of the thorax expanded,
the latter ﬁuch more so. On stimulation of one phrenic
nerve, motion was restricted to the ipsilateral side.
Inward airilow could be heard in these experiments, even in
dead animals. He recognized the importance of an abdominal .
fulcrum when the contracting diaphragm pulled in the lower
rib cage in studies with evisceration. To 1llustrate the
force of the diaphragm, he described that applying the figt
to the inferior aspect of the central tendon in horse only
minimally prevented the diaphragm's movement downward.

Using radiclogical techniques, Wade L260]) was one of

the first to quantitate the movement of the diaphragm.
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During quie; breathing in the upright posture, hé observed
that the diaphragm descended by a mean value of 1.;3 cm.
The inspired volume, as monitored by the spirogram, wa; 799
ml. When a deep ingpiration of 3200 ml was made, the thora-
Cle cage was 1lifted vertically by 2.6 cm while the
diaphragm's e;curaion relative to thg ribs was approximately
10.3 cm, ranging from 7 to 13 cm. Tﬁé chest circumference
increase varied from 5 to 1l cm. When the supine pgqture
was assumed, the amount of diaphragm movement did not change
but the position at the beginning of the brsath was more
cephalad. Wade's calculations of the diaphragmatic' contri-
bution to a large inspireq volume , approximately three-
fourths of the total volume, has often been quoted. How-
ever, his simultaneous equut;oné were solved using diaphragm
and thoracic cage displacements which vere oEtained in dif-
ferent postures. The calculations would be reasonable egti-
mates only -if the relative contributions of the two parts is
»constant in the two positions.

Wich electromyography it is possible to demonstrate
specifice musc}e involvement. Action potentials are produced
only when muscle fibres are stimulated to contract. Camp-
bell [44] was the first to use this technique extensively on
respiratory muscles but he realized that although the elec-

v

tromyogram (EMG) illustrated the circumstances in which mus-

-

cle contracted, it alone did not provide information on the

muscle's mechanical action or its swspecific respiratory



function. (Some predictions of function can be made based
\

on the known origin and insertion of a muscle.) However,

when the change in EMG correlates with the intensity of the

effort, it strongly suggests a contribution. "Non-specific

v

activity” is likely where no such gradation in EMG is
present, This 4i8 often seen during maximal muscular
efforts. In most subjects, Campbell detected activity in
the 1ntercost9i muscles during quiet breathing. In the
upper intercostal spaces, the activity was less than in the
lower spaces. It could not be determined whether there was
actually less contraction or if this was the gite of smaller
motor wunite. The s8calenes contracted measurably in only
some subjects at rest but when the tidal volume reached 40 -
60 % of the inspirntory capacity (IC), all individuals pro-
duced EMG in this muscle. The sternomastoids were usually
quiet during normal breathing but seemed to be recruited
when 70 - 85 % of iC was reached. Of the dynamic thoracic
movements, only near-maximum inspirations elicited abdominal
mugcle contraction. Thins effect however, was also easily
produced by slight non-respiratory actions of Fhe trunk such
a8 changing posture. When the airway was occluded, abdomi-
nal activity was détecteg/ with inspiratory efforts of
S :

approximately 40 cm H20 and greater.

Following up Campbell's work, Tayleor {253] investi-

gated the particular circumstances of contraction of the

intercostal musclee with concentric needle electrodes. This

R



technique has the ‘advantage over surface electrodes in that
the EMG 18 uncontaminated by overlyiqg:'-;on-respirntory
skeletal muscle such as the pectoralis. Jn most parts of
) ~ N
the thoracic cage, two layers of intercostal muscle could be
determined. Inspirntory behqviour was confined to the
external layer while the internal layer -was active during
expiration. The parasternal region however, appeared to
behave differently. Aéatomically. these muscles are part of
. v
the internal 1ntercost;ls but they contracted only during
inspiratioq; They were even active during quikt breathing.
In some subjects, this pattern extended dgéi to the fifth
intercostal space. Taylor could not . confirm Campbell's
observation of inspiratory activity in the lower intercostal
spaces and suggested that the diaphragm's vertical fibres
lying directly beneath auchlspacea, cpuld have contaminated

the earlier results.
o

Using needle electrodes, Raper and:co-workeré (219]
confirmed th? lung volumes at which scalene and sternomas;
toid electrical activity started.

////Several inveutigafionn have also considered the pos-

gible involvement of other skeletal muscles such as those in

- -
‘ -

the lower thoracic and lumbar region of the back, the tra-

L}
peziuve, and the pectoralis. These have been classified as
: I
accessory respiratory muecles demonstrating limited finvolve-

ment in inapiration, and thought to assist in stabilizing

the trunk in severe expiratory cfforta.léﬁ,60.203].
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One of the earliest descripticons of direct EMG

recording from the human diaphragm was made by Nieporent

7N
{203). He inserted a needle clectr?dE through the interco-~
{

stal space 1into the diaphragm Ab a point just be[ow the

phrenic sinus in the right anterior axillary line. Strong
electrical activity was observed during inspiration. When a
"dyspneic” air mixture'of 6% carbon dioxide, 10% oxygen, and
84z ﬁitr?gen wag breathed, the inspiratory EMG became Qery

strong. .

By record;ng esophageal pressure, abdominal preé—
»
sure, and the diaphragm EMG with an esophageal electrode,
Agogtoni and associates [3] and Petit and co-workers [213]
were able to re}nte'thc behaviocur of the diaphragm zo par-
ticular mechanical events during breathing. AB the
diaphragm contracted, 'inspiratory flow began. More impor-
:

tantly, trans&iaphrugm&tic pressure (Pdi), the difference
begucen abdominal pressure and esophageal pressure, was
always in phase with flow. The lung can only expand to the
extent that pleural pressure becomes more negative and any
pressure on :h; viscera will be Toted ;a an increase 1in
abd?minnl pressure. Therefore any diuphragﬁ contraction
must chanée Pdi and 1t has now become accepted as a usgeful
expresasion of diaphragm force. \

When the diaphragm contracts, one of two resulting

actions or their combination are possible. This is evident

" when its anatomical location is considered. Dorsally, the

2
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diaphragm inserts on the second and third lumbar vertébrae

and on the medial and 1lateral arcuate ligaments. As it

develops to the side, it inserts on the costal edge of the

A

Bix lower ribs, rising so that its ventral aspect inserts on (

the xiphoid process ([ll1]. It may be thought of as a dome

with muscular wails and a non-muscular cap. Descent of the

central portion of the diaphragm presses dircctlj on the

abdominal contenta. To the extent that the abdomen may be

congsidered a container of water having only the vertical

3 . 1

frontal wall which is compliant [84}, the abdomen Jprotrudgs
e

forward. The potential pleural space is increased causing

the lung to be inflated. If the abdom;n offers resistance,, -

as may occur when the abdominal muscles are contracted, th;

diaphragm cannot descend to any great extent. Since in the

relaxed end-expiratory ;ositionk(e.e.p.) its costal fibres

run vertically along the inner wall of the‘rib-cage,-on con- ~—

tract#on the diaphragm lifis the rib-cage while puahing the

!

lower ribs outward. The movement -resembles that of a
"bucket~handle". These two possibl? motion® have been
described as- "abdominal” and fcoatal" breathing respec-
tively. However as analyzed here and as Wade [260) showed
radiologicaliy. diaphrngm?tic contraction is fundamental to
both. -

The action of the diaphragm is now believed ‘to be

the result of "two muscles". Using direct muscle and

phreqic stimulation techniques in dogs, DeTroyer and his

. .5
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assoclates ([71) separated the behaviour of the costal part
of the diaphrugm from its c¢rural component. Both parts,
when stimulated, increased lung volume, abdominal pressure,
and transverse abdominal diameter. The <costal part also
expanded th&louer rib cage while crural etimulation alone
had no influence on it. Abdominal pressure had a major
cffect_ on the rib cage because with the abdomen open, rib
cage expansion by the costal part was only slight and crural
gtimulation c;used-parudoxical dieplacement of the rib cage.

The phrenic nerve roots, C5, C6, and C7, were found to
<y’ .
innervate, regpectively, primarily the anterior costal, the

posterior costal and some crural, and priﬁarily the crural
parts. - |

The precise role of the intercostaf/ucceasory mus-—
cles ‘13 8till a source of debate [47]. Taylor's work [253])
demonstrated their activity to be simultaneous with inspira-
tion, and Koepke and co-workera [151), also ‘using needle
electrodes, foun& tﬁEt as the breath became larger, there
was progressive recruitment of intercostal mudcles beginning
with the uppér muscles and then spreading to the lower ones.
Goldman and Mead {111], and Grimby and associates [120) sug-
gested that, at rest At least, "the diaphragm was the only
importantly active muscle". The rib cage appeared to behave
as a passive elastic elgment.

If this indeed is the case, the rib cage should be

drawn’ inward on inspiration due to the increased negativicy
-
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—

df.pleurul pressure. Such paradoxical motion occurs in qua-
driplegics whose intercostal muscles are paralyzed. Danon
and associates [59) studied respiratory muscle function 1ipn
quadriplegics with spinal cord lesions at the first cerv%cal
vertebra. .During spontaneocus breathing with the stefnomas—
toids and trapezius, the upper rib cage was expanded but the
diameter acrose the abdomen was reduced guggesting cephalad
drawing of the fTaccid diaphragm. On mechanical ventila-
tion, both the rib cage and the abdomen were expanded. This
procedure shows the true passive elastic behaviour of these
parts independent of diaphragm 1nvqlvement. When phrenic
pacing was introduced, the motion of the rib cage wasg
1nward3 opposite to that seen during mechanical ¥entilution.
These results suggest that in héalthy subjecta, the
diapﬁrugm would drive the rib cage, but ih order to, prcventA

distortion and wasted effoat, the intercostal/accessory mus-

cles probably have an important stabilizing role.
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IT.A.2. Static Respiratory Mechanics

) As Petit and his associates [213] demonstrated, the
mechanical behaviour of the diaphragm can be quantified, but_
such an analysies is not possible for the other reespiratory
muscles.' Evaluation is therefore made of their net interac-
tion by measuring several different pressures. Furthermore,
by studying the sources of resistance to breathing, it is
apprecliated why these pressures must be deveiqped.

The basis of our understanding of respiratory
mechanics has been well described in the edited works of
Fenn and Rahn‘[95] and Campbell an; his associates {46]. 1In
a mechan;cal system such as a bellows pump, the pregsure
required of the pump to move air can be described by the
equation of motion,

P = E(V) + R(V) + X(V)
The firat term, E(V), relates to the opposition to air flow
Presented at an instantaneous poéitiﬁn of the bellows pump
or the bellows volume, V. This is the static component of
the overall pressure required. The latter two terms, R(G)

and I(U)kare dynamic components which deal with instantane-

ous velocity or flow, and instantaneous acceleration or



volume dcccleration. respectively. During the course of a
single pump cycle which draws air into the bellows, the
terms are not constant and do not reach fheir maximum values
at the samF time: The opposition to acceleration reaches
its peak at the moment when the direction of air flow
changes, e.g. at the completion of expiration and start of
inspiration. With respéct to velocity, the resistance will
be greatest when the air flow rate.1s greatest. During
breathing, thisroccurs approximately during the middle of
inspiration and expiration. The effect of position 18 maxi-
mal at the end of inepiration where ela;tic recoil of the
respiratory system 18 increased compared to the end-
expiratory position. This may be likened to a spring in the
bellows which returns the pump to its original position.
The maximum opposing pressure of the first term is approxi-
mately 3 and 1000 times greater than the second una third
terms respectively,.

In the studies reported in this thesis, quantitative
electromyographic techniques have been used. These methods
preclude the investigation of conditione incorporating
dynamic muscle contraction because muscle length change and
the r?te of the change affect the EMG recorded. The effect
_ {
of flow resistance and inertia on the nuscle pressure
-developed are therefore eliminated. w1tﬁ the emphasis. on
isometric or near-isometric contractions, muscle pressure

deals only with overcoming elastic resistance. The focua of
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the next section will be on the mechanical description of
the respiratory system in the static state.

Hhen an individual iA at his e.e.p., alveolar pres-
sure 18 identical to atmospherlc pressure. If he inhales to
hia inspiratory.;apucity and the airway 1is then qui;kly

occluded while he consciously relaxes all his muscles, the

alveolar pressure becomes positive relative to the atmo-

sphere. A typical value is 40 cm H20, that is, the passive

recoil of the respiratory system has a tendency to collapse
at that 1lung volume with a pressure of 40 <m H20. If one
relaxes in a similar manner while at his :Lsidual volume,
o .
the respiratory system exerts an outward redg}&wpressure.
The alveolar pressure would be approximately -35 cm H20.
Since these are static conditions, the air pressure is
identical at all communicating pofhts in the airways of the
lung. Therefore, this ajirway or alveolar pressure can be
measured through a port on the méuth side of an occlusion
imposed’ by a respiratory mouthpiece. Recording of alveolar
pressure at various lung volumes over the vital capacity
réﬁge' préduces a sigmoid—shnpcd curve on a graph with pres-
gure and lung volume as the abacissa and ordinate respec-
tively. This curve 18 called the static passive pressure-
volume characteristic of the whole respiratory system,
Pet(rs). At low lung volumes, alveolar pressure is negative

and air would enter as soon as the occlusion was removed.

At the e.e.p., the curve passes through zero pressure.
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Positive pressures are seen at all lung volumes above e.e.p.
A typilecal curve is shown in Figure 1 which has been repro-

duced from Agostoni and Mead [4)]. Over the mid-volume range

¥
where most breathing occurs, the curve is linear. The plope

"here 18 the compliance and expresses the proportional change

of volume with respect to pressure. A normal value is
approximately 0.1 1/cm H20.

Pét(rs) has 2 caomponents. If the lungs c¢ould be
removed without disturbing the rest of the thorax, the chest
wall would have a pressure-volume relationship as described
by Pst(w) in Figure 2. The chest wall includes all the
intrathoracic and extrapulmonary structures, the rib cage,
the diaphragm, the abdominal contents, and the abdominal
wall. Itsrequilibrium point is at a volume position which

ie greater than the e.e.p. % The lungs have a separate

_pressure—volume relationship as.shown by Pst(l) in Figure 2

[4]. As long as it 18 not collapsed, it always exerts a

'positive recoll pressure which would tend to cause expira-

tion. At any lung volume, Pst(rs) is the sum of Pet(w) and
Pat(1l). These inter-relationships were firet clearly
described by Rahn and associates (216]).

To maintain lung volume at the €.e.p., equivalent to
approximately 35X of the vital capacity in Figure 2, no mus-
cular effort is required. The tendency for expiration due
to lung recoil is opposed by the tendency for ingpiration on

the part of the chest wall. Therefore, Pet(rs) is zero at
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this point. To hold a breath at 55% of vital capac;ty with
the glottis open would require a net respiratory muscle
pressure of 9 cm H20, the same as Pat(rs) at that volume.
There iarno elastic recoil from the chest wall. all effort
1s expended to oppose lung recoil. At even higher lung
volumes, the muscles must work against both the chest wall
‘and  the lung. Herein, we have quantified the firet term in
the equation of motion, that opposition due to inetantaneocus
position, E(V). The value of E isg equivalent to elaetapce.
or the inverse of compliance (1/¢). If lung volume were to
be 1nc;eased from e.e.p. by 1.5 1, the elastic presaure

which must be overcome by muscle pressure ig:

P = E(AV) = 1/C(AV) = [1/¢0.1 1l/cm H20)] x 1.5 1 = 15 c¢m

H20.

To put a pressure of 1S5 cm H20 into perspectivé, we
compare it with the maximal pressures the muscles are able
to produce [4,54,216]. The results of Figure 3 [4] are
achieved by a series of maximal inepiratory and expiratory
efforte against an occluded airway. At different lung
volumes, the alveolar pPressure was measured. The solid
lines at the right and left sides of the figure, are the
actual pressures measured with the transducer. A maximal
inepiratory effort at 80% of vital capacity gives an alveo-
lar pressure of -50 cm H20. The broken lines are the calcu-

lated values for muscle pressure (Pmus). At e.e&.p., all the
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Pmue 18 measureable because there is no net elastic recoil
to overcome. At 80X vital capacity, maximal Pmus 1is approx-
imately -75 em H20.. Of that amount, approximately =25 cm
H20 wae first necessary to overcome elastic recoll, 1i.e.
Pet(rs) = 25 em H20, so that the appropriate lung volume
could be reached. Alveolar pressure igs still the game as
-ntmospheric pressure. Then the remaining -50 cm H20 Pmus
was used to decrease alveolar pressure further. At 100X
vital capacity, no inspiratory alveolar pressure can be éro—
duced as all Pmus is required to overcome elagtic recoil.
If alveolar pressure could be reduced further, then there
would be extra Pmus available to increase lung volume.|

Therefore when a breath of 1.5 1 is inspired, the 15
cm H20 of elastic recoil requires only ;pproximately 15% of
the maximal Pmus at that elcv;ted lung volume. The reserve
of Pmus however 13 reduced dramatically when tﬁe pressure
required for a breath is increased, e.g. with pulmonary
fibrosie or restricting garments, or if ££e Pmus available
is reduced as may occur with muscle weakness or hyperinfla-
tion.

In preparation for the manner in which some of the
results of this investiéation will be reported, the useful-
ness of esophageal pressure is presented. In Figure 2, the
pressure-volume curve of the lung shows that at any volume,

the lung's tendency to collapse is described by a positive

alveclar pressure. It is equally accurate to express this
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same recoil as a tendency to pull away from the inside of
the chest wall. This pressure is negative in direction but
the magnitude is the same.- When alveolar pressure becomes
negative during a static inspiratory effort, the average
pleural pressure changes by the same amount [48]. On an
ubsoldte scale however, 1t will be more negative than the
alveolar pressure by an amount due to the recoil of the
lung. For example, at I 1 above the e.e.p., alveolar pres-
sure is zero but -Pst(l) is approximately -10 cm H20. If an
inspiratory effort decreases alveclar pressure to -50 cm
H20, the average pleural pressure would be -60 cm H20.
Pleural pre;sure changes are reliably recorded with an eso-
phageal balloon [186]. Esophageal pressure (Peg) has
several advantages. (1) During respiratory manceuvres with
a closed glottis or buccal muscle recruitment, alveolar
pressure 18 not properly indicated by mouth pressure. (2)
Esophageal pressure is an instant indicator of regpiratory
muscle activation. (3) Pmus can be dstermined as the
difference between Pst(w) for the appropriate lung volume

and Pes.
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g‘ N 4
1
II.B. MECHANICS AND ELECTROMYOGRAPHY OF SKELETAL MUSCLE
/

/.

In this research, the sgtatic analysis of refpiratory
muscle function must be considered within three aspects: the
gradation of force, the relationship of force and EMG, and/
the production of force at different muscle lengths. These
features are essential factors in 'br?uthing since the
inspiratory muscles continuously exert an increasing force
while shortening.

The force produced by a, muscle's contraction is
related to the number of motor units etimulated, the stfmu-
lation rate of these motor units, and the number of fibres
within the motor unit. Based on ié%mctric contractions in
cat muscle experiments, Liddell and Sherrington [163,165)
‘introduced the term "recruitment". When the excitation
1nteneitylof repeating aubmaximg} etimuli of A motoneurone

-
was abruptly increased, the myog;:;\;:EbrdLEg increased in =&
manner identical to the tension change obmerved on the ini-
tial setart of stimulation. Then in the extensor reflex, .
tension increased very slowly, often requiring ten to twenty

times as long to reach maximal force as was required for

flexion reflexes. Assuming that these tension changes could
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only be the rgault of additional contracting muscle unitsa,
they speculated recruitment of fresh motor neurons. This
was verified when, in similar preparations, the surface comj
pound action potential increased in amplitude with the
elevation in tension [55). When decreasing intensities of
stimulation of the inhibitory afferent nerve was performed
on reflexively excited knee extension, the extengsor myogram
showed an increasing resistance to inhibition. Liddell and
Sherrington (164) postulated that "motor units", the motor
neuron and its muscle fibres, combine in various numbers to
cause the gpraded response in muscle tension [240]. The
individual motor unit seemed to behave in an all-or-none
manner. Denny-Brown (78] identified that action potentials
of different shape and frequency belong to different motor
units and also concluded that the intensity of reflex muscle
contractions was related to the number of active units.
Several years after the reports of Liddell and Sher-
rington, Adrian and Bronk (1) divided motor nerve trunks
with fine needles so that the electricallactivity could be
recorded from only several intact nerve fibres. In response
to various intensities of Pinching the foot of cate, the
frequency of discharge of the reflexively stimulated nerve
fibres increased with more forcefulrcontractions. Depending
on the muscle innervated, initial firing rates of 5 to 10 Hz

were observed, but reflexive behaviour could increazse the

rate to 25 - 40 Hz. Postural reflexes could. elicit
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frequencies of 90 Hz.
When tension is recorded as a muscle is utimulated};

at different ffequencies, an S-shaped curve is produced.

—
From frequencies approximating 5-10 Hz, large increases 1in

force are achieved withi;:;c rapid levels of excitation. As
higher firing rates of approximately 20-30 Hz are produced,
the tension increases are less dramatic and eventually
achieve an asymtote {56]. The motor unit. fibre type will"
determine the particular inflection points in the force-
frequency relationship.

During a single excitation of a muscle fiﬂ}e, the
active etate of the contractile filamente must first stretch
the 1lightly damped, ae;ies elastic component before
isometric force or shortening can cccur. The rapid addition
of 8 second stimulus prolongs the active state and produces
a greater force reaponse because less tension is wasted in
extending the already stretched series elastic component. A
third rapid stimulus would increase the tension again [41])
but by a lesser amount. It 1s the max;mu? ten:iﬁn at a
given stimulation rate which is depicted in graphs of force
and frequency. o b

To assess the contributions of mgtor unit recruit-
ment and discharge frequency to the gradation of forcc,i)
Milner-Brown and his collegues [188,189) correlated the fiv—

ing of particular single motor unit action potentials with

the immediate force produced. Recruitment was the ma jor
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mechanism for increasing tension initially, at least in the
human first dorsal 1nteros§eus muscle. At intermediate amd
high "force levels, increases in firing frequency from 8 Hz
to 20-30 Hz predominated and would therefore be the ma jor
cantroller of force over normal activity levels. This pat-
;ern was verified by Monster and Chan [194] who recorded
single potentials from several hundred motor units during
isometric cont;action of extensor digitorum communis. New
motor units were recruited with small increases in total
muscle force, but over a doubling of the initial firing fre-
quency of many units occurred within the large range of
force of 10-50 times the initial tension. The excitation
rate increased more quickly the longer the delny-for‘a motor
unit to participate.

Other €vidence however suggeste that r;;ruitment is
the main determinant of a muscle's force production. In the
abductor digiti minimi brevis muscle-atudied by Bigland and
Lippold [24), firing freqqency increaees from 15 to 25 ﬂz
and 35 to 45 Hz increased muscle tenaion froq‘ resE to 25X%
MVC and from 75 to 100%Z MvC respectively. Over the 25 to
73%Z MVC range, there wag a relative frequency plateau from
25 to 35 Hz suggesting that motor unit recruitment must have
been responsible for the large increase in force in this
intermediate range. Clamann [50]) came to the same conclu-
sion when in biceps brachii muscle he only found dramatic-

changes in firing frqduency at the low and high force range.
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His overall frequency range however was more. narrow ° than

+

that obeerved by Bigland and Lippold.
From“experimcnts which have utilized .- Primarily
reflex stimulation, the manner <in which motor units are

%

recruited appears to follow a "size principle"” (126]). Slow

]

/
firing motor units develop small force, have g long contrac-

tion time, and have motor neurons with a small soma and nar-
Tow axons. These are activated whén low levels of force are
produced. In man these units are often associated with
tonic activity whereas phasic éontfuctions involve those
witﬂghigher discharge rates (123]. Small motoneurones are
more susceptible to 'diséharge because they exhibit larger
excitatory post-synaptic pote#tials. This is postulated to
be re}ated to the total synaptic input current'produced‘on
the motoneurone and the resistance of the membrane to, ghis
current [127]. , r

Muscle fibre contructiogbiu preceded by the propaga-
tion of an action potential along its sarcolemma. thn a
numger of these action potentisls are recorded by nn- elec-
trode nearﬁy, the electromyogram represents the spatial and
temporal superposition of those pogentials [61]. of :he
vari;us technical factors which determine the precise shape
of the EMG (mee Deluca [61) f&r detdiis) tﬁe following dis-
cussion will deal only with electrical ?vents océurring in

. Y
muscle. In terms of the total electrical activity, and its
- -

relation to muscle tension, EMG recorded with surface



. tlectrodes indicates the same relative changes as thoge

obtained from intramuscular electrodes [33]). This is not

the case with fatiguing contractions however [248].

Since the work of Lippold [169), to be described

below, attempts to infer muscle force from EMG records have
-

become common. This is logical in 1light of the Previpus

discussion. Increasing firing frequency, and Tecruitment
both increase the number of muscle .fibre con;fa;tiona/unit
-
of .time. /Thercfore the’ number of action potentials
' — .
increases dh;ch in turn causes greater amplitudes in the
EMG. As will become apparent houcve; such reasoning is an
dversimplifiggtion.
Lippold [159} measured the mean integrated EMG of
» - -
three 1/6 sec,msegments of a 5 sec isometric contraction from
the gastrocne ius-soieus group. The EMG increased linearly
with force increases although Lippold ;as not explicit on
the upper limit over which this occurred. Other investiga-
%ors have led reporéed iinear relationships (136,196,245].
Ingcontrast, many have observed .}elationshipu in
which thc'EMG cﬁ;nges are greater thﬁn the force increases,
particﬁlarly at high 1ntensity~ levels [157,16&,259,269].
Biglﬁnd—Ritch;e and Woods {26] discuss this apparent contro-
versy offering several explanations. (1) Some muscles may
be 1limited by their relativel; few ﬁétor units and depend

’
more on modulation of firing frequency than recguitment.

(2) , Results from different studies may not be comparable if
! r

J
f
L
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the manner in which a given level of force production was
changed e:g. ramps of continually changing tension vs.
series of ifsometric contractions, vs. rapid onset of ten-
slon, etc. (3) Motor unit recruitment alone could linearly
increase the EMG with fércc increases but the fibres added
would have to be of wuniform size with similar _amplitude
action potentials randomly distributed throughout the mus-
cle. In the first dorsal interosseus at least, units
recruited later contribute larger amplitudes to the surface
EMG [190]. (4) Fatigue causes disproportionately more EMG
for a gfben level of.force‘[&ﬁ]. (5) Finally, the func-
tional position of. a mo;or un;t on its force~firing fre-
quency characteristic must be considered. On the ateep por-—
tion, increases in the rute‘ of stimulutign produce more
force while increasing the number of actién potentials. 1f
the muscle {ibres are near tetunus._littlc added force can
be expected degpite further incrénses in firing rate.
Bigland-Ritchie - ana her associates [27] subsequently
reported that linear relationships between the smooth-
rectified EMG and force were observed in mﬁscles of predom-
inaﬁtly uniform fiﬁrg compositioﬁ‘%soleuu and adductor pol-
licis) and those which depend mainly on firing frequency for
;
controlling tension (adductor. pollicis and first aorsal
interosseus). Non-linear relations were obtained from mus—

cles of mixed fibre types 'uhich would recruit different

types of motor units at different overall contraction
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intensities, (biceps, triceps, brachii, brachioradialis) and
in a muscle which changes its force primarily through
recruitment, the biceps brachii. Milner-Brown and Stein
{190] have expressed the following caution -~ "EMG potentialsg
and contractile responses may both sum non-linearly at
moderate to high force levels, but in such a way that the
rectified surface EMG is .still approximately linearly
related to the force produced by the muscle.f In the discus-
sion of force and of EMG, no mention was made of muscle
length, yet changes in thia condition influence the expres-
sion of both of these aspects of muscle function.

Since the work.of_Blix [30]), as cited by Ralston and
agsociates (217}, it has been rcalized_that the maximum
force a mu;clé can produEe during an isometric twitch, or’
during tetanus, occurs at a muscle length which roughly
corresponds to its resting length. When the muscle 1is
either shortened or elongated, th; maximum contractile
force, that force correcting for ;ny pasaive tgnsile com-
ponent, is reduced. The generai observations hold for
amphibian {30) and mammalian muscle (18], isolated qmphibinn
muscle fibres (218), and isolated human muscle [217]).
Although ﬁuxley and Niedergerke [134} commented that the
force~length relationships found by Street and Ramsey were
coneistent with their hypothesis of mus;lgmforce being pro-

portional to the number of interacting sites between the

myosin rods and actin filaments, it was not until the work
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of Huxley and Peachey [135] and Gorden and his co—worke;s
[114) that this could be verified.
Hﬁxley and Peachey [135] investigated production of
force by isometric tetany in muscle fibres stretched to a
length that would eliminate contractile filament
crossbridges. By measuring setriation and sarcomere dis-
tances, they found that in the passively stretched fibre,
Bpacing in the'middle sections of the fibre was greater than
near the ends. Therefore in the elongated fibre, tension
could still be produced by the u;rcomeres situated away from
the centre. Further, during conEraction, the middle sar-
comeres are stretched even more. To control this stretch-
ing, Gordon and his associates [114] employed a photoelec-~
trfc device which monitored the distance of two gold leaf
markers. Thoge were placed over a secéion of the fibre
where' the striation Bpacing;was constnﬁt. When the fibre
(,4vns tetanically stimulated, any disturbance in the distance
betwecththe markers causéd‘a fervo-motor to asutomatically
adjust the position of the transducer-free tendon end. Thus
striation epacing was preserved. Gordon and co-workers con-
Btructed the force-sarcomere length relationship showing
that the optimum length for tén5£on and nost-other pointe on
the curve correlat;d well with structural indices reflecting
tﬁe number of myoein and actin interacting sites.

The characteristic force-length relationship alsge

appears to apply to some ‘in vivo human muscles, the
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quadriceps muscle group (121] and the biceps bréachit [138].
However as the results of McComas and his associates indi-
cate this will not always be so. In the éase of the triceps
surae muscle group, the greatest torque wae produced when
the ankle was very close to its maximum dorsiflexed position
[227). As a result, in the intact anatomic arrangement, the
optimum position must not be assumed to be the pame as the
resting position..'When the tibialis anterior was maximally
excited, either voluntarily or by stimulation at 40 Hz, the
optimum position for torque was near the middle of the range

of motion {176). At lower rates of stimulation, particu-

larly 20 and 10 Hz, there was no longer a clear peak of max—

imum torque. A widening plateau became ' evident. This
raises an aspect of muscle mechanics often overlooked.
Observations of the behaviour of fully tetanized muscle may
not be directly applicable to most situations in which

skelatal muscle is activated. Many limb muscles ace actu-

ally complexes of several muscles and force-length curves.

‘will depend on the relstive activation of esch of 1its com-—
ponents. Furthermore, muscles are generally activated to
perform at etimulation rates far less than their tetanic
frequency, i.e. at 5 - 20 Hz.
»

Rack and Westbury {215]) subdivided the ventral nerve
roots of cat soleus into five bundles of motor neurons and
stimulated them in a rotational order. The optimum length

for force production was shifted to longer and longer muscle

-

-3
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lengthe as the rate of stimulation was decreased from a
tetanizing frequency of 50 impulses/sec to 3 impulses/sec.
The maximum tension was reduced with the slowing of the
stimulation rate but the slow levels Weére more representa-
tive of most muscle behavicur. As the muscle was shortened,
progressively more rapid firing frequencies were required
before any isometric force was produced. Graphs of stimula-
tion rate and force shéw that all frequencies were able to
produce large gains in tension with muscle elongation, how-
ever for each frequency, the ?teep portion occurred at dif-
ferent muscle lengths.

Interestingly, two reports contain figures which
demonstrate the other possibility compared to the results of
Rack and Westbury [215]. (1) Ralston as his co-workers
i{217] predicted the effect of fatigue on the maximum force-
.musclc length relationsyip. They proposed that the optimum
muscle length would r}main unchanged, and that a given level

. .
of fatigue would simply decrease the maximum force at this
position. At all other muscle lengths, the maximum force
would be decreased by the same proportion as at the optimum
length. For a greater level of fatigue, force again would
simply be the scaled down version of the original relation-
ship. Unlike Rack and Westbury [215], Ralston's group {217]
expected all the curves of force to converge at the same

maximum and minimum muscle length. Rack and Westbury stimu-

lated all the muscle fibres at low frequencies. Ralston

/
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coneidered all the muscle fibres but they were weakened by
fatigue. (2) Houk and hig associates [129] maximally stimu—
lated three separate portions of the ventral réot of in-situ
cat goleus and measured the force response of the excited
motor wunitsg. Despitc the different condition, their data
are the same as the theoretical curves of Ralston's group.
Optimum length wae the same but the level of force for each
muscle part at the different lengths was reduced in propor-
tion to the maximum force difference. Theae reports
highlight the complexity of predicting submaximal force on
the basis of the maximum force—musclg length relationship.

Studies of the mechanical behaviour of skeletal mus-
cle have prompted #imilar types of investigations on the

-
respiratory muscles. Skeletal muscle ig under voluntnry
control but the regpiratory muscles are subject to addi-
tional autonomic influences, both excitatory and inhibitory
in nature [109]. By transferring principles developed from
limb ‘muscle experiments, we have the basig for understanding
the muscular control of breathing.

Gesell and his associates [106] measured the
activity of individual motor unitg of dog diaphragm to
investigate the gradation of force during 4inepiration. In
. the eupneic and chemically stimulated breaths studied, both
increased firing frequency and motor unit recruitment con-

- tributed to the inspired volume. The general observations

were best illustrated by two of their figures. Figure 2 of
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their report 'is a schematic representation of two inspira-
tions. In the eupneic breath, the EMG of 28 differeqt
widely spaced‘ motor units was recorded. These were
recruiteJ.in a fairly linear fashion over the time of the
breath. Those motor units active earlier in inspiration
increased their firing frequency steadily until the
appropriate volume was reached, Therefore at the start,
there were few units active and these contracted slowly. At
the end, more unite were involved and all fired more
quickly. A hyperpneic breath simply recruited .more fibres
at a faster rate and these increased their contraction fre-
quency more rapidly.

Figure 5 of their report considers 50 increasing
hyperpneic breaths. Tidal volume increased in a conch;e—
curvilinear manner over time.‘ Three muscle fibres of dif-
ferent motor wunits were isolated. When tidal volume
increased from 50 to 70 ml, enly one of the‘ units was
active, but it increassed the number of contractions gradu-
ally over the 7 inepirations ffom approximately 6 to 13
times/breath. Then the second motor unit was recruited at 2
twitches/breath, it gradually increasing 1é firing frequency
to 1! over the next 10 breaths while tidal volume rose to 95
ml. During thie time the first motor unit reached a maximal
twitch number/breath of 16. To increase tidal volume over
the succeeding 15 breaths to 100ml, a third motor unit was

recrufted which contributed at first 3 contractions, then
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more at 8 impulses/breath. Meanwhile the second unit added
2 more twitches to each inspiration. Over 15 breathe from
the time of their initial recruitment, these motor wunits
increased their firing frequency from approximately 4 to 8
Hz. The authors summarized that although the activity of
any single motor unit did not reflect the force of the whole
‘muscle, at these low excitation rates the total twitches of
all motor units sampled correlated with muscle effort, in
thies case, the breath volume.

The observations of Iscoe and his co-workers [137)
are somewhat at varinncgr with those of Gesgell. They
recorded the activity of phrenic motor axons in anaesthe-
tized cats. As Gesell and his co-workers reported, dif-
ferent units were recruifed at different times during
inspiration with the order stable evern during hypercapniea.
This correlated well with the time of activation during an
occluded breath. Once recruited, there was a general
increase in that unit's firing frequency, the mean peak fre~
quency being 13 Hz. 1In contrast, unit recruitment did not
occur steadily throughout the inspiration. By the time only
302 of the inspired duration had elapsed, 73% of the moni-
tored units ‘had already been activated. There was no
recruitment beyond 80X of the tidal volume. Thus force
would have been increased primarilyAthrough increased firing
frequency. This is consistent with the work of Milner-Brown

and aésociatea [188]. When the airway was occluded, the
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units recruited later in the breath increased frequency more
quickly in relation to the rising alveolar pressure than
those activated early. Iscoe and his associates noted that
for greater force, contraction frequency may be more impor-
tant than recruitment or that extra units were not required
if the later ;ecruited units added sufficient pressure. In
attempting to explain the difference in reference to the
report of Gesell, Iscoe's group suggested that they may not
have sampled all motor units and posaibly.misaed recording
from phrenic motor neurons which are generally recruited at
higher lung volumes.

Although not directly applicable to the present disg-
cusgion, it is interesting that several groups of investiga-—
tors have attempted to assess the output of central respira-—
tory contro&~_£;é¥ measurements related to the electrical
activity of respiratory muscles or phrenic nerves proposing
that the two should be related through tidal volume ([143]).
Eldridge [88]) observed in cats that the peak rate of the
integrated phrenic neurograd'was highly correlated with the
pressure produced by the respiratory muscles over the first
0.1 sec of an occluded breath. The latter was assumed to be
a potential ﬁechanical index of controller output.

Similar to other skeletal muscles, the force~
frequency relationship of the human diaphragm [16,199] and
sternomastoid {198] has a characteristic ﬁ:phupe. Tension

begins to asymptote with setimulstion frequencies of
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approximately 50 Hz.

As was indicated earlier, the diaphragm is the only
' respiratory muscle in which it is possible to measure its
force alone, that as Pdi. Static alveolar pressure, which
is a reflecpion of Pmus, results from the net pressure
created by all the muscles participating. "Net" opressure
has been used to allow for the possibility that some muscles
may behag& as antagonists for inspiration. (Even the
diaphragm, if taken to its limit in the caudal direction,
can compress the rib cage {191}.)

It would still be expected however that some mechan-
ical indicators of respiratory muscleb effort should be
related to myo-electrical activity in the manner shown for
o;her skeletal muscle. Campbell [45], ﬁsing a qualitative
description of the intensity of the EMG on record, described
manceuvres of the respiratory system which were associated
with greater EMG in respiratory muscles. Thes; 1nc1u&ed

3

increasing tidal volume, and gradFd inspiratory and expira-

tory static pressures. ‘

In probably the first report of quantified EMG of

tﬁe respiratory muscles, Raper and. his co-workers [219]

examined the behaviour of the accessory muscles. As  lung

volume 'was increased and heid with an open glottis, there

was a linear increase in EMG of the scalene and sternomas-
L]

toid. The increase was accentuated when volume approached

“the ubper 252 of wvital capacity. The same curvilinear
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relationship was observed during static inepiratory efforts.
At approximately -50 cm H20, the EMG increased more sharply.
The maximum amount of EMG was produced at total lung capa-
city. These observations are therefore consistent with tﬁe
relationship of EMG and force seen in skeletal muscle as was
discussed earlier.

To overcome the difficulty of aésessing the role of
motor unit recruitment, changc# in firing frequency, and
duration of the active state, Viljanen [258] utilized an EMG

technique described by earlier investigators. The number of
>

action potentials (N) were counted from amplified EMG

records. obtained from surface electrodes. These were
situated in the aixtJ\ intercostal muscle space near, the
right mid-clavicular line. (In preliminary studies, the
surface EMG agreed well with that from needle electrodes.)
Indices of work were calculated using muscle pressure as the
gum of the elastic recoil pressure of the relaxed respira-
tory system, and the dynamic pressure needed to overcome the
flow resistive aqs inertial forces of gas and the 1lung. J N
was linearly related to total mechanical work (W ﬁ:ﬂﬁé;us
dV) counted over the one-third second interval atci;: end of
inspiration, up t6 breaths of 2.7 1. The total N was gimi-

larly linearly related to power calculated over the first

one-quarter second (W = /’Q-dt). The relationship between

alveclar relaxation pressure and N counted for oﬁe—quarter‘

second, four seconds after the breath’|, was also a straight
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line. Probably the most significant finding was that N
matched the impulse of pressure (I -’/meus-dt) for the same
one—quarter second intervql. If I and N were measured
several times during a breath, they fitted the same straight
line. Different breaths always produced st;aight lines but
their sTfpe varied. It'was auggqgted that the ngspiratory
centre could determine in advance of the breath which ﬁhs—
cles will oparticipate. Once the muscles are recruited.
their contribution remains proportional to the load as evi-
dent by the slope. Careful delineation at the staft of the
breath would offe? more details ;f muscle ricruitment and
recording the EMG of other muscles could further our
knowledge of proportional contribution.

In the report of Rahn andlasspciateﬂ {216], the max—
imum statjic inspiratory prc#aure was ghown to decrease
alinearly as lung volume was increased. Most of this ‘reduc-
tion was accounted for by the elastic recoil of the respira-
tory system. When calculated as Pmus, maximum muscle force
6till decreased though less dramatically. The authors sug-
gested that this might be due to the reduction in -tension
obtained with a shortened muscle. (Maximum trnnddiuphrag-
matic presgure also decreases with volumc'i187] J. As  lung
volume inbrcuses, the diaphragmatic dome descends thus shor-—
tening muscle fibre length. The external intercostals pull
the ribs cloeer to each other while the scalenes and ster-

LY

nomastoid lift the thoracic cage from above. It was also
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the first study suggesting that maximum Pmus expresses the
preésure reserve of the respiratory musculature.

Campbell (45] however éiffered with their explana-
gion proposing that other events, primarily of a ﬁon;
respiratory nature, could create thoracic pressures far in
exceses of those voliticnally generated. Inhibitory
reflexes, in the lungs or viscera, but not in the. chest
wall, probably exist which limit the static tension each
mgsc}e will produce. Fur:thmore, wWe are not able to assesgs.
the ‘mechanical influence of antagonist muscles during an

inspiratory manoeuvre. Therefore the pressures available

for measurement only reflect the net pressure. E!pctromyo—

graphic investigations hav; detected strong abdominaT\huacle
actiQity at _hi;h rlung volumes which could Hfésumnbly res—
trict the ‘extent of inflation [43]). Despite such evidence,
respiratory muscle force does seem to be limited by some
factor which expresses iteelf through 1lung wvolume and
results from nn;mal experiments strongly implicate the mus-
cle length-tension reiationship.

Marshall [177] stimulated the phrenic nerve of
anaesthetized animals with a constant intgnsigz which only
allowed lung volume to change over the range in which itsg
pressure-volume .relationship was linear. When elastic
_Iaspirutory }éada were added while. the stimulus was the

same, intrathoracic pressure increased but the volume .

inspired was decreased. A series of increasing loads showed
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the pressure. increase and the volume decrease to follow a
linear pattern. This aame"négative relationship was
observed when the stimulus was increased in 1ntenaity except
that it intersected the pressd}e and volume axeg at higher
values. The addition of resistive loads caused larger
intrathoracic pressures at thg\beginn@ng of the breath, but
these Yeturned to nﬁrmal when the full tidal volume was
reached. These results ;ndicated that at a given 1level of
excitation, the diaphragm performe& most efficiently when
the volume change and pressure change were intermediate. Asg
mechanical work is the - product of pressure and volume, a
large pressure and small volume or a small pressure and
large volume ~produce . less work, If lung volume was first
mechanic?lly inér;ased. the electrophrenic stimulus produced

"smaller changes in the breath 6ize and intrathoracic pres~

.

sure. )
LY 9

Marshall'e analysis emphasized the lengthftensibn
relationship and Laplace's law. Assuming that the

diaphragm's resting position places it at its optimum length

for force production, artificially increasing lung volume

would flatten the didphragm, decreasing the 1length of* its

‘ .
fibres and shifting it away from its maxfgum point of ten-
gion. At the game time, it would preduce 1less transdi-
. i . N
aphragmatic pressure according to the Laplace law (Pm2T/x

where Petransdiaphragmatic pressure, T-tensign of the

diaphragm, and raradius of curvature). Even if diaphragm

%
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@
tension could be maintained, maximal pressure would etill

in an inversely proﬂortiﬁnal innner with r, the r
ehsing with the flatter muscle position.

évani;h and usaqciatea_[QO] iﬁvestigated the effect
of stimulation frequency on the diaphragm's ability to pro-
duce pressure when it changed length. In an;esthetized
cats, both phrenic nerves were stimulated at rates between 5 -
and 50 Hz. Intratracheal, esophageal and gastfic pressures
ig&séaaed alinearly with increasing stimulation rate. The

tengiorr redponse typiffed that of other skeletal muscles, a
"o ‘ '
steep rise in tension ovér the moderate stimulation frequen-

.

cies generally seen in spontanecusly active phrenic motoneu-

rones, then a gradual asymptote. The difference in pressure

~ ’

between the lowest and hig:ﬁrt frequency was 10 and 6 cm H20

.J .
for intratracheal and esophageal pressure respectively, but

. T

only 4 cm H20 for gastric pressure. At any muscle iength.
ahqrter than at the gnd expiratory position, the pressure at
eVﬁry frequency was less than that observed for the control
length. The shorter tﬁg length, the more exaggerated was
the effect. Lengthing the diaﬁhragm by d&creasing lung
volume below the relaxed end expiratory position, hugmented
the diasphragm's ability to produce pre;sure,at any gtimula-
tion rate. To illust;ate the- niagnitude of the effect, at 20
Hz, the transdiaphragmatic pressure at lung volumes 50 ml

above. _the end expiratory position, at the end expiratory

)
position, and at 50 ml below the end "expiratory _position,
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was 4.5, 7, and 10.5 cm H20 respectively. At 507Hzr-they
were 8.5, 13, and 2] ecm H?20. Thus the diaphragm .in the
supine c¢at at the end expiratory position would not appear
to be at its optimum length and by altering ﬁengéh through
changes in lung volume? hgain", that ratioc between stimula- |
tion intensity and force output, can be modified.

) Kim and co-workers {149] studied the relative influ-
ence of changes in muscle length and the radius of curvature
on the diaphragm's ability to produce pressure. In an
open-chested dog preparation, they 1n1t1§11y tested the pre-
cision with which diaphragm tension could be measured by
recording from miniuture-ntrai;—gauge arches sutured to an
in-situ elip of muscle. Force transducers were fastened to
aq muscle stfip encompassing the same slip simultaneously.
Muscle length was derived froﬁ markers. Active tension was
producea at muscle iengths ranging'frow 40 to 150% of the

in-situ resting length.. The latter was defined as that dis-
tance at which ﬁassive tension first ;ppeared. At 1253% of
resting length, maximal tension was produced. - (Most other
skeletal muscles, having. their optimum position for te#gahn
near the regt length, fail to ﬁroducc any force at 60% of
this distance. Thus the diaphragm appeara'to have a broader
effective length rangé.)‘éubsequent;y, with the arches Bewn
‘into visceral segments of the diaphragm, tension, enophagqal

pressure, And lung volume were measured during maximal {bila-

teral Phrenic stimulation. The radii of curvature in the
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Laplace law could now be determined. In these experiments
‘both esophageal pressure, which ie the same as transdi-
aphragmatic pressure since the abdomen was open, and

diaphragm ~ tension decreased similarly as 1lung volume

increased. The calculated effective radius of curvature wasg

relatively constant from -400ml to +600ml lung volume with

-

respect to the end-expiratory position. At high lung
K
volumes, the radius of curvature actually decreased which 1ie

directly opposite to what Marshall (177} predicted. Func~
tionally, the optimum muscle length for pressure is less
than that at the end expiratory lung vélume position in the
supine posture and probably 1s'very close to the fésidual
‘ ol
volume configuration. The lack of change in the ef{;ctivc
N i’
radius of curvature‘auggests the relative mechanical insig—

AN

nificance of Laplace's relationship compared’ tQ,\gusilQ;‘

length "alterations. However, due to the open abdomen in

these experiments and the role of abdominal pressure [111)
wiay

and the bucket handle (:%vement of the rib cagk during’

breathing, it is still inappropriate to completely dismiss

the Laplace law at this time.
, -

Grassino and his collggues [117] explored the
léngth-tension relationship.of the diaphragm in man utiliz-
ing magnétometera [182]. Theae allow measurement of any
linear displacement oEchring in a defined magneric field,

in this case the anterior-posterior motion of the . rib cage

and 'abdomen.. According to Konno and Mead [152] , these

£
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diameters are closely related to the Qolumc change inl their
respective comR;ZZmen:s. Graesinoc and associates [117] ﬁroﬁ
posed that altgough the diaphragm shortens during inspira—
tion, the extent could be defined more preéisely by the
increase in the anterior-posterior diameter of the abdomen.
(Since the abdominal contents'may likened to an incompressi-
bic bag of water, any descent by the diaphragm expands the
anteriot abdominal wall forward via pressufe on the vigcera.
Thus an increasing abdominal anterior-posterior diameter
reflects diPQhragmatic shortening whiie 2 decreasing diame~
\
ter indicutc; lengthening. At any given 1lung volume, a
number of differenf chest wall configurations are possible.
The extremes would be a lﬁrge rib cage diameter with a small
abdominal diameter and a emall rib cage diameter with a
large abdominal diameéer.) Static submaximal and near maxi-
mal transdiaphragmatic Pressures were mcusured.uhilg the
subject maintained different chegt wall configurations af
different lung volumes. Maximum transdiaphragmatic pressure
decreased with increased lung volume but in a more organized
manner when congidered in terms of abdomi diameter. 1In
some manoeuvres, even though lung volumenjilffered by a
litre, ﬁaxlmum pressure was very similar if diaphragm length
. Py T
was the same. For moderate static inspiratory efforts at a
given length, diaphragm EMG was linearly related to the

transdiaphragmatic pressure. Near the maximal inﬂ;nsities,

the EMG increased more rapidly. Muscle 1length also

ok
\ ~
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influenced the EMG. For a given level of pressure, a long
diaphragm required'less EMG, a shorter diaphragm, eliciting
more EMG. Therefore the "gain" of the system appears aug-

mented when the diaphragm ig situated higher in the thorax.
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II.C. CURARE AND SKELETAL MUSCLE

¥
Y

In this section the nature of curare's effect on
skeletal muscle will be discussed. A general overview of”
neuromuscular transmission will be presented which will then

be followed by & wmore detailed account of the relevant

N

iitcrature on curare's paralyzing effect.

- It is interesting that it was through the use of
curare that physiologists began to elucidate Ehe manner of
electrical transmission between nerve anﬂ'muscle. Berna;a,
in the 1850's, reasoned that local peripheral events were
responsible for curare's par;lyzing-effect when muscle was
observed to re;pond to direct electrical excitation but not
when the motor nerve was stimhlated. Twenty years later,
DuBois-Reymond suggested that it was not neceghary to invoke
a direct flow of current from nerve to muscle to explain
excituFion. Chemical tfunsminsion could occur between the
. two organs which would then cause muscle to generate an
electromotive force.

When an action potential reacheg the neuromuscular
. pre .

junction, local depolarization allows the influx of calcium

ions into the neuron. These stimuylate vesicles concentrated

o -

/
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at the terminal to release acetylcholine, estimates indicat-
ing a calcium:vesicle ratioc of 4:1. Most of the acetylcho-
line 1is proauced in the axoplasm of the nerve terminales and
then concentrated in the synaptic vesicles. Following itse
releasg from the Pre-synaptic membrane, a process also
requiring calcium, acetylchoiine diffuses 2005 acroes the
synaptic .cleft. The posteynaptic region is an enlargement
of muscle fibre sarcoplasm and is characterizeq by numerous
junctional folds. It ie specialized for its function being
electrically inexcitable but, containing approximately 5x107
receptors. The acetylcholine-gensitive receptors are
situated on the creste of the folds. Some of the diffusipg
acetylcholine will be rapidly hydrolyzed by acct?lcholine
esterase or washed out of the‘cleft. but much of it will be
used to form transmitter-receptor complexes. If the active
unit of the receptor is in the excitable etate rather than
in the desensitized form, the binding of 2 acetylcholine
molecules cause the receptor to change its structural
geometry. The local post—synapticnmembr;ne permeability im
then altered and rapid ionic movement through ionophores,
lasting only about 2 msec,  leads to a reduction in the

potential difference acroes that membrane. I1f the. poten-—

tial, called the end-plate péteniiu}. of the entire end-

plate region reaches the threshold, approximately 10-20. mv

less than the resting potentiaf5 full depolarization occurs

with subsequent propogation of an action Potential, along the
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sarcolemma. -

In the absence of motoneurone excitation, ele;trical
activity at the neuromuscular junctionrgun 8till be meag-
ured. With intracellular electrodes, Fatt and Katz [92]
observed "miniature end-plate potentials", low amplitude
(approximately 0.4 - 1.0 mv), randomly occurring, depolari-
zations occurring at the rate of about l/asec but oniy in the
end-plate region. Subsequent studies by DelCastillo and
Katz {[73] suggested tﬁut cach miniature end-plate potential
was due to the spontaneous release, probably from one pre-—
synaptic vesicle, of 2 quantum of acetylchioline congisting
of, several thousand molecules. The amplijtude of neurally
evoked potgntials seemed to verify this, p?eaenting statist-
ically in multiples of the miniature potentials [34].

Although . the acetylcholine receptor is quite
spécific for the nEuromuscular transmitter in-vivo, other
agente such as nicotine and muscarine can also stimulate it,
while a s8econd group can cause inhibition. Curare belongs
to the latter group, competing with acetylcholine for the
two gubunits on the nicotinic cholinergic receptor. To
inhibit the receptor's éonformational alteration normally
induced by acetylcholine, curare needs to bind with only one
of the t;o.receptor sites, As the totall number of open
ionophores 18 reduced, smaller miniature ‘end-plate poten-

tials are produced. As long ae the end-plate pofential

fails to reach threshold, the muscle fibre isg unable to
N .
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develop an action potential. “Thie_ describes the conven-
tional thinking, but because there are acetylcholine sengi-
tive areas on the motor nerve terminal, curare may have g
p?e-junctional influence algo. For instance, Hubbard and
Wilson {131) Suggested from the run~-down of the end-platce
potentials that curare reduceé the acetylcholine quantal
content,

This pProperty of Preventing contraction has made
curare, among other muscle relaxants, thernpeutical;y valu-
able.. Two prime examples are in the facilitation of abdomi-
nal surgery and luryngoscopy for which total Paralysis ig
iﬁduced. However, in the condition of submax;ual neuromtig—
cular block;dc (SHNE). our interest is in the remaining mug-
cle funcfion.

‘The extent of impairment of muscle function by
interfereing with Reuromuscular transmigsion was carefully
analyzed by Paton and Waud [208). 1In cat leg muscle experi-
ments, they measured the amount of agonist (e.g. succinyl-
;holinc) required to produce a given mechanical or electri-
cal response in the abmence and presence of a competitive
neuromuscular inhibitor (e.g. curare). Twitéh héight wasg
maintained at control leveis until &pproximately 70-80% of
the acetylcholine receﬁtor- were occupied by the antagonist.
As the fractional eccupancy 1ncrennea, tﬁe twitch was gradu-
ally reduced until at 90% receptor.block. muscle paralya{s

e -
was complete, The implications of _these regultg were
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described by their iceberg analogy. At low concentrations
of competitive neurcmuscular blockers, a significant number
of receptors hay be occupied but 1,their is no wmeasurable
decrement in muscle function. The‘events are gtill confined
to that portion of the iceberg below the water surface. At
about 75% of receptor occuphnCy. the first evidence of block
appears. Muscle function fails completely when 90% of the
receptors are inhibited. This range from threshold block to
complete block represents the tip of the iceberg, but it 1is
achieved by manipulating only 15X of the total number of
receptors. It would seem that the neuromuscular Junction is
a very sgensitive system; however it must be emphasized that
75% of the receptors were first requiréd to be inhibited
before 'aﬁy effect was noticed. In other words, there is a
substantial "margin of safety” for transmission. The find-
ings indicate that 1in order to produce a normal response,

-_—

under the conditions of ] stimulation/10 eec, either only

25%Z of the raceptors available were required‘or, that the

output of ucetylcholipe was four' times in excess ;of the
minimum amount needed to cause depolarization of a particu-
lar m;aclc fibre.

It is not surprising therefore that light levels of
curarization oare difficult to assess. Traditionally, the
development of total bloc&\iz a proportion of £he motor

end-plates has been studied by recording the amplitude of

the compound acticn potential and/or the mechanical response
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of a muscle during electrical stimulation of its motor nerve
[124}. Stalberg and his associates [244) have improved the
analysis, utilizing a multi-electrode needle to record sin-
gle muscle fibre action potgptials from voluntarily
activated human muscle. They calculated the "jitter", which
was the variability in the time interval between the action
potentials of two muscle fibrea belbnging to the same motor
unit. This reflects the inatability at the end—pl&te.
Under typical control conditions, the spike interval would
be in the order of 500 usec. A possible reason for the
interval 1is the difference in the conduction time from the
motor axon branching point to the recording site along the

twoe muscle fibres. The normal jitter ranged from,10-40

usec. At two levels of curarization not detecteble /from the

evoked surface electromyogram, even though diplg a was
' ‘/\\'“;§

present, the jitter increased first by 3“{ usec, then }w

Y o s

s

prolonged to maximal values of 138 usec.’ The mean inter-
potential interval changed by less than 100 usec and' 500
usec respectively during theT;E9/curarizution 12%515. These
observations were record while the figing ratL of the
extensof digitorum commw:is musclf wag maintgined between
8-15 Hz. The jitter increase appearded greater for those
pairs 6f potentiale that had hi jitter values before
curare was administered. When the jitter exceeded 80 usec,

complete block of the second potential and an irregular fir-

ing frequency were observed. Computer simulatione
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Bubéequently suggested that the variations in the Jitter
following ;urarizafion could be explained by changing rates
of rise of the end-plate potential-;o the action potential
firing threshold and/or low frequency fluctuations in the
level of the firing threshold itgelf.

Due to the necessity of monitoring the extent of

LBf:x-t.:sis during seurgery, the anaesthesiological literature
provides an abundance of 1nfo;mation pertaining to the meas-
urement of EMG and force during curarization. Unfor-
tunately, much of 1t is descriptive, with only few r;porta
proposing any physiological mechanisma.

In an uncurarized muscle which has been maximally
stimulaﬁed with a aiﬁgle shock, the twitch tension after a
brief period of tetanization can be up to 200% of the lev;l
beéore tetanization (532). This "post-tetanic potentiationr
occurs without any alteration in the amplitude of the evoked
muscle compound actign potential [132]. Ae the observed
action potential impli;s full excitation of the same numbers
of mu;cle nembra;ca, the potentiation+is most likelyiﬁhe to
an augmentation of the "active satate" of the contractile

elements. Post-tetanic potentiation has also been demon-

-

strated in human muscle gystems [256]. wWhen neurom gzhlar

transmigsion ¥§ inhibited by curare, the single shocdk pro-

duces a depressed tension and compound action potential com-

pared to control, with the former being more affected. Fol-

S

louiﬁg 5 mec of tetanization, the tension and compound
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action potc;;;ul are 1increased when evoked by the same
atimulus [89]. The potentidtion may last from several
seconds to occasionally for scvéral minutes [133]. Depend-
ing on the extent of the original block, these amplitudes
L\\ may approach the pre-cyrare level but will never aﬁrpaaa it.
Before the tetanun: curare reduces the "margin of safety"

therefore the decreased ndﬁ;}t\;; transmitter-receptor com-

Plexes at each motor end-plate y nmnot be sufficient to

depolarize- the R(:;fcular muscle fibre.” Only thome fibres,

[

,zfimulated,'contribu e to the now U;educed compound action
‘potent;al and twitch. The tetanus however stimulates the
synthesis and mobilization of acetylcholine which continues
into .the post-tet?nic pericd. Consequently, the quantal
content is igé>hgsedq[166] 580 that more end-plate potentials
will reach the firing threshold and produce "post-tetanic
facilitation". an ;;crense in the calcium co;tent at the
‘nerve terminal seems to explain this obserﬁption [147]). 1In
the absence of curare, because the margin of safety is not
compromised, the augmented acetylcholine availabflity does
not add to either the evoked compound action potential or
the twitch tension. -

The increased acetylcholine uynthésis does not occur
immedi#tefi at the start of tetanus, nor “is it immediately
nvailublé. érom the depression cbmerved in the amplitude of

intracellularly recorded post-synaptic end-plate potentialg

and the resultant calculation of quantum content,, the rapid
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stimulation of the wmotor axon 1a'thought to first dep;ete

the store of accegeible transmitter at the nerve terminal

- T
[364] . At a frequency of 30 Hz, this occurs after approxi-

mately 300 msec. On high speed records, the amp;itude of

e
both the compound action pgptential and tension show "fade",

1

with reduct¥ons of approximafely 10% when compared with the,

first twitch. The mechanical records are difficult to
interpret simultaneously with the EMG.' Tensilﬁ responds
more slowly than ghé electrical' events therefore an average
is produced over this early period. During curartzation at
. . . “Jpla
a level which. reduced the maximal thumb twitch tension by

80%, fade depressed the EMG and tension amplitudes By 81%
AY

and 31% }eapectively (89]. The EMG appesars to be a more °

sensitive indicstor of neuromuscular block. because dq?&nég
recovery from curarizgtiog when thé twitch tension ie still
reduced by 20%, the tension fade is 1in gnificant, again
probably due to internal damping, vet :133comp??nd action
potential duriné the tetanus 1is aetill decréased by 652;
Some recovery of both EMG and tension occur within seconds
ag the tetanus continues due to .transm;tter mo%}lization.
At the maximum cuPurizaéion level atu@iéd. posgltetnnic
potentiatioﬁrincreaseé.ﬁhe EMG to 85% of the uncurarized
value but the tension to only 43%.

The extent of fade is dependent on the stimulation
fht;. The more rapid the frequency, the more aénaiéive fade

is for the detegiabon of neuromuscular block. Stimulation at

\
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100 Hz for example, can reduce tension by 50% within several

gpq: seconds even though "twitch tension would have 1indicated
fihcovery from curarization [110]). Ali and co-workers (3],

cla§:ed¢that even greater sensitivity could be obtained from

the “tfuin-of—four". coﬁparing the tension height of the

fourth twitch to that of the first twitch elicited by 2 Hz

: ™
stimulation of the ulnar nerve acting on the thumb. The

fourth twitch depéﬁases before. the first just as in higher

frequency tetanic fade. It has the advantages of producing

[

-

- 9eparat respggpcﬁ/;; a rate which causes transmitter deple-
- J )

’H.. tion yet prevents facilitation of acetylcholine production
- following neural activation. .
e The margin of safety concept offers one explanation

for these ogﬁervationa. When all the receptofs are ochpicd
by curare, there is no evoke& response of any type in the
muscle. Allowing transmitter-receptor union equivalent to
/) _ . 10% Pf tﬁe toﬁal receptors, permits single depola;ization oé
only some muscle fibres uhicg in turn sum to produce‘a frac-
tion of the control twitch tension. Some low amplitude mul-
N, .. tiple twitches fay be seen. The twitch is restored when
20-25% of the receptors are unoccupied.  During this

:recovery, ‘; lesser number of fibres are capable of firing

. four;timcs. The train-of-four ratio does not reach c?ntrol

values wuntil 25-30% of the receptors are freed. High fre-

quency etimulation rapidly depletea the acetylcholine stores

~ and depolarization is inhibited in some fibres which

&
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contributed to tension at the start of the tetanus. There-
fore fade is obseryga. To eliminate tetanic fade at ;timu—
lation ratesg of IPO-and 209 Hz, §0 and 70% of the receptors
are required, ;especfively [262,264). This model however
doe;'not account for the possible Pre-junctional action of

curare 1in .these events, Particularly since high rates of

stimulation seem to reduce acetylcholine output and facili-

-tdtghﬂfuromuaculur transmission failure {103]. TN

i
a

Since the assesgment of neuromuscular block can be
e

best“performed with low frequency stimulation, but high fre~
quency can detect any residual effects, Gerber and associ-
ates [105), have devised the frequency sweep electromyogram.
Over a period of 10 8ec, the stimulation rate is incressged
exponentially from 1 to 100 Hz while the integfated electro-
myogram is srecorded from necdii electrodes. Following
curare administration, the EMG amplitude for the high stimu-~
lation frequencies was reduced first, followed gradually by
a de;renue in the EMG pertai&ing to the low frequency seg-
ment. Recovery from curare occurreﬁ in the reverse order.
Théir technique 1is most interesting but these results must
be cona;dered with reservation, Theae.obaervations are what
might be predicted .fron motor aan'stimulation. yet their
report on methodology suggests direct muscle stimulation.
No effect would be expected unless curare alsc influences

events occurring after the initiation of the threshold end-

Plate potential.

‘h.\‘
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There geem to be no fgigrts of the effect of curare

LY

an the force-length characteristics of muscles except for
Y

the observations of Pengelly .and Riﬁ;‘[le]. From cat tibi-
alis anterior muscle, . force-length relatiogghips were

recorded with supramaximal and submaximal tetanic (;Uimula- B

s : ¢
tion of the popliteal nerve. Submaximal levels were pro-.

| P
\
duced with reduced excitation voltage levels. The optimum

-—
— .

musgle length, for force production was the same for all -
. ’ .. 4
intensities of stimulation. Ag ‘the voltage 1level wag,_

decreased, the musctle length at which Just measureabl en-
slon could be produced, .shifted rightward away from the
short length control point And toward the longer lengths.
When the peak force of & submaximal stimulus (at optimum
length) matched the maximum tension rzached during curare,
the two force—length rclationshgﬁs.were ;hé ;ame, that ig,
optimum length and the short length of ;eroaforce were unal- .
tered. It is euggested therefore thnt.}\éurnr'e‘ &c@not 'A.
‘ ] - -
change the mech;nicul characterigtice of the remaining con-
' !
tracting fibres. Furthermore, since the maximum force p;dL
duced during curarization is not proportionutciy ;;duced at 'hﬂ%h\
all muscle lengths, short muscle lengths appe;} to agcentu-
ate the wenkﬂess. Congﬁderation should be given to e . »&S
method of submaximal stimulation employed which could ‘e
sclective for ﬁotor unite with lower firing thresholds.

Various objective methods to assess the degree of

neuromuscular block in-vivo, as well as clinical
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observation, have indicated that different muscle systems do
net have the same aenaitivi{xﬁto an antagonist even though

the circulating concentrugTBn of the blocker can be agsumed
: -

to be constant throughigi_gbé/gody [113,141%242,268). 1In
/ o

man at least, small muscles are the first affected with
rapid dewelopment of diplopia, and ptosis. Ueakenﬁng hand,

jaw, and facial\huscles follow, succeeded by inability to-
) o

1ift the head~and to swallow. Eventually, the respiratory

muscles are affected. The partigplar Teasons for this pat-
- .
tern remain dhclear but‘differencea in muscle biochemical

propertiea,inotor end—platgs. motor neurons, local blood
flow, ;nd temperature han_béen repeatedly 1mp113&téd.
. ‘ " .
Cug}o?sly however, the order of musc}e weakness may
not ‘be the .same in.all animals; The report of Paton and
Zaimfe [207), which has stimulated much of our thinking of a
differential muscle effect by curaré. i;dicated that
respiration was depressed at much legger doses of curare
than those required to depress twitqpvtenuion in cat tibi-

4

alis anterior. This was not due to any pronounced effect on

she respiratory centres_as phrénic nerve root discharge was

maintained. In cats, as well as monkeys, quiet diaphrag-

n

matic movements changed to a distindt thoracic pattern,

~which eventually recruited all the accessory respiratory

muecles before ventilatory arrest occurred. The soleus
required 50-70X less curare for abolition of the twitch than

did the tibvialis, suggesting to the 1Q:f§pfé;tors a similar
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Phyesioldgy £or the reepiratory muscles and the soleus, i.e.

"red" muscles. When tetanus was induced during partial
\&j )

curarizatto 20 Hz for 5 sec, the resultant tension shoged

A greater decrement than the decrease in the twitch tension

would have indicated. For -expﬁblc, in tibilalis, the

-z

. h“
//_Saxaa{c/tuitch~tension ratio was_ ,only 0.65 (a ratio of about

5 in uncurarized muscle). With greater curarization, the

ratlio was further decreased to 0.063. (In the soleus it was
Yo ’

reﬁuccd from 7 to 1.) If the tetanic changes are a real

phenomenon, it might alsc explain the ventilatory aepresaion
since reipiration could be considered a tetanic activity.

Motivated by the report by Paton and Zaimis, Alder-

son and Haclaggn (12] repeated their measurements but con-

t;olled for an effect of temperature. When cat diaphragm,

tibi&lia nnterior..uﬁd soleus were u; the same temperature,

about 36 degrees Celsius, curare reduceq_the twitch tension

of the tibialis and the sinle evoked action potential of

the.diaphragm by a similar amount. The  block was uch
‘ .
greater in the soleus. When limb.muscle temperature was
allowed to follow 1its natural couéne, approximately '3
degrees Celsius less and presumably similar to the condi-
tions of Paton and Zaimis, the tension decrease was greatly
reduced. It was almost totally abolished in the tibialis,
and approximately halved in the soleus making the latter

appear similarly nffected(;s the diaphragm which was still

at core temperature. The tetanus responge was aimiﬁrr as
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before, .supporting the notion of respiratory muscle depres- o

sion due to peripheral nerve-muscle factors. Whel the
- - - .

s
s
/

diaphragm was stimulated before curare administration at 20

‘ 4
Hz for 0.5 séc, the tenth evoked potential had a similar ¢
. £ .

amplitude as the first. Shortf}\\gffer an infusion ofs‘

curare, the first evoked potential, which would have indi-

~

cated a 60X blogck, was followed by successively smalf:; ™~ 3 \\

-

potentials untdl the lusﬁ wag barely detectable in spite of
the constant stimulus. The tenth potential was still only
50% of the firat- after partial recovery from curare to
within 30X of control. Thie "fade" of tetanic electrical
1 . . v
response with curgre was in marked contrast to the tetanic
maintenance following decamethonium, a2 depolarizing neu-—
romuscular blocker. There was no selectivesaction among the
respiratory muscles after curarization. The, potentials in
th; diyphragm,‘nnd intercostal muscles at TS5 and T}O wére

-

W/ f
abolished within 4everal breaths. Phrenic discharge was
A f—
increased during and after thias period which caused an
increase in chest movement before paralysie without the

recruitment of other resffiratory muscles.

Ali and his co-workers [14], eoployed the "train-

~

‘of-four" technique every 10 sec to compare the effect of
- ==

curare on a peripheral muscle with those of several respira-
tery measurements. When the adductor polliébq\izg}n—of-four
was reduced to 60%, vital capacity and wmaximal inspiratory

pressure - were . gignificantly decreased to 91X and 70%
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respectively. These increased to 97% and 82X when the
train-of-four recovered to 70%. At this level of curariza-

-

tion the respiratory changes were clinically unimportant.

-

In anaesthetized patients, Lee [158] monitored the

H20. Following a single bolus of curare, expiration was
quiékly compromieed, uBually tens of seconds before any

iﬁdication of thumb twitch weakness. Thumb twitch was

‘present even during periods when assisted ventilation was

necessary. Recovety of the expiratory muscles occurred
\
minutes before the thumb twitch.

The margin of safety test hag been aﬂplied to the
I

diaphragm [263] and indicates a slightly greater neuromuscu-

lar rederve there than in peripheral muscles. The twitch

.tension was measured by applying a.strain gauge to the freed

costal insertion of the left hemidiaphragm. _For a reduction
of the twitch fo one half, 8.3% more receptors needed to be
occupied in the cat diaphragm compared to the tibiélia ante—
rior. Iﬁ tﬁe éog. this was only 3% more. For full recovery
of the twitch from curare in the cat, the diaphragm and
tibiulin\unterior required 18 and 29% of the réceptors to be
freed, respectively. }or the same respénae, in the dog, the

values were 5 and 10%Z.

ability to breathe sgainet an expiratory obstruction of 5 em-
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II1.D. RESPIRATORY MUSCLE PARALYSIS

In this sgection, the effects of pharmacological
paralyasis of the respiratory muscles will be reviewed. The
first part consists of thosé investigations utilizing the
systemic introdgction of a neuromuscular blocker. This

affects all the skeletal muscles but as indicated earlier,

. L

the degree of}paralynis does not appear to be the same among
muscles, and is possibly not the mame among the respiratory

mu:cles them;;tveb. The review is generally chronological
‘
to illustrate the pProgression of the observations of the

suthoaximal condition. These studies areliqchnically diffi-

cult. They require personnei trained 1n‘ anaesthesiology,
who have the additiénal cupabflit} of producing and main-
taining a steady-state level of muscle weakneus. Further-
more, the experimental measurements are becoming increas-

ingly complex. Total respiratory muscle paralysis is con-
/

sidered in the second part. These are no less difficult for

the subjects have no contro% over their involvement and must
be mechanically ventilated. Finally are repogted the obser-
.

vations of two investigations where 1local analgesia wag

utilized to block specific respiratory muscles.

/
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I1.D.1. Submaxﬁmal Paralysies !
I

! [}

. Rigg and his co—workérs {221] investigated the ven-
tilatory r;ssbﬁg3¥§§o CO02 of curarized subjects. Neither
mild paralysis, which reduced mean vital capacity, maximum
inspiratory pressure and Qand grip strength by 14, 19 and
35X respectively, ﬁor moderate paralyeis, which decreased
the same indices By 34, 78 and 94%, had any effect on the:
response to increases in rcbrgathcd _C02. The remaining

s,_r-'es'p:i.r.-mtory muscle power therefore appeared adequate to meet

. submaximak ventilatory tasks.

, Gal and Smith (99] assessed respiratory muscle func-
tion during different :leveln of submaximal ne#romuacular
blockade by stimulating ventilation with constant fractions
of 1inspired CO2. For the control ventilatory value of 25
l1/min, tidal volume was 1550 ml and respiratory frequency
was 16/min. With each Buccessive dose of curare, minute
ventilation was maintained but the tidal volume contribution

- decreased and frchenCy increased. After the accumulated
dose of 0.20 wmg/kg, which reduced hand 3;1p strength to 6%

¢
and vital capa‘ity to 52X of control, tidal volume was only
: i

—
f

1050 ml and frequency rose to 21/min. This alteration in
N
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pattern -ubstantially decreased the elastic recoil thch the

respiratory muscles needed to overcome on each breath while

adding only small increases in flow and viscous resistance.

If this had not occurred, an increasing share of the
decreasing maximal muscle pressure uvéilable would have been
used. The maximum inspiratorﬁﬂflveolar pressure at FRC was
reduced by 63% to 24 cm K20 following the last dose.
Saunders and his associates [232) observed that dur-
ing submaximal neurcmuscular block, inspiratory capacity was
reduced to a greater ex;enf than expected, changing by an
ambgnt similar to the maximum inspiratory alveolar pressure
change. The IC was predicted by first calculating the con-
trol maximum muscle pressure fr;m the difference between the
maximum inspirat;ry alveolar priggLre and the recoil pres-
sure of the total respiratory system. Next, over the vital
capacity range, muscle pressure was reduced by 25 and 50% to
produce two curves. To each of these curves, r;;;il pres-—
sure, assumed to be unchanged, was added. These resultant
alveolar pressure curves then predicted the IC az‘that point
when the muscle preasgsure during curarization was just able
to overcome the elastic recoil of the reapiratory system.
For example, with maximum muscle pressufe reducég by 75% at
FRC, the IC would have been expected to be decreased by only
Y5z, Rather, they found IC to be reduced by the mame amount

as the wmaximum alveolar pressure. The other important

/
obgservations were provided by mag:a;ometry. . During

- .

kS
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inspiration to total lung capacity while curarized, the rib

cage and abdomen essentially followed the same volume path-
ways as during the c;nCrol period but the maximum level of
rib cage expansion was reduced by 672 while the abdomen
Actually increased slightly. During quiet breathing, rib
cage motion relative go abdominal wmotion was sharply
reduced. Occasionally, there was even paradoxical motion,
this occurring at the time of gr;atest muscle weakness. The
chest wall configuration did not appear to be altered at the
end-expiratory lung position. The most likely possibility
to explain the difference between the predicted and actual
results was suggested to be unequal paralysis among the
respiratory muscles.: agonists and antagonists alike. This
could have disturbed ‘the normal recruitment andLE;;rdination
pattefn. Therefor;,.”the translation‘of force into pfgzaﬁre
at FRC may not reflect the egflity to generate pressure at
other lung volumes" (quotation from [232) ).

Using a c;nstant volume body pPlethysmograph,
DgTroyer and Bsstenier-Geens ([65] gtudied the respiratory
mechanice of seated normai subjects nuBmaximally paralyzed
with pancuronium. Functional residg‘i;;;pacity, vital capa-
city, total lung capacity, and expiratory reserve volume
uére reduced by 15, 10, 10, and 27% respectively. There was
no Ehange in IC, residual gslume. air#ay conductan;e at

specific thoracic Bas volumes or the maximum expiratory flow

in reference to the atatic recoil of the 1lung. The
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inspiratory Pressure~-volume ‘relqtionsh{p of the lungs was
unchﬁnged but the expiratory lung compliance was reduced by
10X. Submaximal paralyeie shifted the pPressure-volume curve
of the relaxed chest wall to a8 more positive level along the
pressure axis by approximately 4 cm H20 thereby indicuﬁing a
decéeased tendency to recoil outward at ' low lung volumes.
Thise was considered the most likely determinant of the

decrease in the functional residual capacity. -

In &~ subsequent investigation, DeTroyer and hie
asaocciates [68} recorded the EMG of the respiratory muscles
with conc?ntric needle electrodes during submaximal neu-
romuscular block.' They showed that when .t#dal volume wag at

any lével up to 1 1, at a time when Epe vital capacity an

reduced by 29% and the IC by 20%, pancuronium reduced the

~

electrical activity of the parasternal 1nte£pal interco—

~

stals, scalenes, and external obliques. The diaphragm Euﬁg
was indreased thch, togebézp with the elevated abdominal
p;esaure at any esophageal BESgpure. provided evidence for
an increased diaphragmatic contribution during breathing.

They sauggested that this was possible if the diaphragm was

d

more reajistant to the effects of neuromuscular synaptic

bltsyérs than ‘the intercostal/accessory nuseTE;i Although

1

it is difficult to digpute their overall conclusiggé%/\they

e

fail to drawvat;ention to the fact that the EMG's and prea-

' sures were recorded with the subjecte in diffcrent'poatures,

N

i1.e. supine and sitting respectively. It 18 known that
r

W

f.
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position alters the mechanics of the respiratory system [9]

and nuscle activation [81,23§].

Employing a technique of progressive partial curari-
zation, Gal and Goldberg [100]) studied the static and

dynamic behaviour of the diaphragm while subjects were in

the supine position. After accumulative doses of 0.05,~ °
” .

0.10, 0.15, and 0.20 mg/kg of curare ernruted by 7 min

interfvals, mean static maximal transdiaphragmatic pressure
™

)

at e.e.pl. decreased from approximately 122 to 112, 104, 75;

¥ .
and 52 cm  H20 respectively. Proportional reductions were -. /f/;l
f ) . -

J
present At other lung volumes suggesting that normal_klengtg

tension relationships of the diaphragm had not been altered.

During IC manceuvres, Pdi decreased from 49 to 45, 43, 39,

<

and"‘ké. cm H20. The IC was unaffected until the third and
rt do:}JZhen it was reduced from 4.8 to 4.3 and then to

fou

3.3 1. This, was anticipated s¥hce at the curvilinéur'
+

extremes of vital capacity, large pressures only pgoduce
small changes in volume. DCurare had no effect on tidal
volume or Pdi during quiet breathing. During a i2 sec max-
N .
imum voluntary ventilatory effort, the calculated minute
ventilation decreased progressively from 193" to 81 1/min, \\\

- . ..
but only wieh the final curare.dose did the Pdi increase’ in

»
esch breath fall sign;}icantly to 30 from 48 cm H202j “The e
control Pdi prodGEed during IC and meximum voluntary venti?F’_/J

lation represented approxfhately 41% of the static Pdi max

at e.e p.; This prog?rtion gradudlly increased with curare
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adminjistration so that by the final dose, .appréximately 63%

e~

) ’ : n
of the static Pdi may was developed. During quiet breath-

Vﬁjing, the proportion increased from 7 to 17%Z. - The marked rib

S o
FCQEN\ cage motion observed with the IC and maximum voluntary ven-
tilation manoceuvres was not apparent after curare. Abdomi-

nal breathing remained the predominant pattern during a
.tidal breath. The suggested probable explanations for the

progressive reduction in maximum voluntary ;entilation were
(/) ' - (1) increases in upper ;iruay obstruction, and (ii) loss of
strength ang .perhaps coordination of extradiaphragmatic
respiratory muscles, both inspiratory and expiratory, forc-

. ing the diaphraqm to assume a greater relative role.
In supine squecfs curarized to graded levgls of

- ' weakness, Gal and Goldberg [101] examined the relationship

N -
_between respiratory muscle strength, an average of the maxi-

-

mal static inspiratory and expiratory alveolur pressure, and
vitul capacity., Hhen mean respi;;tory musgle atrength was
¢ - reduced to 86, 71, 58, and 39%, the respective values for
. vital capacity were 100, 97, 85, and 66X of the c6ntrol
;measurements. Since the two measures ugrced according to
, calculations based én‘the muscle presdire available and ‘the
static recoil ’pf' the hormal respiratory system, they sug-
gested that the pressure-volume relationship_ of both lung
apd chest wall weré not altered by submaximail paralygis.

—

The IC, expiratory reserve }yolume, and maximum alveolar
) [ e

inspiratory and expiratory press re IBS followed the

3 ~

- /,‘." ‘ . /
‘ : . f", L T e . )

_\
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prediction, even though expiratory muscle strength was

~

always reduced to a greater extent than that of the inspira-

tory musculature. The maximum lurig recoil pressure of 14 cm

H20 during maximum Qeakness was not significantly different
from the contfoi value of 11 cm H20 at a comparable lung
voluesf Lung compliance remained unchanged after curariza-
tion. The investigators raised the important issue of pos-—
ture, indicating " that IC ﬁay appear to be relatively well
preserved comparcdltg inspiratory alveclar pressure st FRC
because the lengthened diaphragm, even_wheh weak can over-—
éomeAthe very compliant abdomen.

In Eheir subsequent 1nvestiéation of the effects of
curare in the supine position, Gal and Arorg (102] compared

the maximnl'static'pressures with dynamic pressures and max-
.

imaﬁn\gii_.flow. Under the condition of greatest weakness,
-maximum inspiratory alveolar pressure at FRC was reduced to
42% of control. At the same time, alveolar driving pressure
measured at mid-vital cup#city Quring a fofced inspiration
was only d;crcasqﬁ to 75X%. According to the lgo~volume

pressure-flow relationship, the maximum inspiratory fhow
would have been expected to be decreased by a similar

S ~ .
amount. However, a’ dQéSTipg of airway resistance, mosat
-a .

li!ihy in thé upﬁ;r Eegment (and possibly vocal cord pareabs

or relaxatigfxdf thq\idﬂhue or pharyngeal mﬁsdlg) reduted

/

\.- o
the flow to ﬁ.lz.:, The increased se8istance had little ef‘%:ct
: - b
LI C : )
during forced exﬁiration ﬁg that although maximum alveolar
. SN

-\
+ . B \T N

‘._ o . '. \5\' 1 g ‘%T,

. o b
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driving pressure and static alveolar presgure were reduced

to 32 and 21% vespectively by curare, maximum

capacity exhiratory flow only decreased to 85%.

mid-vital

Expiratory -

flow ia still effort independent in this volume range. The

FRC did not change but residual volume was increased, rising

from 21 to 29% of the control total lung capacity.

~

l\

& Q
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I1.D.2. Maximal Qpralysis

Van Lith and his associates [255] found that follow-
ing anaesthetization and paralysis, total respiratory elas-
tance (inverse of compliance) in the supine pcéture( had
decrlased to 9.4 from the value of 11.8 cm H20/1 measured

- »*
during the awake, relaxed state. Lung elastance was unal-
tered 80 all the change was due to a decrease in the elas-
tance of the chest wall from 5.9 to 3.7 cm H20/1. After
light ana?ath sia, and during apnea induced by hyperventila-
tion to reduce\interference from muscle reflexes, paralysis
6till reduced the total elastance from 9.4 to 8.3 in a dif-
ferent group of subjects. Assuming that thé& paralyzed meas-—
urcments. are the’}eal physiological values, it seems likely

that some involuntarysexpiratory musE}e activity in. the con-

trol situation dis responsible for the difference in elastic

recoil between the two conditions and wmwust be considered

when chest wall elastance ié measured by the relaxation

technique,

In anaesthetized! then anaesthetized-paralyzed

M

volunteers studied in the supine position, Westbrook and h;a

co-workers [265] found that mean FRC decreased from 3.08 to
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2.38 1 with anaesthesia but not further upon induction of
succiny}cholingwparalysis. Static pressure-volume relation-
ships fof the 1lung and the total respiratory system were
determined during the passive exhnlati&n following mechani-

cal ventilation to end-inspiratory pressures of 35-40 cm
* -
M -

H20. Lung recoil fﬁcgpased after snaesthesia from 2.8 to

12.8 cm H20 at 50% of confrol total lung capacity producing

— '

a similar increase in the recoil of the respiratory system,
Tﬁe,ruddition of paralysis caused no other change. On

analyzing the mechanical factoss determining the FRC 1level,

€

it was weuggested that the anaesthggic reduced the outward
. »

recoil of the chest wall. Therefore, inward recoil of the

lung was unapposed ellowing FRC to decrease. The subsequent

venktilation at lowwlung volumes produceq, a less comp#lunt
[ . .

lung which in turn'was possibly mediutga by an alteration in

the compliance of/?h;>1ung's surface lining _agd/or “atelec-

tasis. The latter’ was probably less important since rela-

»

tively large mechanical inflations did little to reverse the
X

process.
s

N

Rehder and associates [220) determined if the fre-—

‘quent observatjion of a reduction in FRC in supine, anaesthe-

e
tizéﬁxand'paralyzed man also occurs in the sitting position.

Following measurements while "sitting, the saubjects were

anaesthetized in the #upine position and then returned to

the control 'posture; Dynamic lung compliance was assesaed

after the lungs had been near fully inflated. The "FRC was

. ‘ - -
' . .
o

-
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measured by the open-circuit method of nitrogen washout.
The breathing System had an end-expiratory threshold pres-
sure of 1less than 1| cm H20. Mean values for FRC did not
change after induction of geheral anaesthesia, muscle
paralysis, and mechanical ventilation. Lung compliance slso
did not change. It still appears that the redu§>ion in FRC
is related to the aupine posture secondary to breathing at
low lung volumes as Westbrook and uuaociaées later [265]

-

suggesgted.
Froese and Bryan [96] radiologically examined the
posiéion and motion-of,the diaphragm of three subjects Btu-

died in the supine and left lateral decubitus position to

determine the independent and combihed effects 6f~ﬂ\\\\

. . -
anaesthesia qu muscle paralysis. During spontaneous venti-

‘lation under the awake and anasesthetized conditions,

tadiaphragm motion,occufred primarily in the dependent region.

There, a smaller radius of curvature and an efficient

development of tension for a wunit of muscle length were
. }

thought to assist the diaphragm in overcoming the resistance
exerted by thg abdominal contents. Regional ventilation was
aseumed to b;\\:?kociated with local diaphragm movemeqt .

. A
During anaesthesia and/or paralysis, the diaphragm assumed a

. A

. . r . ‘
more cephalad end-expiratory position, particlularly in the

. . .
lower region. he reduction in active tension of the

diaphragm aﬂgjp seibly an 1@53;d§éd\fbdgp{;;l muscle tone in
¥ -

the cage of anaesthesia alonéf?ﬁi?i—“bonsidered Ene molst

-
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probable contributing factors. The non-dependent muscle
area, since it would be expected to offer the least resis-
tance, was displaced most readily by mechanical veniilatioﬁ
during paralysis. Positive end-expiratory pressure, which
would be theoretically capable of reducing the decrease in
FRC with ana;athesia, was found to only displace the supe-
rior portion of the diaphragm towards its original poéit}on.
This result likely fails to improve the ventilation of the
dependent regions of the 1lung where alveoli with low
ventilation/perfusion ratios would predominate.

Respiratory magnetometers were used by Vellody and
co-workers [257] to determine the compliance of the rib cage
and the diaphragm—abdomen in the relaxed compared to the
paralxzed supine position. Anterior—posté&ior diameters of
the chest wall were measured in response to a given static
negative pressure applied to the body surface. Subjects
were enclosed up to bthe neck. (The alveolar preasurﬁs were

.

positive relaﬁive to the surface of the thorax therefore the

procedure is similar té- positive pr;ssure breathing.) By
using alveolar pressure as the reference, the.resulting’com-
bliance of each component ;f the chest wall included a part
from lung bfmpliance in addition to their own elastic
recoil. In 8 of the 11 patients, the diaphragm-abdomen .uhs
wmore compliant than the r%b cage during awake npontnngoun
bréaﬁhing. fn 7 of the 11 patient-,lthc rib cage was .wmore

i [y d - .
compliant than the diaphragm-abdomen in the anaesthetized

v
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paralyzed state. Following anaesthetization and pParalyais,
rib ‘cage compliance increased in 9 of the 11 patients while
in 8 of them, diaphragm-abdomen compliance decreaged. With
the increase 1in rib cage compliance after paralysis, it ig

possible that some "unrelaxable" rip Cage expiratory muscle

-activity existed in the control Btate. Similarly. some

diaphragm Activity may have been Present prior to paralysis
which caused diaphragm-abdomen compliance to be spuriously
elevated. Total respirdtory system compliance was the - game

in the two conditions. The contribution of the rib cage to

tidal breathing increased from 25% in the awake state to 48%

with paralysis and mechanical ventilation. Possible expla-

nations for this are the iKEreased rib cage compliance and a
. ] . .
more even distribution of the ventilatory pressure which had

been selectively developed in the caudal Pulmonary regions

during spontaneous breathing.

Most studies bof the effect of anaesthesia on - the -

eQd-expirutory lung voldm; have shown that it ig decreased,
Su:\h y trapped gas behind occluded alrways would have been
£ '
undetected with the methods used; Hedensticrna and associ-
ates (125) therefore measured thoracic gas ?olume by body
plethysmography and the region of any possible volgme
changes by re$ording‘various dimeﬁsions of the chest and
abdomen. Théﬂ?RC was decreased from 2.5@ to 172 1 follow-

ing anaesthesia with no additional change with muscle

paralysii. Purndoxicallzx no reductions were observed in
5 a J ;

. @
- o Q-)

v
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- anterior-posterior diameters, circumferences, or cross-—

sectional areas of the thorax. The contribution of the rib

cage to tidal breathing increased from 41% during the con-~

trol . period to 62% with mechanical ventilation following

g/
paralygis. L

‘ -
- - \."
™
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I1.D.3. Specific Muscle Block

Following bilateral block of the 5th through the
lith iﬁtcrcostal nerves in semi~recumbent subjects, Jakobson
and associates (139] observed no change in IC, residual
volume, .or the maximum inspiratory alveolar pressure pér-
forﬁed at residual volume but maximum expiratory alveolar
pressure at total lung capacity decreased from 113 to 94 cm
H20. The total lung cup;city. forced vital !:;;city, and
expiratory reserve volume were y;ddced by ;mounts similar to
the reduciion in FRC, nppfbximately.270 mi. Lung compliance

and airway resistance were unaffected. The abdominal muscu-—

lature was weakened such that elevation of the trunk without

-

asgistance from the arme %:s just manageable. It was sug-

gested that bloék of the intercostal nerves resulted in
decreased outward recoil of the chest wall which allowed the
FRé to fall. Inapiratoryttnpacit} was hnchnnged but the
absence of _pért of ﬁhe intercostal muéculature and/or the
wechanical fulcrum provided by the abdoﬁingl musculature,

. ) L]
prevented the attainment of total lung capacity. Weakened

_ . > .
intercoastal/and abdominal nuiﬁi's were +thought to also

" account for the reduced maximal expiratory pressure but the

¥,
\ . =
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‘subjects were still able to achieve the _original residual
volume, The inspiratory pressure at residual volume was
maintained by the diaphragm, it apparently not requiring the
lower intercostal or full abdominal muscles for this task.

h The effect of extradural anaslgesia on respiratory
function was studied in 30 patients by Takasaki and Takasaki
[249]. Group 1 received cervical analgesia which affected
the mean region of C4 - T7 as. determined by a pfﬂ;prick tesg
20 min after injection of mepivicaine. Thoracic analgesia
was produced in Group 2 and affected primarily the region
from T5 - L4, Among the main chanées, vital capacity
decreased in both groups with the 25% reéuct;on in Group 1‘
being a;gnificantly greater than the 13% decrease ofl Group
2. In Group ;, the IC decrease was greater than in Group 2,
282'compar;d_:o 11%Z, but in Group 2 there wag a significént
reduction of 23% in expiratory feserve‘volume. ﬁpr thia
measure, the 12% &ccrease_of Group '} was not ;ignificun;.
The B8X decrease in the utﬁsgial p0O2 and tﬁe 3% increase in
the arterial pCO02 of both groups following extradural anal-
gesia was #hought to Se mediated primarilj by 'the 21% reduc-
i tien in tidal vélume which decreased the minute ventilation.
The forced expiéﬂﬁ?ry volume in rélation toothe vitnllcapu—
city was not affected but the maxigum Qid-expiratoty flow

rate decreased by 21%Z. These observations are cogsistent

with the segmental location of Principal inspiratory and

R S

e

expiratory mygscles. Cervical analgesia had the greatest .

N

N
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effect on IC while thoracic analgesis decreased the expira-

tory ‘reserve volume. It is perhaps surprising that all the
lung volumes were preserved as well as they were in the two
groups, however the decrease in nqsral function could not be
prccisely known since motor block need not aluu&s coi“cide.

exactly with the extent of the sensory impairment.

Al

-

-
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1I1.D.4. Summary

From these reportse, it is concluded that inspiratory

Ccapacity during submaximal neuromuscular blockade ig not
e o

reduced to the same extent as the maximum inspiratory alveo-

. . -
lar pressure as Saunders ‘and associates [232) originally
‘-\__—
reported. However strict comparisons cannot be made for
their wmeasurements have ' not been ca?bfully repeated with

subjects in the sitting posture. There 1is sonme evidencé i
§ — . .
that regardless of the Pressure available, the extradi-

o . -
aphragmatic muscles appear less active than the diaphragm
following partial pufalysia. With complete paralysis, many

of the observations such as the increased rib cage motibn
N -
during wmechanical ventilation, can be explaineqmby_the rela- * )
. ! . rf .

. y
tive compliance of the various parts of the cﬁiﬁt wall. The AN

functional residual capacity is reduced in the supine posi-

tion but not in the upright po%ture;

- -
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III.A. SUBJECTS

- I3

\

The subjects were sixX healthy ma) individuals whose
. e ’

characteristics are shown in Table 1. Volunteer consent was
obtained in accordance with the requirements of the Hﬁuan

Ethics Committee of the McMaster University Health Sciences.

Centfc. Subjects ! to 4 periormed a control experiment one

week - prior to the curare experiment. They practiced the

respiratory manoeuvres on several occasions before any
experiments were perfbnmed. Subject 5 only did the curare

experiment while subject & perfora only tﬁa‘ control exper-

iment, The latter two were expe;ienced in respiratory

manoeuvres.



) _ .

g

o,
Y.

III.B. METHODS .

Ingpiratory and expiratory 1 volumes relative to
the relaxed end-expiratory positimﬁe.e.p.) were meastred

with a water-sealed espirometer (Warren E. Collinjz Inc.,

Braintree, 'MA) fitted with-a 9-litre bell. “iﬁcagii;?f of
carbon-dioxide absorbing soda lime was placed in the spirom-
eter but the containc? air was reﬁeu;cdly mixed with room
air. An oxygen-room ui; Qixture was occasionally wused to
increase the volume of gas in the bell when complete recir-
culation w;s not posnible: Two uni-directional rubber
valves (Rudolph) were fitted to the tubing assembly which
required threshold presﬁuren of appré%ima;ely 0.25 cm H20 to
open. At the end of the tubing proximal to the -quect.
ther; were two aluminum valves. The first had a one-way tu;
allowing communication with the spirometer or complete
interruption of air flow near the mouth. To it waq\uttacged
a large rubber wouthpiece. The Becond valve was grrangéﬂ to
allow ventilation with either np;rometer gag or room air.
This mwinimized the amount of head wovemen F would have

resulted if the mouthpiece was repeatedly removed and then

put bﬁpk into ‘Pplace. The dead space of this system was

LS
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, approximately- 125 m]l. The subject word a nose clip dqfing

. , L T . .
all mANCEUVIes., . <

- Mouth pregsure (Pm) wdh‘pensured since it represents
alveclar pressure (Palv) under static conditions. Following

interruption of air fdtﬁﬁ Pm was transmitted by a section of

N

tygon tubing (60 cm in length, 3.2 mm bore) to a Sanborn 267

transducer (Hewlett-Packard, Halﬁhum, MA). The &ignal was
Ty

then _conditioaed by a carrier amplifier 805A Hewlett-

Packar\d'. Waltham, MA) , N
' N -
Esophageal pressure was used as an indicator of
]

- pleural presgsure. A catheter-Bnllooﬁ system was conetructed

_ 88 described by Mead and co-workers (178}. A Hyattr thin-

walled latex balloon (10 cm in length, 3.5 cm perimeter;

-

Vacumqg<\Venturu, CA) was sgealed over polyvinylchloride tub-

ing (8Fr.; Argyle, Brunswick Ceo., St. Louis, MO) using-
£ .

Pliobond (Goodyear, Toroﬁto, Oont.) and nylon ﬁhread. The

polyethylene tubing (PE 200; Clay Adams, Parsippany, NJ)
often used for measuring Pes was discarded\for being brittle

and prone to leaks at sharp bends. Throughout the section

covered by the balloon, the‘cathéter had numerous spiral

e
arranged holes to transmit pressute. The other end of the’

catheter was fitted with a 3-way plahtic stopcock (Phar-
maseal Inc.; Toa Alta, P.R.). Pressure was then recorded
with a similar tubing, transducer and amplifier assembly as

used for Pm.

A water-soluble lubricant was applied to the

k3
e
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" deflated e;ophageal balloon and introduced through one of
the nares followiné anaesthetization of the nasal mucosa
with %ylocaine'ointment. It was then swallowed with a very
" small amount of water and placed approximately in the mid to
iowab third esophagesl region. With the stopcock opened,
the subject performed a Valsalva effort to deflate the 1
loon to & consistent level. Usiﬁg a calibrased, double-
ground-glaaa syr;ngé (Becton-Dickinson, Rutherford.'NJ) fit-
ted to a second stopcock, the balloon was expanded by intro-
.ducing 6 ml of air t;rough a port near the transducer. By
then redrawing 5.8 ml, a bubble of air remained which is
: !
optimum for neu;ﬁring the local pressure [ldg]. The verti-
cal posit?on of the balloon was ndjpstea slightly to produce
a Pes as close as posgible to -5 cm H20 at e.e.p. At .the
nares the catheter was fixed to the nose with surgicdlﬂiape

in order to prevent vertical movement of the balloon.

~

Gastric pressure (Pga) was messured to indicate the’
pressure on the abdominal aide'of the diaphragm. Although a
balloon-cétheger lyskcn identical to that used to measure
Pes can be uue;, our modification allowed the simultaneous
recording‘of diaphr;gm EHC; A balloon'6 cm in length and 16
cm 1in periggfef w;s made from condom rubber. It was mealed
over a .pelyvinylchloride cafheter containing spirally
arranged- holes under the balloon. A stopcock and tubing
were fitted and then connecteﬁ by means of a second stopcock

to, a third prei:F:: transducer. This balloon was passed
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through the nose, swallowed, and situated in the stomach.

!

ff wag then inflated with approximately 25 ql of air, an

;mount which did not cause the minimally ntretcheﬁ rubber to

" produce a substantial positive pressure. The catheter was

gently retracted until the balloon was felt to 1lie at the

ca;din sphincter. It does not pase this point in ite

. inflated state. The s8aubject then performed a maximal

inepiration to pull down on the balloon and thé& exposed

catheter was then taped to the nose to prevent vertical dis-
placement.

By using the large gastric bailoon, the cardia
sphincter could bc‘used as an anatomical reference point for
the placement of the diaphragmatic electrocdes i1in the eso-
phagus. The elect?odca consisted of two thin insulated
setrands of silver computer wire running inside the full
length cf the g;stric balloon catheter. Approxiqately 20 cm
of wire were exteriorized at the stopcock and balloon ends.
The di?tal segment was stripped of its insulation and
wrapped in tight coils around the catheter. This made a
single 1 cm long.electrodé. The lower of the two electrodes
was constructed to be as close as possible to the catheter-

‘balloon. thread juncg;on, ing it approximately | cm above
the inflated pcrtion‘oé'the balloon. The wsecond electrode
was separated from the first by 1 cm. Thie arrangement pro-
duced the best signal-to-noise ratio only after many combi -

-~

nations of number of electrodes, inter-elettrode distance,
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and distance from the gastric balloon were tested. The

. various preferences for diaphragmatic electrode construFtion

f

have been reported {117,173,205,235). In the ideal anl\angef-’

\

“ment, the esophageal electrode would move in concert with

the diaphragm. If tension is exerted on the gastric

catheter at the nares with a small weight, the gastric bal-

loon remains close to the cardia sphincter and k;ﬁi elec-

trodes record from the crural part of the'ﬁ&aphragm. When

the diaphragm descends, the stomach and gastric balloon are

. v
pushed downward and the electrodes move by the same amount

; that the diaphragm does (117]. Tge effectiven?ss ;} the
weight 1is nullified when nose clips are used because the
free sliding wotion of the catheter is prevented. Since
nose clips were necessary in these experiments, the gastric

balloon was lécnted where it would not impede diaphragm des-

cent or distort its shape, yet still adequately record the
- v

electromyogram. Therefore, the end-inspiratory capacity
1
position was selected. In this orientation, even the EMG of

quiet breathing could be monitored.
The EMG of the other main respiratory mwmuscles was
recorded with pairs of miniature, bipolar, silver-silver

chloride akin electro&en (Beckman Instruments Inc., Schiller

Park, IL)ﬂ

=

The skin was rubbed vigorously with alcohol and
a cotton swab unti)]l a tender erythema was produced. The

~ ' .
electrode cips were levef-filled with conductive gel and
< .

Ph

o
app with adhesive collars. The width of the collars was’

N am—
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arbitrarily seet to be the inter-electrode distance.” The
shielded 15 cm long leads from a pair of electrodes were
A

tightly braided and the strippgd ends pinched'ﬁ:tween the

: 14
coils of spring terminals of differential pre-amplifiers
(Hoibrook Bioengineering, Hamilton, Ont.). These ampi}fiers
were fastened with velcro to a jacket in a location close to
;he recording site. Following preamplifica;ion'by 1000x,
the signal was  conditioned by a differential amplifier
(Hewlett-Packard, 8801A) having a band pass of DC - 1KHz.
Here it was amplified another 20-fold. The ENG u;s then
passed through an instrumentation tape recorder (3960,
Hewlett-Packard) to eliminate very high frequency uignuls,
smooth-rectified, and recorded by a etrip-chart polygraph
(Hewlett-Packard, 7758A).

Myo—electri% activity (mV) was assessed as only that
signal above the ele;trical_néise of the equipment and sur-
rounding’environmcnt. All equipment was.turned on, and with
- only background signal passing t#rough the preamplifier, the
zero baseline was established on the strip-cﬁart. An 80 uv
square-wave calibration signal of 1IKHz was then delivered by
passing 0.04 V from an oscilloscope (R564B, Tektronix,
Beaverton, OR) through a 1/500 attenuator. The deflection
on thq strip-chart was marked along with the gain of all

amplifiers. In this manner, all EMG could be measured in .

microvolts. '

-

The diaphragm EMG from the esophageal electrode
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required additional processing attention due to the electri-
cal cardiac content which can be uéé;ral times the amplitude
of the EMG. An ECG gating system was constructed similar to
one reported [201]. In the 7gating unit, a 10Hz filter
blocked electrical mot}on artefact and the signal was led to
chaﬁnel 1 where it was delayed up to 25 ms. Channel 2
received the ECG signal obtained from bigolar leads in the
Cv5 configu?ation. The ground electrode was placed over thd
superior aspeét of the left acromion process. The QRS com-
plex of the ECG triggered a blocking mechaniem in channel |
so that all signals in that channel weré gated off. The
duration of gating normally has an upper limit of 0.1 sgec.
The  diaphragm EMG was then smooth-rectified. This produces
a8 recording in which small deflections toward the baseline
represent the. gated oportions but the maximal amplitude is
that of the rectified electromyogram (see Figures 5 and 6 of
8 chsnnel recording).

One pair of surface electrodes were applied to the
second or third intercostal space. The possible electrode
sites were first palpated while the subject inspired deeply,
;oncentrating to keep the neck and shoulders relaxed. At
both the end-expiratory position and at inspiratory . capa-
city, he then contracted the pectorals and muscles involved
in motion of the jaw and neck position. The application

site vas chosen based on maximal palpable intercostal muscle

contraction and minimal influence from the platysma and
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bPectoralis major muscles. Chest hair was shaved before the
electrodes were applied. It is noted that the ?arhsternal
1nterécstu1 8pace may not be representative of all interco-—
stal muscle activity [44,72,253].

The scalene electrodes were applied‘ in the right
posterior triangle of the neck in a vertical manner as
described by Campbell {44]. The lower electrode was placed
above the clavicle and behind the clavicular origin‘of the
sternomastoid. Palpation and visual inspection eﬁnured that
artifact from the sternomastoid was minimal.

‘ The final pair of EMG electrodes were situated over

the right sternomastoid, midway between the clavicle and the

mastoid process.
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III.C. PROCEDURE

7

a

4
Subjects were instructed not to eat within 3 hrg

before the experiment. They were seated uﬁright in a high-
back chair which wds leaned slightly backward to provide
relief for the postural nuscleg. Pillows were placed
E?tween the subject and the arms of the chair for lateral
Support and elevation of the upper limbs., The surface EMG
and ECG electrodes were applied using methods described ear-
lier. The esophageal and gastric balloons were swallowed at
the end of the prepavation period.

Subjects were informed of the nature of the experi-
ment but not familiar with the detaile of the purpose.f/Four
of the six subjects required practice to perform the varioué
respiratory wmanoeuvres Properly and reproducibly. Each
visited the laboratory on at least three . prior occasions
over a period of smeveral weeks.. The practice gessions
ranged'from 1 - 3 hrs in duyration. The. subjects were
instructed to produce static alveolar pressures which ranged
from minimal to naxima}-intenaity at different lung volumes.
The pressure would be displayed ori an oscilloscope (liOBA,

Hewlett-Packard) and when a particular target pressure was

-t

, .
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re:}hed, it was to be maintained for approximately 5 sec.

It was also necessary to be able to compléh:izﬂ.xelax the

. Tespiratory muscles at different lung volumes while the

mouthpiece was occluded.

-

*

The experiment. was divided into three Begments.
During éhe tiret and thi;d parts, tﬁz static mechanical pro-—
perties of the relaxed resﬁ(ratory syétem were measured.
The middle period was used to record the EMG of the respifa—
tory muscled’during the graded static inspiratory effortg.

i

.Duplicate measurements of vital capacity were made.
[ ‘ 0

The pressure-volume (P-V) relationship_of the total respira-
tory system was assessed according to alnbdificution of the
relaxation wethod-of Rahh and assoéiates [216]). The subject
inspires to hié inspiratory capaciti’then momentarily holds

that volume. The airway is then occluded and he relaxes

.“‘completely. The pressure difference across the occlusion

represents the combined recoil prhqsure of the lung and
chest uall?\.The difference in pressure between the eso-
1 -

phageal balloon and the atmosphere represents the recoil

presesure of just the chent wall [4,150). In these experi-
ﬁgntn; a 10 cm length of rubber hose connected the mouth-
piece to the spirometer tubing. The occlusion was made
manually with ecissor claﬁps over that hose. The entire
deflation P-V curve can be obtained by allowing brief lcaksl

through the clamp while the subject remains relaxed. The

volume changes are Approximgtgly 500 .ml. On nearing the

-

.
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passive end—exéiratory lu{g. volume, the subject actively
expires to(the residual volume and again relaxes against the
obstruction. Several points can be obtained as he passively
1nhale; from this position.

This manoevre also provides a correction factor with

"
uhiéh abdominal pressure can be calculated from gastric

pressure [2]. When the diaphragm is relaxed, its final™

. position is determined according to the equalization of the

-

pressure at its two eides. At rest therefore, the abdominal
] .prqusure just dndet‘the diaphragm can be assumed to be equal
_to the préssﬁre in the thora;7 The difference be£ueen the
gastric pressure and the esophageal pressure during these
relaxation manceuvres and at e.e.p. must then be due to the

tone of the stomach wall and a hyd{ost .ic pressure in the

~ abdominal cavity created by.its contents.

The P-V relationship.bi\itﬁ_}dﬁg was to be measured

.

by the quasi-static method. Dﬁring a slow" controlled

expiration from total 1lung capacity, one. momentarily holds

particular lung volumes with the glottis open long encugh to

ensure zero airflow and the stabilization of the pressure
1 :-'j'-

recard. This proved difficult for some subjects therefore

the transpulmonary pressure, the difference across the lung

(Palv-Pes), was measured during 'slight Valsalva manoeuvres

against an obstruction [150]. Again deflation occcurred from

total lung capacity.

In the second part of the experinent; target
. ¢
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alve®lar pressures were pfoduced. When the subjects were at

e.e.p. or ﬁuided to a particular lung volume_  above e.e.p.,’

\ -

the airflo;‘ tap in the mouthpiece was closed. Alveolar
pressure was moﬁltored on an oscilloscope placed just  above
eye level in front of- the subject. By watching the pressure
deflection on'the oscilloagope. he could pro&uce any ‘levcl
of effort required. To allow the EMG to atabiiiie? 1t'uas
important that the pPressure be maintained with an open
glot;ia fg; several seconds'. This was more difficq;t as the
effort approaqﬁed,his maximum' ability. The aim was to
record EMG as the.subject noved‘through his inspiratory P-V
map, 1.e. producing different levels 6f pressure ag dif-
ferent lung _volumes. Each maﬁoeuyre was performed twice.
Since the spooth~req‘ificd EMG can vary by up t9_30-f01d. a

true random arrangement of the target pressures would have

been very time consuming and 1ncrfrse§ the chances of

T

recording Xs, both being affected by the fact that the

polygrnéh ampliiier gaine would have needed constant read-
justment. Instead, a progressive plan was utilized.whereby
the tnrgetanascendea or descended the effort scale at- one
lung volume. When they were completed, the lung volume was
increased or decreaged b; 1 1 and the presspre order
reversed .~ A rest period of 45 sec begween mANOEUVIres was
found adequate to prevent fatigue. If.gﬁe lung and chest
wall lechnnic;]meanuréments are included, approximately 120

manceuvres were performed.

o b -

-
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The first of the two experiments for each subject
%
was intended to explore a wide range of pressures and lung
volumes so that interpolation between pressure and EMGC could
be kept to a minimum. Therefore, several nggnges above
one-half of maximum were aiged for, and the 1lung volume
-~
range included neasurq!gntg;d{/:Té‘E;\iijj(ﬁp to 3 1 above

this level.’

6n the second experiment day, the da of curare
administration, the subject arrived at dBOO hrg in a fasting
state. This da;phas usually 1 wk after the? firet experi-
ment, The exXperiment was divided into two p;rta, the‘bre—
curare control and -‘submaximal ﬁeuromuschlar‘_block. uThe
aubject's\\;3%{§¢; was the same as duriﬁg thi~£i:35,cxpéri—
ment w;th extra-attention paid to 1lateral support of the
thorax, nrms>and legs. The control pressures generhlly did

not exceed one-half of maximum, except for the mwaximum

itself, and no static Pressure measurements were performed
at e.e.p. plus 3 1. The rationale was that with curare,
these higher lévels would not be attained and they wo ld
unnecessarily prolong the experiment for the supject. As\
part of the control dats on the second day, lupg and chest

wall mechanics were Pensured again in addition to\ the EMG.

N
-

. v ..
With a dynamometer (Lafayette Instrument Co., Lafayette,
IRD), hand grip strength was wonitored so that peripheral

muscle strength could be evaluated and indicate impending
»

respiratory muscle weakness. The ECG was continuoualy

~—
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displayed and signals with the index finger were learned go
that the subject couldAzgmmunicate with the uupervining phy-
6ician while curarized. Atropine sulpLate (0.5 mg, Abbot
Laboratories, Montreal, Que.) Qaa administered intramuscu-
larly near the end of the control period to reduce salivary
J
secretions. Since these experiments were performed; we have
become aware of a report noting 1ncrea;es in functional
resigual ;apacityrand lung comp}iance following intravenous
;njection of 1.25 mg of atropine sulphate [64].
Following the control measureménts, an infusion sys—
tem was set up with an 18 gauge catheter (Afgylc, St. Louis,
MO) in.awl;rge superficial vein in the forearm. The aim was
to proétce a steady—state'condition of submaximal neuromus-
EUlar paralysis so tﬁﬁt the inspiratory capacity was reduced
from 50 - 75%. This would be maintained for approximately
one hour. Progressive paralyais‘was induced by the infusion
of a dilute solution of qur?ré’ (0.1§hmg/m1) and sodium
chloride (9 mg/ml, Abbot Laboragéries). The original curare
concentration was‘ 3 mg/ml (Tubarine, Burroughs Wellcome
Ltd., La Salle, Que.). Continuous measurements of hand grip
strength, inspiratory capacity, and maximal atatic alveolar
. bressure dictated the amount of curare infused each minute.

:

Two physicians were present during the curare experiment

«

whose sole responsibilities were the safety'of the subjects

and the administration of curare.
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ITII.D. ANALYSIS

The following were recorded on - the strip chart:
inspired 1lung volume relative to the end-expiratory posi-
tion, static alveolar (moﬁth) pressure, esophageal Pressure,
gastric pressure, smooth-rectified diaphragm EMG with ECG
gated, interéostal EMC, ac;lenen EMG, and sterncmastoid EMG.
Lung volume, Pm and . Pes were unalyze& directly from the

L ]
records.‘ For the P-V charffCteristic of the 1lung, Pl=-pes
when the glottis is operl and lung volume held constant, or
-Pl-Palv-bes when the airway is closed. (The latter requires
a8 brief rearcangement . of the pressure transduéer connec-—
tions.) For chest wall recoil, Pw=Pes during the static
relaxed manceuvre. For respiratory ly;tem recoil, Prs=Pl+Pw
and should be the same as Pm. The difference between Pga
and Pes when the muscles are relaxed, 1s deducted from‘all
values of Pga to derive Pab. The sum of Pw, Pl and Pm cal-

. _ ; . .
culate Pmus. Transdiaphragmatic pressure is calculated as
the difference between abdominal pressure and esophageal
bressure. The amount of EMG required during a statié effort

was taken as that level meagured 1 msec after the target or

maximal pressure was reached.
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IV.A. RESULTS OF CONTROL EXPERIMENTS

Figure 4 is a diagram of nn‘ inspiratory . pressure-
volume ﬁap. The line connecting the outermost points
represents the maximum static alveolar pressure at different -
levels of lung volume. Volume ranges from the relaxed end-
expi?atory position, or the z;ro reference, to the inspira-
tory capacity. The intermediate poeitions are determined in
litres above e.e.p. The points within the map are the tar-
get pressures. At each of these points,_the eleetr;myogram
of the inspiratory muscles was recorded. Therefore the EMG
has been controlleq for pressure and volume which correspond
to muscle force and muscle length.

Figufen 5 ;nd 6 are reproductions of actual record-
ings from one experiment. The responses to a target Pm of
=40 cm H20 performed at a lung volume of 1 1 above ¢.e.p are
shown 1in Figures 5a and 5b. The préasure was less-and the
volume was greater in Figures 6a and 6b. It 1is noteworthy
that: such submaximal inspiratory pressures are well main-
‘tained for several .leconds; transdiaphragmatic pressure
increases with the intensity of the manoeuvre and is gen—

erally constant throughout the effort; the small depressions
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in the electromyogram of the diaphragm (Edi) are caused by
the garing of the QRS complex of the electrocardiogram; the
smoothed-rectified  EMG requires a fraction of a second
before reaching a constant level; the BANOEUVIES ATre repro-
ducible; it is possible to record scalenes' surface EMG free
of sternomastoid interference; and the EMG required to reach
a s8specific inspiratory volume can be separated from that
required to reach the target pressure as demonstrated by the
dinphragm,.rintercostal and wcalenes records in Figures 6a
and 6b.

Ffom ;uch records, pressure-EMG graphs were derjived
as shown in the following figures. Since we uge the conven-
tion practiced in respiratory mechanics [4,180] and EMG is
the dependcntl variable, _bressure is displayed on the
abscissa. Due to wide variation in the magnitude of the
rectified EMG among the variocus muecles and the lubjeétl. no
attempt has been made to derive mean values. However, par-
ticular patterns in muscle excitation were evident. These
will be presented hére and illustrated with specific exam-
ples. The renultq are shown in Chapter VII.

Examination of Figures 7a-d shows that over the full
range of 1nap1rntesy mouth pressure in this particular sub-
ject, 0-105 cm H20, all wmuscles gendraliy produced wore EMG
as pressure was increased. Except ;1th some ver; low levels

L

of pressure, and then usually only at the end—expiratory

lung position, in no subject were any of the muscles found
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to be completely at rest during the manoeuvres. The rate of
EMG increage however, appeared to vary depending on the mus-
cle, the level of pressure, and the lung volume. Such ‘com—
pParisons can only ‘be made by first noting that the range of
EMG recorded was established by the wmuscle measuf:dJ’ the
recording equipment, and full contractions uhich]wcre eli-
cited by maximal static inspiratory pressures and maximal
inspirations. Therefore attention is drawn to the differ-
ences in the range of the ordinates of Figures 7a-d, being
approximately éOO, 25, 300, and 400 uV for the diaphragm,
1nteréostals, scalene, and sternomastoid muscles, respec-
tively. It would not be valid to make comparisons among the
ﬁuscles of the absolute level of EMG.

Figure 7a relates the EMG of the diaphragm to the
static inspiratory alveclar pressure. The open circles, the
crosses, and the closed circles denote those manoeuvres per-
formed at luhg volumeé of e.e.p., e.e.p.+2 1, and e.e.p.+3
1. At the e.e.p., the EMG levels over the 1low range of
Pressures appear to fall on a line that begins at the ori-
gin. There was approximately 30 uV of Edi for a pressure of
=30 cm H20. The EMG then shows a wide scutt;r of points for
Presasures ranging from —50 to =100 cm H20.

To produce alveolar pressures at elevated lung
volumes, greater muscle contraction is required. The set of
EMG points for ; volume of e.e.p.+2 1 intersect the ordinate

between 25 and 50 uV and then extend to the right. For the
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same range of pressures to be performed at e.e.p.+3 1, the
EMG  values are collectively shifted upwards. A pressure of
=30 cm H20 now produces approximately 180 uv.

LY
The most striking difference between the other mus-

cles, the intercostals, scalenes, and sternomastoid of Fig—
ures 7b-d and the diaphregm is that for the former group,
the EMG points at e.¢.p. do not extend from the origin.
They generally follow a curvilinear pattern with a shallow
slope over the range of low pressures and then a stéepcr
increase as the pregsurés become greater: The intercostal
muscles of this subject is a strong example of this pattern.

By displaying the force of regpiratory “muscle con-
traction as mouth pressure, useful information is hidden.
The EMG pointsg only take on meaning once a etatic preésure
18 produced. When esophageal pressure ie used on the
abscissa (Figures 8,9), muscle events occurring before the
static pressure become evident. Figure 8 shows the EMG lev-
els for the diaphragm at a lung volume of e.e.p. plus 3 1
(symbol 3). Thie is thc\same data that was contained in
Figure 7a except that it 1§ graphed in relation to a single
maximal EMG level recorded at the total lung capacity and
compared to the esophageal pressure. It importantly i1illus-
trates the Edi as the expanding pressure on the lunge is
increased by either static manoeuvres or incre;aes in lung

volume. To inflate the lungs to a volume of 3 1 above e.e.p

required 22 - 50% of the maximnl EMG. Then, when the airway
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was closea and a static pressure of -15 cm H20 was produced,
esophageal pressure increased from 23 to 38 cm H20 and
diaphragm EMG was elevated to 85% of maximum. The EMG
response for manceuvres performed at e.e.p.+1 1 {symbol 1)
are =alec shown in Figures 8 and 9. Esophageal pressure at
the start of these gtatic inspiratory efforts was approxi-
mately 8 cm H20.

Figure 10 re-graphs some of the data of Figure 7b
using esophageal pressure. Like the eurlier‘plot, it shows
;he curvilinearity of ;ntercoztali EMG in response to
increased effort. It alsc indicates that in this subject,

Eny .
the same low level of EMG was produced over an esophageal
pressure funge of 10 -~ 20 cm H20 irrespective of lung volume
being at e.e.p. or e.e.p.4+2 1. This was a general feature
for the extra-diaphragmatic muscles for all subjects.

As initially illustrated for the diaphragm, when a
particular alveolar pressure was produced at an elevated
lung voluqe, the EMG was augmented. This pattern was seen
in almost all of the muscles once the volume was increased
by 2 1. Furthermore, it was evident at comparable eso-
phageal pressures which would have tended to reduce the
dlffereqce. This is because the. static alveolar pressure

was less at the elevated lung volume. The pattern is typi-

fied by Figures 11 and 12 in the scalene and atérnomastoid

muscles of subject 3 and is also evident in Figures 8-10.

Figure 11 shows that at an esophageal pressure of -43 cm

= 4
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H20, 11X of the maximum scalene EMG is produced while the
lung was at e.e.p. The same pressure achieved at a 2 1
greater volume elicited approximately 30% of the maximum
EMG, over a doub}ing of the myocelectric activity. In the
two cases whefe the augmented EMG with increased volume was
less striking, one subject (subject 6) required to be at 3 1
above e.e.p. before this -pattern became apparent in the
scalene and sternomastoid (Figures 13 and 14), while in the
other, it never sappeared for the intercostal and sternomag-—
toid (subject 4). The two muscles ?f the latter subject
seemed. to follow a single curvilinear form with pressure
increases, regardless of the lung volume.

Figure 15 {part of this data is contained in Figure
11) 418 redrawn in Figure 16 to illustrate the EMG of the
scalenes in relation to net muscle pressure. The abscissa
represents the wmuscle pressure required to first overcome
the elastic recoil pressure of the lung and chest wall, and
then to add the target alveolar pressures. The inclusion of
chest wall recoil alters the position of the EMG data points
compared to those of Figure 15 by displacing the curve
representing the manveuvres at e.e.p. to the left by
approximately 4 cm H20. At this lung volume, chest wall
recoil assists inspiration so the active muscle pressure 1is
less than esophageal pressure by this amount. Those data
derived at the increasing iung volume levele are shifted

progressively to the right. For example, at e.e.p.+3 1, the
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displacem;;t of the same point from Figure ISvto’ Figﬁ;c 16
is approximately 9 em H20. The net wmuscle pressure
increases due to the increased tendency of the passive ches£
wall to favour expiration. The overall effect of ueing Pmus
as the independent variable is to reduce the total area of
the pressure-EMG 41agram.

A useful representation of force of the diaphragm is
tr&hsdiaphfugmatic pressure (Pdi). Figure 8 is reproduced
exactly as Figure 17 showing the EMG of the diaphragm at 1
and 3 1 above e.e.p. in relation to e¢sophageal pressure.
Next to it is Figure.ls which contains the same EMG data
except that it is graphed against Pdi. The result is that
all EMG points are shifted horizontally by an amount equal
to the abdominal pressure during the mandeuvre. In this
subject, the diéplacement occurs to the right. To 1illus-
trate, a. wtatic esophageal pressure in Figure 17 6{ -60 cm
H20 elicit# 75% of the EMG recorded at total lung capacity.
This manoeuvre produced 43 cm hzo of abdominal pressure. so
that the pressure ;cross the diaphragm is 103 cm H20 in Fig-
ure l8. In subjects who deveTop little abdominal pressure,
the EMG relationship graphed against Pdi is relatively

T

unchanged from that seen using Pes or Pijp.
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IV.B. RESULTS OF CURARIZATION

»

-y

To 1illustrate the effects of curare, onh muscle
strength ‘over the duration of the experiment, measurements
from subject ] are depicted in Figuve 19. The general aim
was to reduce inspiratory capacity to approximately 2.5 1}
and maintain that level of weakness for 40 min. An experi-
enced anaesthetist administered curare intravenously in the
manner illustrated by'curve (*) which expresses the accumu—
lative amount of curare given at periodic intervals reiutive
tocthe total dose required for the experiment. A large dose
is needed initially to produce the weakness., Sﬁ?scquent
small amounts are designed to reach and maintain the target

weakness level. All experimental procedures were secondary

to subject safety. ' -

Diplopia and ptosis of the uppe¥ eyelida  and jaw

///éccur quickly followed by a reduction in hand grip strength

symbol +). Previous -experience in this Jlaborator has
ym ; Y
. L

shown that the near abolition of the hand grip is a good
indicator of 1mpénding respiratory muscle impairwment. In

thip subject, weakness was well maintained for approximately

1 hr during which time we measured the mechanical properties
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of the 1lungs and chest wall, and recordedithe EMG of the
diaphragm, intercostal, scalenes and sternomastoid wmuscles
in response to submuximal\ and maximal (symbol A) static
"inspiratory efforts. The eaﬁ 1nap1ratorylcupacity (symbol
®) for the subject Hescr;bed in Figure 19 was 2.2 1. Fig-
ures 26 and 2] represent the time couLBe for two less ideal
9 :
experiments. Subject 4 required approximately 40 min to
reach a steady level of weskness while subject 5, after hav-
ing been curarized to the target level, r;gained his
etrength over the latter stages of tﬁe experiment altRough
not cﬁmpletely. The results are shown in Chapter VII.
Table 2 contains the mean maximum inspiratory alveo-
;ar pressure measured at the relaied end expﬁrutory.ponition

-

and the inspiratory capacity for each wsubject. For the
group, maximum pressure was significantly decreased to 38%

of control (p<0.00!) and inspiratory capacity was reduced to

68X (p<0.001). The former was affected to a greater extent

. (p<0.001)

Maximum nlvcoln} pressure wae rec;rdcd over the full
inspiratory capacity range. Uitb curariza;ion. the pres;ure
w;s reduced but lung vdl&ﬁe seemed to be variably affected.
In aubje;ts 1 and 2, tge maximum pressure-volume curve was
shifted froﬁ the control in a parallel fashion during sub-
maximal neuromuscular block. Figure 22 illustratee this for

one subject. Subjects 3,4 and 5 were able to preserve

1nsp1ratory capacity to a greater extent than the maximum

~
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alveolar pressure. The curve representing curarizatioﬁ has
the appearance typified by subject 3 and is shown in Figure
23 uheré it appfoaches the control points with increasing
lung volume.:

A

The static passive mechanical properties of the
respiratory system are summarized in Tablc‘3. These values
were det}rmined"from graphs of the pPreassure~volume relation—
shipe of the tdgal re;pirntory system, and its components,
drawn for each subject. Typical graphs are shown\in Figures
24-26. When considered as a group, there were no changes in

_ e
compliance, nor its reciprocal elastunce,‘\fpr‘ the total
réspirutory system or the chest wall. Lung compliance was
teduced from 0.27 to 0.24 l/cy H20 (p<0.05). For each Ehb—
ject, several measurements were mndelfor each characteristic
and in this way some individual alterations with curare ﬁere
apparent on visual 1napect1;n. Only in subjects 1, 2, and 3
~did lﬁng eompliance seem to be significantly reduced. Com-

ég?liance of the respitatory system gseemed to be.decreased in

subject 2 but in subject 4 it was _1ncreuuea. Chest wall
compliance appeared to increase in nubjeéts 4 and 5.

Also 1n€1udcd in Table 3 are the elastance values

' for the total respiratory system based on the sum of the

component elastances. In most cases there ips good agreement

between these ahd those determined from the whole systeﬁ

pressure—-volume relationahip.

Table 4 lists the esophageal pressure at different
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lung volumes just before a static alveolar Pressure wWAs pro-
duced. .Ther; was a significant change in pressure during
curari?ation only at the inspiratory capacity level
(p(0.0bl), being reduced to 58% of control. The numerous
neanﬁremcnts at tke end expiratory position in each subject
permitted the detection of subtle alterations in csopﬂhgeal
pressure. All shoﬁed“changcs, the value being less negative

in 4 subjects (p<0.001) and more negative in subject 2

(p<0:001). Consequently, with the poseibility thaty the

-
'

functional residual cap‘kity had changed, the change in eso-
rhageal pressure over the inspired volume was determined
rather than siwmply the absolute pressure. The comparison of
the two conditions is shown in Table 5. The overall conle—
sion remains the game howevér. O?Iy at the inspiratory
capacity was there any significant alteration. |

To assess the effect of curare on inspiratory muscle
activation, brief static inspiratory pressures of varied
. intensity wege produced by each subject. The following
description 1is based on Figures 27-30 to the extent that
they are representative of‘;cneral obaervations. Figure 27
has twc panels showing the EMG response at the end expira-
tory position (denoted by aymboi E) and at the inspifatory
capacity (denoted by T for total lung capacity) in panel a,
and those at lung volumes 1 and 2 1 {1,2) above the end

.

expiratory position in panel b, On the abecisea, esophageal

// pressure has been used in preference here to respiratory-

-~

f\

S

P
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muscle pressure. Firstly, there was no congistent change 1in
the compliance.of 'the chest wall. Secondly, eaoph;geal
Pressure is a direct reflection of the expanding force
exerted on the lungs. The aymbols, "e, t, o, *, refer to the
curare conditioq of E, T, }, 2, respectively in figurcs 27-
30. Four aspects are noteworthy.

4 (1) In subjch 2 shown in Figure 27a, ﬂeverul. max-—
imum inepiratory efforts performed at the end exp;ratory
position (E} produced a mean maximum EMG level of lBOuﬂf
With curarization, this was reduced to 75 uv (symbol e)
which was asagciated with a mean maximum eeophugéal pressure
of 57 ¢m H20. At-inqpiratory capacity, EMG was reduced from
185 (T) to 82 uV (t). In panel b, the maximum ;HG,“ﬂﬁ also
reduced at 1 and 2 1 lung volume above the end expiratory

position.  In 77 of the total 80 comparisons (5 subjects, 4

mugcles, 4 lung volumes), the maximum EMG was decreased with

.curare (p<0.001). The mean reduction over all subjects,

lung volumes, and musc{7p’ﬁiiffgq§lz of the control level.

This will be expanded qpﬁn below. )
(2) Inspiratory efforte of varied intensity were

! - . L4
selected in order to examine the relationship between pres-—

sure and EMG. As was observed during the control sBeries,
the diaphragm \EMG with submaximal neuromuscular block
increased reascnably linearly with increases in pressure,

In fact ‘during curarization, the EMG of all the muscles

retained their orderly increasing pattern as pressure

"
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changed. ~In some'casen f the extra-diaphragmatic mugcles,
the augmentation of the EMG\ developed curﬁilineurly, e.g.
the sternomastoid of subjépt 5 in Figure 28 had =a ;hallow
s8lope over low levelalof pressire which became more steep
with further incremengs in pressure.

(3) Again similar to that seen in the control condi-
tion, 1lung volume had a potentiating effect on the EMG
response to pressure during curarization. This is evident
in Figures 27 and 28 by comparing the slope of the EMG
increase with pressure at the end expiratory position with
those at 1 and 2 1 of greater lung volume. The greater the
volume, the greater the rectified EMG for a given change in
Pressure.

(4) In 39 of 60 compafisoné (g subjects.!l muscles,
3 lung volumes), fhe EMG during curarization was shifted to 4
the left compared to the control data points. In Figure 27,
a préssure of 45 cm H20 at the end expiratory position
evoked 37 uV of recﬁified EMG from the diaphragm before
curare. During submaximal Paralysis, that quantity of EMG
was recorded at a pressure of only 26 cm H20. Alterna-
tively, for a Pressure Bf 45 em H20 with curare, the
diaphragm produced 65 uv of EMG. Panel b of Figure 27 shows
8 similar displacement to occur at greater lung volumes. In
18 comparisons there were no observable shifts in the EMG

response to pressure, while in 3, the displacement occurred

to the right. Overall comparisons at two semi-arbitrarily
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selected pressures, (i) at the pressure equivalent to the
maximum passive recoil of the lung during ‘neuromuscular
block with the mean value being approximately 17 cm H20, and
{1i) at 30 cm\HZO, showed the curare EMG levela';o be signi-
ficantly greater than the control measurements (t=-3.74,
p<0.001; t-—14.28,4p<0.001). Figures 29 and 30 are addi-
tional examples in other subjects of the effect of curare.
The observation introduced above that ‘the maximum
EMG 16 reduced with curare is further explored in Figures
31-35, one graph for each subject. These show on the ordi-
nate, the EMG produced with maximﬁi efforts during curariza-
tion expressed as a percentage of the control value. The
abecissa is  a category scale- grouped according to the lung
volumes at which the manoceuvres were performed and then sub-
divided 1into the 4 muscles: diaphragm (symbol D); interco-
stal (I), s8calenes (S), and sternomastoid {N). Also
included is the change in maximal muscle pressure (P)., At
the right of each graph is the mean percentage value and
standard error of the mean for each muscle curve calculated
over all lung volumes. To the extreme right is the wmean
change and standard deviation of all four muscles combined.
In all 5 subjects, the Pmus curve is situated within
or very close to the EMG values suggesting similar levels of
impairment. Although the wean values for each muscle are
.lﬂoun. we hesitate to attach any real significance to them

in view of the large standard errors. For this reason, the

S/
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EMG at the different lung volumes is illustrated. In sub-
ject 1, the diaphragm appears to be able to produce more EMG

than the othe uscles only at e.e.p. and 11 abdve this

position. The intercdstal/accessory muscle decrements are
similar and congtant over tﬁe 4 lung volumes. The diaphragm
EMG in subject 2 1is only slightly greater tﬁan the other
muscles except fo; a single 1ntcrcostai value at e.e.p.+21.
There is =& wide range of EMG reductions in subject 3 but the
diaphragm curve is located in the upper portion of the
graph. At e.e.p.+21 and at inspiratory capacity for subject
4, diaphragm EMG 1is less affected than the other muscles.
At the lower lung volumes, there 18\;;Rdifference. Over all
lung positions in nubjeét 5, the EMG écé?bments in all the
muscles are superimposed. Analysis of variance and post-hoc

’
treatment of these data (Tukey A) indicated that the

)
scalenes just showed a significantly greater decrement in
the maximum EMG than the diaphragm during partial curariza-

tion (p<0.05) while the intercostals and sternomastoid mus-—

cles did not.
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V.A. DISCUSSION OF CONTROL STUDY OF RESPIRATORY MUSCLES

To assess the degree of activation of the inspira-~
tory musclee during curarization, we must first know the

pattern of contraction under control conditions. Since

valid EMG comparieons can only be made if the electrodes
- have remained at the same recording site, it uoui?’ﬁﬁ?b pro-
duced an unduly prolonged experiment for the subject if con-
trol and curare measurements _were performed' in the sane
'cxperiment. The;efore, the pre-curare control measurements
were ceondensed, but preceded by several days by a full con-
trol investigation.

Although the work of Campbell [44]) appears to be the
only report describing an investigation similar to the one
presented here, no quantification of the electromyograms was
made. . We recorded the EMG from the diaphragm, the interco-
stale, the scalenes, and the sternomastoid on the baeis that
they are the primary mwuscles responsible for ingpiratio
[46]. Several limitations exist with respect to our methods

of measurement.



V.A.a. Limitatjions of methods

1) Single muscle aite recording may not be represen-
tative of the whole muscle. The crural diaphragm EMG was
recorded with an esophageal electrode. We know that the
crural and costal portions have different embryological
origing, with. geparate 1innervation pattergs. Recently,
DeTroyer and Sigrist {71] showed that the two parts can have
different actions on the chest wall, and therefore it 1is
possible that the behaviour of one part may affect the
other. Other methods available are alse wsite gpecific.
Transthoracic recordings of the diaphragm with surface elec-
trodes may be contaminated with intercostal EMG. This prob-
lem has been discussed by Campbell [44]. Concentric needle
electrodes as used by Taylor {[253]) can be uncomfortable with
most respiratory efforts, except for those of a more mild
nature. Fine wire electrodes, although more tolerable,
record from a very limited area. The esophageal technique
weasures diaphragm electrical activity across the escphageal
wall therefore some filtering of the compound action poten-
tials is likely to occur. A gastric balloon can be attached
to the esophageal catheter so that the electréde moves in
concert with the diaphragm [116]. We did not follow this
procedure because static inspiratory efforts require that
noseclips be used. This almost eliminated catheter motion.

Furthermore, the floor of the nasal cavity, particularly at
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the anterior portion became sensitized to the novemeﬁf of
the catheter over extended periods of time. To avoid thisg,
the catheter was taped to the tip of the nose. This‘faaten-
ing performed at the uubjeet's inepiratory capacity meant
that the electrodes would ha;e been in their most caudal
position. Therefore, the electrode was furt;:;:}rom the
diaphragm when the end-expiratory position was assumed, ‘and
potentially the EMG could be reduced. With an audio amplif-
ier and loudspcaker however, even the weakest diaphragm con-
tractions could be detected suggesting minimal loss of our
signal. (It is possible that the large gastric balloon
floated in the stomach and pressed againat the cardia
sphincter. This would tend to keep the catheter electrodes
close to the diaphragm.)

2) It is possible that the parasternal intercostal
surface site does not produce a true intercostal signal.
Several layers of tissue exist in the area of these small
tibres, the pectoralis major being the most notable. No
phasic activity with quiet reepiration was heard in this
region as is possible with needile electrodes, so sqée thres-

<

hold level of EMG was needed before. recruitment c¢could be

detected. The pectoralis presented little problem since the
electrodes were placed as medially as possible in relation
to it, and conscious activation of the muscle produced EMG

several orders of magnitude larger than the intercostal sig-

nal.
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3) The thin platysma, extending in a collar fashion
from the mandible to the chest, could contaminate recordings
from the scalenes, and sternomastoid. Similarly, the prox-
imity of the sternomastoid maf cause it to distort the
scalenes' EMG wmeasured. 1In order to reduce the interfer-
ence, both in the case of the platyema and the sternomas-—
toid, the subjects learned to perform the manoceuvres without

-

grimacing or pulling the head forward. In pfactice, these
really only require attention ;uring the -more strenucus
efforts. Proper placement of the scalenes electrodes was
confirmed when during a slow deéep ingpiration that muscle

was recruited before the sternomastoid, a larger more guper-

ficial muscle.

V.A.b. EMG analysis of control data

In this investigation the electromyograms of the
four primary inspiratory muscles were studied within the
static respiratory pressure-volume map, that 1is, at dif-
ferent pressures and lung volumes. The lung volumes were
restricted to the inspiratory reserve volume. Such a
diagram is a uaeful representation of the mechanical reserve
of the respiratory musculature. Each breath utilizes some
proportion of this total potential for work and it may be
viewed in relation to the pressure and volume limits of the

respiratory system. This study explores the
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electromyographical correlnte; of the map aiming to deter-
mine the extent of activation of the diaphragm, intercostal,
scalene and sternomastoid muscles. .

Due to the nature of the data presented here, tradi-
tional etatistical indices do not accurately demonstrate the
interaction between pressure, EMG, and lung volume for the
four muscles. Therefore, as part of an overall analysis of
the various influences, schematic illustrations have been
made to represent the average responses of the five sub-
jects. There are distinct differences between the behaviour
of the diaphragm and those of the intercostals, scalenes and
sternomastoids. For the latter group, the term of Grimby
and associates [120], intercostal/accessory muscles, is an
appropriate collective description. In Figures 3éa—d. the
EMG is depicted in response to chapges in total respiratory
muscle pressure over five inspiratory 1lung volumes (end
expiratory position = functional residual capacity, one, two
and three litres above e.e.p., and at inspiratory éapacity).
The rationale for this arrangement rather than grnnsdi—
aphragmatic pressure for the diaphragm is that the concern
is primarily on the ability to inflate the lungs. To this
l;nd, Pleural pressure (esophageal pressure) must become more
negative to overcome the elastic resistance due to lung and
chest wall recoil. -Increases in abdominal pressure may

assligt the diaphragm but it is not s prerequisite for infla-

tion. For any curve shown, a reasonable variation for the
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EMG magnituder would be approximately 10X in either direc-
tion. -

The two distinguishing features %n Figure 36a are
the activation of the diaphragm at very loy levels of pres-

; .
sure, and the linear increases in EMG as éhe pPressure ig
changed. Consider first the bottom mo7£/:;1aiionship vhere
the chest wall is at its e.e.p. and lung recoill inward is
exactly opposed by chest wall rccdilioutward to egtabliah
the functional residual cupacigy.’/ For the slightest
decrease in =alveolar pressure the diaphragm is imnedintely\
recruited. At any particular lung ;olume, the changes in
muscle length with each additional Pressure increment are
probably not significapt. (Decompressing alveclar gas by
100 cm H20 would %e similar to increasing thoracic volume at
e.e.p. by approximately 0.25 1.) Therefore the constant
increase in EMGoner Pressure strongly implicates increasing
diaphragm participation.

At e.e.p., the intercostal/accessory muscles (Fig-
ures 36b-d) were minimally involved until moderate pressures
were produced. This could be as;ociated uith the necessity
for some pressure threshold to initiate their reérﬁitment,
or failure of the recording techniques to detect minor lev—
els of electrical activation. With increases in static
inspiratory pressur;.. the EMG changed in a curvilinear

manner. Linear responses 1in the rectified electromyogram

with force would have been expected from what is known of
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limb muscles {169] and the diaphragm, {117] however Raper
and associates [219)] also observed curvilinear EMG changes

in the scalenes and sternomastoid.

V.A.c. EMG and fprce

The coupling between mechanical and electrical
events in muscle was demonstrated many years ago. Liddel
and Sherrington {164} and Adrian and Bronk [1] studying
individual wotor unit action potentials, observed that con-
traction strength could be augmented by motor unit recruit—
ment and increased firing frequency respectively. The par-
ticular contribution to the force produced by each of these
methods is a topic of - a;tiye debate
[50,188,189,194,251,252]. However it is ‘unlikely that
either, of these patterns could exist without involvement gf
the other given the many factors affecting motor unit parti-
cipation such as motor uqét type, variation of the firing
threshold over time, extent of any previous motor unit
activation, and direction and rate of force-&evelopment

[42].

DeLuca's [61)] analysis offers a usefgl description’

of the myoelectric signai?h The shape of the action poten-
tial of a single muscle fibre depends on several factors.
{1} The location of the recording site with respect to the

direction of the depolarization of the muscle membrane,

'
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determines whether the potential appears as & negative or

positive phase. . (2) The action potential amplitude 1is

*

decreagsed, the emaller the muscle fibre diameter, the
-d

Breater the distance between the contracting fibre and the‘
electrode, and the greater the filtering properties of the

electrode. (3) A long action potential is .observed from a

fibre with a low conduction velocity. (4) Differences in °
motoneurcne branch and muscle fibre lengths cause slight

delays in the observed onset of the potential. (5) Tissue

'

between fibres and the electrode has a low pass filter
effect on the action potential frequency spectrum.
When a single motor unit is depolarized once near an

electrode, the spatial and temporal superposiﬁion of tﬁe

individual fibre potentials produce a unique motor unit

~
:

action potential and may con91;E of several phases.  Its
particular shape however will be modified by the arrangement
of the electrodes in rclntipn to the contrdqging fibres.
Electrodes placed longitudinally with the fibré direction
trangmit the largest signal whereas a transverse alignment
produces the weakest. The final recofdéd motor unit action
pote;tial will have undergons additional wodification intro-
duced by the presence of system instrumentation ‘noise and
filtering propertie; of th? elegtrodes and the recording
equipment. ¢ ‘ .

Unlike the simple twitch just described, most muscle

contractions require the involvement of more than one motor
>
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unit and they are stimulated at least several times, A
moter unit action potential train is produced by each unit,
but tﬁc electrode will record many trains, some from units
near 1it, and others from motor units more distant. The
supgrposition of these trains produces the interference pat-—
tern of the .electromyogram, but due to the high number of
trains, it is difficult to separate the éxFFQg,df)motor unit
recruitment from iiring -frequency ;gcept in less vigorous
muscle contractions. Tﬁe rectifiFd eléctromyogram quanti-
f&es the total electrical activity of the muscle detectable
by the electrode. Its nagnit;de will depend on the total
area of th motor unit action potentials, and will increase
if‘there is recrﬁifnent or an increase in firing rate. Some
electfical cancellation will occur whenever synchronous
potentQals ;re of opposite phasg.

The linear relation between isometric muscle force

and the rectified electromyogram has been a frequent obser-

vation and would be expected since the smize of both are

-~

'dtt;rmined by the same factors. Indeed, in d eituation of

single ntractions. where thé number of active: fibres was
steadily decreased bf means of a slow infusipn of curare,
the area enclosed by th® action potential recorded with
1ntruﬁuncular elpttrodeF varied linearly with twitch tension
[23]. 1In contrnst, the amélit;dé of that potential changed

in curvilinear manner, showing little alteration with the

higher tensiaps.
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The electrical linear superposition of independent

- unita\ was demonstrated by Biro and Partridge [28]. They

.

found that as wore asynchronous action potentials were
added, thé probability distribution curve of tﬂ: instantane-
ous EMG amplitude changed. It evolved from &8 curve with a
high likelihood of Bignal cancellation and a narrow range of
-gxtreme voltage on either gide to a4 more normal di;tribu-

tion, that is, a decreasing chance for zero voltage and a

wider spread of pos

the variance of
be a reliable indicator of the excitation level of the mus -
cle. The 1nt;gfate EMG in contrast gRrew logu;ithmically
with the number of actlion potentials rather than linearly.
This was co;sistent with simulation studiesg {195,212).
Subsequeﬁt analysis was partiy in concurrence with

this theory. Whereas Biro and Partridge [28] suggested that

recruitment and firing rate are likely to have similar

/
/h\\x_offects on the EMG, Milner-Brown and Stein [190] calculated
that only the addition of motor unite could produce the log-
arithmic pattern. The EMG Ehanges induced by excitation

- frequency were more directlx_ﬁroportional. When the surface

EMG amplitude was computed asseuming a linear summation of

the "amplitude" of the signale contributed by single motor

unite, 1t increased linearly with muscle force 1if the
effects of both recruitment and rate coding were considered.

However in the condition of 1linear summation of the

ble amplitudes. It wag proposed that,
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"variances" of these same gignale, as force increased, the
rectified surface EMG changed logarithmically. These
resulte suggest that alinear changes in the electromyogram
rather than linear, are more likely responses to progressive
alterations in motoneurone discharge pattern.

Another factor which complicates the relationship
between force and EMG is one of muscle fibre 1ﬁhomogeneity.
%he above analyses have assumed that the motor units had
similar physiological properties, their muscle fibreg were
equally distributed througgout the muscle area under study,
and that recruitment was not limitgd to particular locations
within that -uhc{e. There is evidence in animal muscle that
fidres are not of the same eize, although in mwan this ie
less certain. [59]. ~But to a. certain extent this is
corrected for since both .action potential amplitude and
force are determined by the cross—sectional area of the mus—
cle fibre [122]. ‘If there'was more recruitment or firing
frequency increases in muscle regionsA close to the elec-
trode, the electromyogrnm.uould grow at a faster rate than
force. This may be less of a problem in small muscles such
a8 the firet dorsal interosseus [190].- In man, not all
motor unite are histochemically alike [152] aqd their
recruitment appears to be det;rmined by'thcir size and wmus-
cle fibre type [204,267]. Genqrnlly, the fast contracting,

high-threshold motor units are employed only when ngre

forceful efforts are required. These motor units have large
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action potentials {38,156] and therefore would produce more
EHG for a unit increase in force, particularly 1f‘ they are
located in more superficial regions of muscle such as.occurs
in the biceps brachii [50]).

Many of these factors appear to explain the observa-
tions of Bigland-Ritchie and her associates [27) who inves-
tigated the force-gEMG relationship of seven different human
musc&es. The smooth-rectified EMG increased linearly with
force up to the maximal voluntary tension in the soleus,
adductor pollicus, and first dorsal interosseus. These mus-

cles are predominantly of slow twitch muscle fibre composi-
tion, and 1increase force mainly through.increasing firing
frequency. The biceps brachii, triceps brachii, and bra-
chioradialis have 2 more mixed fibre type pattern and depend
heavily on recruitment. In these, the EMG 1ncr;aaed slowly
provided force was less than 25 - 35% of the maximum. With
greater tensions, the EMG increase was more rapid.

Although inprenses in excitation frequency can be
expected to increase the rectified EMG rather linearly
(190], the force increment may not be proporgionul due to
the sigmoidal shape of the force-activation frequency rela-
tionship [24,41,56,215]. Motor nerve stimulation studiés
show that excitation at 60 Hz will generally produce com-
Plete muscle tetany. However, in these techniques a;l motor

8X0oNs are stimulated simultaneously. Lind and Petrofsky

[167) showed that during asynchronous excitation, fusion can
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be achieved at 30 Hz. This means that, especially in wus-
cles dependent on rate coding, it would be possible to
record increases in the EMG while little force wag added,
albeit, at efforts near maximum voluntary contraction.

From all these considerations, stepw}se alterations
in motor wunit firing pattern should pro{ucc anything but
linear responses between the' electromy, gr‘m and tension.
Under contrelled conditions howevey it i possible for EMG
and force output to vary proportiofatel as a result of
their common alinearities.

U;like the diaphragm 1in which® the EMG increased
fairly linearly over the full range of pressure, the EMG of
the intercostals, scalenes and sternomastoid increased at a
more rapid rate once moderate efforts were pro&uced relative
to the maximum for the particular lung volume. This con-
firms earlier observations [219]. In addition to the many
factors controlling the measured EMG just discussed, these
responses could represent true increases ;n muscle tension
which do not contribute directly to further reductions in
intrathoracic pressure but may have a function related to
maintaining stability of the thoracic cage. It is also pos-
sible that in the case of the scalenes and sternomastoid,
changes in head position were made during the more strenuous
static manoeuvres. This could increas; the tension of the
muscle even though instructions were given to maintain the

neck relaxed. If there was a significant amount of motor
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unit gynchronization at the greater pressures, theoretical
analysis would predict a greater increase in the EMG. The
muscle tremor often associated with such efforts would be

consistent with such an explanation.

V.Aa.d. Effects of lung-volume

In Figure 36a we next consider the effects of
increases in the lung volume. The circle to the left of the
second most bottom‘ curve rc;resents the range of thé
diaphragm EMG produced on inflating the lungs by 1 litre
and momentarily maintaining that position with an open
glottis. No attempt was made to quantify the EMG d;ring
active changes in muscle length in light of #ossiblel con-
traction velocity eff?sts [25]. We w;uld expect however'
that the EMG would increase reasonably linearly from the
origin and through eacﬁ of the circles associated with suc-
cessive increases in the size of the breath. As indicated
earlier, at J;ch lung volume pressure elicited»proportionul
changes in the diaphragm EMG but for a particular Pmus to be

. .

producedL’ut a greater inepired level, more EMG was present.

The intercostal/accessory muscles responded gimilarly to

L.
I/-_\

volume chanées.
,‘//
\ Grassino and his assocites [117) who observed the
\

same trend in the diaphragm EMG as the volume was 16cfcaaed.

cited the work of Libet and co-workers [162] for a poesible
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explanation. It was spuggested that the difference in the
rectified EMGC amplitude of maximum contraction, up to two
fold, was primarily due to autogenetic inhibition of motor
unita. Inhibiting afferent impulses from tendon organs in a
lengthened muscle results in a reduced electromyogram.
Observations from two conditions in which £endon organ func-
tion would be expected to be compromised supported this pro-
posal. The EMG from lengthened muscle was decreased to a
lesser amount in putienfe ui;h tabes QOrsalis and in normal
subjects in whom procaine was injected into the tendon
region. The reduction in motor unit action potential counts
with increasing muscle length for a particular level of
pressure is consistent with this notion (5t].

(Tendon organs are more casily excited during muscular
contraction compared to that during passive stretch and when
the muscle is at short lengths [246]. Tendon organs have
been shown to be increasingly activc-an the diaphragm during
inepiration [57]}. Houk proposed that as monitors of force,
tendon ‘organs cooperate with muscle spindles, thg informers
of length, to regulate the "stiffness" of muscle (force
change relative to length change) thereby reducing the
effects of sudden changes in muscle load [130).)

At variance with the conclusions of Libet and his
-group [162] ;re reports indicating min;mal effect of joint
position on motoneurone excitability (176,227]. Thins

becomes evident when the EMG at a particular muscle length

—
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is considered relative to the M-wave, the electrical
response evoked on maximal transcutaneous twitch stimulation
of the motor nerve. The M-wave always changed in proportion
to the EMG produced during maximum voluntary contractioen
indicating that there was a geometrical alteration between
the surface recording electrode and previously monitored
muscle fibres. The EMG issue is no clearer in stimulated,
muscles {g_animals (161,247]). However as Mcgomas and asso-
ciates caution, the absence of less EMG in a lengthened mus-
cles does not necessarily indicate the absence of the auto-
genetic inhibition. It is pomsible that central afferent
excitation is simply more prominent.

If the Golgi tendon organs have a Bignificunt
involvement in the amount‘of EMG produced, it 1s doubtful
that this mechanism could explain all of the geveral fold
difference in respir;tory muscle EMG for a given moderate
pressure when lung volume is changed. It 1is ’Qmportant to
consider the implications of this observqtion. A8 aAan exam-
ple consider Figure 36. In order to maximally inflate the
lungs, the respiratory muscles were required to produce a
total wuscle pressure of approximately 40 cm H20. For the
moment, it will be assumed that the respiratory uuscleé can
be fully or near fully activated, that is, involve all motor
unite at tetanic frequency. In order-to achieve the' same
mqscle pressure at the e.e.p., the rectified EHC values of

the diaphragm, intercostal, scalenes and sternomastoid were

!
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22, 5, 20, and 12% regpectively of the level at inspiratory
capacity. At  the e.e.p., any muscle effort is immediately
expressed as a change in pleural pressure if the airway is
closed. To arrive at TLC, the elastic recoil of the chest
wall must first have been overcome before any deformation
occurred teo the lung. If pPressure was expressed solely as
esophageal pressure, the EMG would be underestimated at
€.e.p. and overestimated at TLC. Account is made of this
difference however, by expressing the EMG relative to total
muscle pressure. The family of curves is therefore brought
slightliy closer together (see Figure 15 vsg Figure 16).
Nevertheless, there is stil} less electrical activation of
the muscle fibres at lower lung volumes and we next consider
various aspects of this observation.

As noted earlier, Grassinoc and hisg co-workers {117]
indicated that nutogen;tic inhibition of motor units might
explain the reduced EMG. However, if 1nhi$ition decreases
the EMG; why is pressure not also reduced? Inactivation of
motor units at long-muscle lcngthsk should prevent wmuscle
force from being developed. 1In contraet, our results show
that more force is being produced. We can only offer that
perhaps the reflex inhibition acts to restrict the extent'of
rate coding in motor units rather than recruitment. Tﬁen
tetanic frequency might be-prcvented which would reduce the
EMG as was shown earlier, but still allow effective temporal

summation ' so that high levels of muscle tension could be
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developed. For such an explanation to be accepted however,
assumes that-tetanic excitation frequency can occur in some
motor unitse at levels of resp;;atory muscle pﬁeasure which
are in the low to moderate range. Thie would be in contrast
tp the most popular concept that recruitment ig primarily
responsible for increases in force over low grades of ten-
wion (106,137,188,189,194].
Traditionally, it has been felrt that respiratory
- muscles, . like other skeletal muecles, follow length-tension
(and force—velocity) relationships [79]). Since muscle shor-
tcning-rcduces the overlap between the contractile filaments
[114), and/or inhibits the inward spread of_ depolarization
by transverse tubule distortion [215], it may be argued that
for a given level 6f electrical activation, a longer muscle
should produce more tension. Thig has been illustrated by
experiments where constant maximal phrenic’nerve,stimulation
results in decreasing force és the diaphragm is shortened
(149,177,209]. ag a consequence, }or a constant .lcvel of
tension, & lengthened muscle should require less éxcifation
as evident either by the‘electromyogram {117,118,219.236] or
T&renic nerve activity (88,90].
by Grassino and his associates {1:7] have.clearly shown
th;t even though lung volume ie held conétant, tﬁe diaphragm
can be lengthened or shortened and decrease of increase the
EMG regpectively. We have not useg magnetometers nor meas-

Ao
ured anterior-posterior abdominal diameter, but lung volume
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i8 no less meaningful as an indicator of diaphragm length.
Each subject was allowed to select his own chest yall confi-
guration during inspiration. Moreover, even if abdominal
anterior-posterior diameter was kept constant, the diabhragm

asgists expansion of the thorax by lifting the lateral seg—

™~
ments of the rib cage and therefore it must shorten to a °

cert;in extent [79,233).

For practical Purpocses, most muscles rarely operate
over the. entire length-tension curve as depicted in the
:raditional diagram where length can be 80 sghort that no
force is produced [247]. Stephens and his group {247] have
identified the full in-situ tetanic tension curve as occur-
ring over approximately 38 mm of muscle length change in a
cat gastrocnemius 140 mm long. During. nut9r51 movements
however, the change in muscle length was on1§“20 wm and with
simple locomotion, electrical activity was present in only a
range of 15 mm. Most importantly, the peak of the tension
curve cccurred within the lengths natu}ally uﬁed; These
observations eseentially confirm those of Grillner (119]) who
also showed that this uovcment‘ra;ée can make use of peak
muscle "stiffness".

There are coﬁplicating factors to be noted though.
(1) The oﬁtiuum length for tetanus may not be the same asg
for the.muscle twitch llﬁl]. (2) Selec;ive activation of

only one type of motor unit may not have the same effect as

that of the parent muscle [247]. (3) Particular frequencies
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of muscle excitation re-position ﬁhe peak tension and the
acfual'ténaions on the descending portion of the length-
tension curve ([176,215,227]. (4) Muscle fibre length may
not.necessurily be reflected by muscle length because pinna-
tion can alter the relative degree of stretch [200] and sar-

comeres in the middle portion of a stretchedl muscle fibre

are usually longer than those nearer to the ends [135]}.

e
Such information is more limited with respect to the

’“hhzfiyiratory muscles even though Rahn and his associates

(216] suggested length;tension relationships to explain the
maximal pressur;-volume diagram of the chest wall as early
as 1946. The studies of Kim and associates [149]  indicate
that in the dog, the diaphragm -muat shorten to 37%,
corresponding to_a lung volumé of 1200 ml above FRC of ({te
in-situ length, before it can no longér develop tension.
Maximal tension is achieved at 125X when lung volume is 400
ml below FRC. At FRC, the negative pleural pre;sure
improves the effectiveness of the diaphragm by lengthening
it by 16X but by increasing the volume by an additional 600
ml only 17% of the maximal tension can then be produ;cd.
Thus the mechanical reserve of the muscle is greatly reduced
at that intermediate ievel of inflation.. The pro#prtion of
the total force needed for a breath of that gize was not
measured though.

These measurements of Kim and associates corro-

borates with the calculations of Fenn [94]). From

. -
oy -
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radiographic photographs, he first estimated thF length of
diaphragmatic fibres at residual volume to be 12.5 cm.
(Recent autopsy studies of Arora and Rochester [15] show
that in average healthy males, diaphragm muscle fibres are
10-11 cm long.) Following deep inspiration they shortened by

approximately 48%. The diaphragm differs frpm skeletal mus-

cle therefore, in that it shortens to a greater extent in

- . 1

vivo and is able to develop tension over a larger portion of

t

itB potential. length change. Detailed mechanical comparis-
629 among muscles however must consider that within a mus-
cle, and from one muscle to the next, not all fibres need
run in the game directién, and if they do, the\direction of
. {
shortening may not act in parallel to the target load.
Estimates of intercostal cﬁanges will be even more
variable since their behaviour throughout the ri§ cage is
not the same {44,253]). Fénn [(94] reports shortening of 12=
25%. A figure used to explain Hamberger's theory of inter-
costal action on the ribs [5] would have the external inter-—
costale shortening by 5% on inspiration. Raper and his co-
workers [219] using calipern, measured the wscalenus medijus
muscle to decrease in length by 5% during the vital capacity
test. _Alqhough the length-tension relationship of muscle tsa
accepted as one of the foundations of regspiratory mechanics,
there i8 very little concrete evidence indicating the extent

of its importance in man except perhaps for the diaphragm.

The analysis of Mead and Agostoni [180) may be used
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to put the isgue of the length-tension relatiqpship in ite

. proper respiratory perspective. When the maximal muscle

pressure and air flow are graphed in relation to lung
volume, we have the total). mechanical potential ayailuble.
The 1large reserve inherent in the respiratory system is
obvious when thoee values obtained during rest and exercises
are included 4in the diagram. "At rest some 12% of the
potential volume change, 6% of the potential flow, and 3% of
the potential pressure are used. During heavy exerciee the
corresponding values are 50, 50, and 15%" (180] (pg 423).

Since only 15X of maximal muscle pressure is ugsed even dur-

ing high intensity physical activity, clearly one would

rarely encroach wupon the limits set down by length-tension
i
interactions. - If 1t‘uas, fatigue would follow with the

rapidity of onset determined by the magnitude of the

respiratory load [21,225]).

V.A.e. Recruitment of respiratory muscles

To the extent that diaphragmatic EM& is correlated
to the integrated phrenic ned;ogram [172] and might be used
as an index of neurogenic drive, the pressure-EMG relation-
shipﬁ described hereralao illustrate a reserve of electrical
activat}bn.' On the average, for an 1nap;ration of 11 from
é.e.p., only 5, 0.1, 1, and 0.1% of the maximal EMG at

inspiratory capacity was required respectively for the

.
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.

diaphragm, and the intercostal, scalene and sternomastoid
muscles (Figure 37a). ’Furthermore. to develop a total mus-
cle pressure at thie lung volume equivalent to that produced
at 'inepiratory capacity, th? EMG levels are 31, 9, 36, and
23% respectively (Figure 37b), still far removed from the
limits of the system.™ It vwould be most. efficient for
‘respiratory muscle pressure to be developed at as low a lung
volume as possible where insepiratory muscle length is long.‘
Druz and Sharp (81] auggesged that neuromuscular efficiency
may be described by the ratio- of Pdi/Edi. ~ During tidal

breathing, they found that the diaphragm was more nctiva;ed
in the upright position. Hhe?;u given Pdi wn;~ produced  1n
that posture coﬁparca to the aupine position, efficiency was
only one-third as great. - From our observations, the
EMG/Pmys ratio, i.e. slope on the linear portion of the
graphs, is least at the €.e.p.. The increasé&™>in thelEMG for
an increa;; in setatic alveolar pressure becomes. progres—
sBively greater as ;he starting ‘lung volume is elevated.
Presumably, as lung volume increases, the muscle fibres must
shorten thereby reducing the number of potential sites for

interaction ‘between the gonirnctile proteins. To achieve
the same negative alveolar pressire’, more muscle fibres must
then be acti&ated. Just as most skeletal mqgcles exert wmuch
of their tensions over their most effective part of the

length-tension‘ curve, the diaphragm hnd accessory muscles

are returned to longer lengths after an inspirastion by the
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elastic recoil of the re-pi?htory syetem. This is likely to

be near the optimum positibn for pressure develbpnent with

minimal requirements for neural input. A lower FRC would

need tonic participation of the expiratory wmuscles.
Various wethods have been used to assess the rela-
tive contributions of the different regpiratory muscles to

the act of breuthing; Those include circumferential meas-
. )
ureﬁbngg\ ([6,8]), circumferential and radiological median-

sagittal displacement [260],‘Enterior—poaterior displacement

by magnetometry (111,152,239], electfomography [44), parti-

-

tional plefh}qmigraphy [2f], and ballistic techniques ([261].
1

y
The latter two methods only provided information from supine

/

postures. ///

4

~ Agostoni [10) has summarized that there 1is rela-

A

s

LI g . -
tively good agreement among the estimates for the volume

-

.contributed by th@ﬁuarious parts of the regspiratory system

A

in the wupright position. In the typical vital capacity

maqpeuvre, the rib cage accounts for approximately-ong,third

~while the diaphragm is responsible for the rest. Of that

remainder, one-half is evident as abdominal displacement.
Vertical movement of the rib cage caused by lifting by the

diaphragm constitutes the other half.

Campbell (44] pointed out that a complete functional
description of a potential respiratory muscle would include

its wmechanical action, its respiratory_ function, and the

circumstances under which 4t contracts. Electromyography

.
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alone cannot fulfill all these roles but .is useful in
charfcterizing the latter. His premise ua; that.if a change
~ .

in.EMG correlated with the intensity of the effort, it
stronély suggested a direct contribution by that muscle.
With quiet bresthing, he could detect EMG only in the lower
intercostal spaces. As the tidal volume was éraduully
increased, the upper intercostals, the scalenes and.thcn the
sternomastoid were recruited. Static inspiratory pressures
evoked EMG in the neck muscles when approximately -30 cm H20
was reached. To activate the upper intercostals, pressure
had to be increased to approximately -60 cm H20.

Based on Campbell's reasoning, the EMG responses
obs;rved here have been impressive in terms of their orderly
increase with pressure and lung yolume. Although this patf
tern has probably been speculated on numerous occasions,
this could not have een verified wuntil the techniques
described in this [report h&d been used. Utilization of
graded static inspiratory efforts aliowa a clearer discrimi-
nation of the circums.ances of contraction of a muscle. For
example, referring‘to Figure 36, the complete range of EMG
levels is produced by only 45 (45-0=45) and 30 {45-15=30) cﬁ

\

H20 of muscle . "pressure for - the  diaphragm and
intercostal/accessory muscle respectively if lung volume is
the only independent variable. As such, static manoeuvres

’ 4
elicit wmore gradual changes in the EMG and illustrate the

interaction produced by alterations in the muscle length.
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By definition, static refers to that conditien which
allows study of the elastic component of impedance to

motion, with elimination of flow resistive and inertial fac-

tors. It was assumed that it also represents a condition of

constant lung volume and therefore constant muscle lenﬁ/p
This cannot be completely 8o0. For a negative alveolar pres-
sure to be pfbduged, with an occluded airway, there must be
e;pansion of the chest wall., This can only come about from
mugcle shorteniJg. A pressure gf =100 e¢m H20 produced at an
FRC of 2500 ml uouid be equivalent to d;éplacing the chest
wall. by an amount achieving a total lung volume of 2770 ml
under ambient pressure copditions. At 3 lifres above FRC,
-30 cm H20 w?uld be equivalent to adding 165 é}/fb the lung
‘volune. These "equivalent" volume changes{are gimilar to
the normal variations seen in FRC {128) anJ:nggpgbly have
o#ly a minor effect on altering muscle‘mechaﬁicd; \Y:J

It must be realized however that the "equivalent"

iy .
volume need not béjbquully distributed throgghout the chest.

Deformation of the rib cage occurs which is different from

-that geen on inspiration. Static inspiratory efforte per-

’ -
formed at e.e.p. or residual volume cause the dorsal-ventral

diameter to decrease and the lateral diameter to increasge.
When breathing 1is performed through a resistance, the
dorsal-ventral diameter change lags behi;d the lateral diam-
eter [8). This suggested that the reap;{f;ory'muscles acted

on the lateral portions and that this movement, along with

s

&
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the pressure across the chest wall, influenced wmotion of the
more paggive anterior part. Any deformation would }ncrease
the calculated work of breathing over that determined from
the pressure-volume diagram. In an extension of this work,
Saunders and his group [233], first confirmed the increasing
ellipsoidal cross-sectional shape of the rib cage at low or

modest lung volumes observed by Agostoni and Hognoni [8].

WESn static inspiratory efforts were performed above 50X of
inspiratory capucit&, both anterior-posterior and lateral
diameters of the rib cage increased. Both diameters also
>
increased at FRC if intercostal-accessory muscle contraction /f'
wag emphasized, producing minimal change in abdominal pres-
sure. Prominent diaphragmatic activity, as indicated by a
high transdidphragmatic pressure, again decreased the rib

cage anterior~posterior diameter. Finally, independently of

the lung volume, static inspiratory efforts performed with a

]
v

small anterior-posterior abdominal diameter made the rib
cage cross-mection more ellipsoidal and a large abdominal
anterior-posterior diameter, associated with the diaphragm -
in & more caudal position, made the rib cage more circular,

In general therefore, a chest wall onfiguration in which

the diaphragm was shortened, that is increased lung volume

or lengthened anterior-posterior abdominal dihméter. caused
the rib cage to become more circular, provided that the
abdominal pressure changed minimally. An ellipsoidal shape

was produced, if the diaphdagm was long or significant

/
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abdominal pressure was generated. These results indicate
that transmural pressure could not contribute significantly
to the*rib cage ;eformation and agree with Agostoni and Mog-
noni ;hat in some instances intercostal/accessory muscles
appear to be lengthening, as when the anterior-posterior
diameter decreases, when they would be expected to shorten.
Sampson and DeTrOygr (228} have recently shown that
not all individuals distort the rib cage. In thespe cases
aignifiéant EMG can be recorded from intercostal muscles
which implies & stiffer rib cage. Where rib cage deforma-
tion occurred, there was no EM&.' Our observations concur
with those of Sampson and DeTroyer. Two of five subjects
(subjects 1 and 3) showed little parasternal intercostal EMG
in response to static inspiratory efforts when performed at
e.eip. and even at I 1 above this volume. In the other
5Kfee, .the EMG increased linearly Hithrpreasure beginning
with very low efforts. Oddly thoﬁgh, in this latter group,

diaphragm EMG was also very prominent rhen it might have

" been expected to be less considering the activntiop,level of

the intercostals.

From the hypothesis of Goldman and Mead [lil]
regarding. the prominence of the diaphragm in breathing and
the' apparent motion of the rib éage along 1its passive

[

pressure-volume curve, the actual role of the intercostals

-is questioned. A respiratory function for the intercostals
L

is an undisputed fact [£4,47,59,253] but Sampson and



143

DeTroyer {228] reported that there was little voluntafy con-
trol over their participation even when suppression of the
iétercésguln was attempted by "diaphragmatic breathing" and
aud;tory feedback of their EMG. 1In addition we show that
intercostal electrical activity is closely linked to
inspiratory pressure and lung volume. According to Viljanen
[258], the intercostals are "programmed" before the breath.
For inspirations of similar size, action potential count
from the intercostals was variable but once the muscle was
recruited, the counts -increased linearly throughout_she
breath.

Earlier, lung volume increases were described as
partitioned between diaphragm descent and rib cage expansion
but Konno and Mead [152] have shown tha£ most lqu volumes
c;n be achieved by a number of>d1ffcrent chest wall confi-
gurations. From measurements at FRC at least, voluntary
distortion of the ;hest wall causes minimal disturbance of
the regional lung volume [115}. At the inspiratory capacity
however, there was 1little choice for the shape the chest
wall could assume. Does this auggest‘ﬁaximal activation of
all muscles? If "so,’ 1t would allow each muscle to be
described with r;;pect to some reference of activity. -Campf
bell ([44] addreesed this issue concluding that antagonistic
muscles and/or reflex inhibition of the -agoniata' prevented

any further increase in volume over the measured inspiratory
. o~ .

capacity. The possibility of glottic closure was dismissed
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by Mead and his associates (179]. At the inspiratory capa-
city level, the respiratory musculature wust overcome the
elastic recoil of the lung and chesf wall so it has not
reached a point of zeroc tension. Indeed, Pmus may be as
high as 30-50% of the maximal pressure recorded at e.e.p..
There appear to be no reports to determine whether
the respiratory ‘nuscles can ‘voluntarily be maximally
activated. Some peripheral skeletal muscles at least, ankle
dorsi flexors and ankle Plantar flexors, seem Eo be fully
and pear fully activated respectively-as indicated by the
inability of an interpelated twitch to significantiy augmenﬁ
torque [20]. The adductor pollicis can also ge maximally
activated volunt;rily {183]. Mognoni .and-his co-workers
(192])"have approached-thisg problem by measuring the speed
with which ;sophageal pPressure decreases on tetanic stimula-

tion of the phreni? nerves. Since-the time course was simi-

lar to that foqnd in other 'gkeletal muscles, no extra

'
4

mechanical limitation should prevent maximal excitation of
the diaphragm. It is believed therefore that our measure-
ments of EMG and muscle pre;sure are maximal.

Two aspects are noteworthy in 1nterpreting the maxi-
mal -trnnsdiaphragmatic' pressure. (1) Since our subjects
were un{n?truéﬁed as to the wmanner in which -;he - Wtatic
inspiratory WANCEUVres wWere to be perforﬁed, all EMG.d;d
pregsure responses are ﬁhone of saspontaneous effsrtn. A;y

3

combination of muscle activation and chest wall

-
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configuration was available and a given esophageal pressure
could be associated. with an increased, decreased or constant
abdominal pressure. Aas DeTro;er and Estenne [70) and Gibson
and his group {108] have pointed out, maximal Pdi can be
increased in healthy individuals easily by coaching on the
preduction of abdominal pPressure, Occasicnally, the spon-
taneocus effort produced the greater pressure in their sgtu-
dies. Some of our individual S;tu pointsg, particularly
those of wmaximal and near maximal transdiaphragmatic pres-
Bure, aupport- the variability of abdominal préssure. For
the most part though, we are satisfied that the efforts were
performed in a consistent manner in each shbject.

(2) Vbluntary tests of volume and pressure are only
indicative of the functional regserve of the respiratory mug;
culature. Since there is egiﬁence in cats that the auto-
nomic control of the muscles degcends thg spinal cord in
different tr#cts th;n those used for voluntary activation
[202}, vital capacity and maximal inspiratory pressure tests
could have only limited relevance to respiratory regulation
Or neuromuscular integrity. Clinical cases have been cited
which demonstrate that either the voluntary or the involun-

o

tary control can be impaired while the other system remains

[l

functional {214]). According to animal studies, the phrenic
is- the only motor nerve for the diaphragm {229), although

the three phrenic roots innervate diffcrent parte of the

muscle [71].
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Much of ehia discussion has been based onh wmechanical
similarities between . skeletal muscles and the respiratory
muscles. As for their pattérn of participation, respiratory
muscles differ érom skeletal muscles. In the 3gneral equa-
tion of motion, muscular force is required to balance the
forces due to 1hertia, friction and elasticity. Inertia is
the primary obstacle in rhythmical movement of a 1limb. A
flexor muscle é;ntracts miometrically initially. When maxi-
mal velocity is attained, the extensors begin to contract
Pliometrically and eventually stop the limb's movement.
Then the pattern may be repeated in the opposite direction
with the extensors behaving as agonists. By compafison,
respiratory puscles deal with elastic and frictional resig-—
tance [94], the former in a normal breath being generally
S5S-fold grcater in magnitude. (1) Miometric contraction on
the part of the inspiratory musculature continues until the
appropriate volume is reached. (2) The greater the size of
the breath, the greater is the elastic recoil. (3) The mus-
cle shortening imposes a slight nechnn;cal didadvantage. AB
a regult of these differences, neurcnal drive to muscle
mugt 1ncr§ase over the course o{_ inspiration. Analyses
based on constant EMG [117] therefore have iimited appiica;
tion.

. ' _
The priogression of EMG with increases 1in inspired

volume may be followed by joining the left most points of

each curve in Figures 36a-d resulting in Figuge 37a. For
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the diaphragm the joi;ing line passes through the origin,

because in each subject the slightest inspiration elicited

EMG. The larger the breath, the greater was the EMG as is
"

already known [3,106,143,213]. Gesell and his co-workers
{106] explained the iﬁcrc;:e in diaphragmatic EMG as being
die to an increase in the excitation frequency of those
units firing early in the breath and the recruitment of more
and more units as the inspiration continues. By the end .of
the breath, the excitation rate of the early units was more
rapid than that of the later ones And presumably would be
clese to their tetanic tension. The receﬁt findings of
Deluca and his associates {62,63], who studied isometrie
contractions in skeletal muscle with force varying intensie
ties, support Gesell's observation. Not only does the
1nécnsity of contraction Increase to overcome greater elas;

tic recoil with volume, but _the diaphéagm also shortens.

Presumably this explains the difference in the level of EMG

—

for the same pressure at different lung volumes as discussed
earlier. The issue of diaphragm curvature is less important
than pr;vioualy considered {]77j accorQ&rg to recent inves-
tigations (35,149]. If the EMG measured at inspiratory
capacity represents a maximal level of diaphragm activatién,
and inspiring 3 1 from e.e.p. only broduces EMG of approxi-
mately 50X of\\;hat amount, it seems -unlikely that the

diaphragm would. reach total recruitment before being very

close to complete lung inflation. The implication of this
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is that the diaphragm is active and capable of producing

pressure in every phase of inspiration regardless of breath

S eize. !

- \ |
. With respect to the intercostal/accessory muscles
depicted in Figures 36b~-d, when low inspiraéory pressures
were produced at.low lung volumes, the;e was little EMG.

" Moderate pressures generally recruited the scal;nes before
intercostal and sternomastoid activity could be detected.
Continued increases ingalveclar pressure then typically eli-
cited curvilinearlresponses in the EMG. During an inspira-
tion to I 1‘@bove ce.e.p. the 1ntercostallaccessory mugcles
Yemained silent but were more readily activated with added
static pressures than at the e.e.p. lu;g volume. This sug-
gests a recruitment threshold gshift Aiong the pressure axis
‘toward the origin. The threshold was advancéd further when

the inspiratory pressures were produced at 2 1\ bove e.e.p.

" and there was an increxszﬁ;;—zﬂb\rlope of thetFMG esponse

' \ ;T
over the pressure range. Approximately 5% of “the maXtmum
scalene EMG was utilized to attain this lung volume. All

muscles participated in inpmpiring to 3 1}\\ In relation to’
: N

their level at ull- inspiration), the mean intercostal,

scalene and sternomastoid EHG'values were 16, 32 and 11%
. .
respectively.
In virtually every inspf{ration and static pPressure

tested, the diaphragm was adtivated to a greater extent in

relation to its maximum EMG than the other muscleé. This is
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consistent with the first quantitative evalﬁatiqn of the
diaphragm made by Wade [260] who, by combining spirometry,
cifcumfcrential agsegsment Jand radiclogy, calculated it to
contribute at least one half to a normal quiet breath. Nanf
subscquent investigations have confirmed the diaphragm's
mechanical action [58,193,230,231), claiming that it is the

major inspiratory muscle.
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V.B. DISCUSSION OF CURARE STUDY

V.B.a. Effect of cvrare on skeletal muscle EMG and mechanics

Neuromuscular junction. Curare has traditionally been

regarded to \i:;}bit muscle depolarization by reversibly

1 L]
-

attaching to acetylcholine sensitive -receptors on the post-

synaptic wmembrane [113). This was based on the observation

in in-vitro frog muscle preparations that curare follows

chemical reaction kinetics typiéal of classical competitjve
4

inhibitiéﬁ\]léO]. Furthermore, the normally permanent bind-

iné of aIpha-bungarotoxip to acetylcholine receptors is
delayed by cug;re [185]. As Magleby und. associates [175]
summarize however, additional actiong by curare are being
recégnized which include interference with the pre—synaptic
release of acetylcholine, depletion of acetylCholine stores
during repetitive stimulation, and possible blockage of
ionic channels at the end-plate sq;face. Irrespective of
the hechaniém, the result is a reduction in the size of
winiature end-plate potentiais (92} uﬁiéh prevénts the end-
plate from reaching Fhe depolarization threshold [85]).

Curare has little effect on the central nervous sys-
r
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tem and thus allows the integrity of the sensee and volition
to be maintained [53,242]. Excitation of the .motor nerve

terminal ie also mnormal [l44]. By analyzing the steps in
. ’ ™
neurcomuscular transmission that could be influenced by

curare, it 1ie possible to match some of the predicted

&
effects with experimental observations. In this examqle, we
. i

)

congidcr a motoneurone firing at a hypotheticalsrate of

20/8ec. Acetylcholine is released fr the pre-synaptic

b g
nerve endings and except for the possible situation of con-

tinuous; hdgh »fréquenc& rierve stimulation 136,154), its

stores are probably adequate. In the presence of curare,

’ . . ' .
the evidence is mixed as to whether the transmitter quantal
b .

~ Ay .
content is maintained during muscle activation (17}, or
AY b

"runs down"

. &
gap, the ability of acetylcholine to form agonist-receptor

¢

complexes will be determined by the number of accessible

"unblocked" receptor sites. The subsequent increase tn mem-

brane permeability to sodium and potagsgium produces sn end-

plate potential. It is composed o6f multiples of miniature

end-plate potentials [92) which are 0.4 to 1.0 mV in _ ampli-

tude and are believed to represent The? depolarization

resulting from a single quantum of acetydcholine [34,73].
- .- :

When the end—plnte'potential;ia of sJYficient glze to reach

threshold, the muscle cell is excited.

Due to the composite nature of the end-plate poten=
. -

tial, it can theoretically be modified by either chan

' . \
{131). Following diffusion across the synapt£t£}- VJ -

?’_,

_

™~
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the amount of acetylcholine or alterations. in its post-
. Y ‘ _ ~
synaptic receptor. The mammalian neuromusculay junction is

constructed eo that ordinarily there is a direct coupling of

motoneurone action potential and motor unit twitch. {1) The

_‘neuromuscular junction receives only excitatory etimuli

unlike @8ynapses ‘1n the céntral nervous system-{155) and
crustacean motor systems {83] which integrate bot excita-
L

tory and inhibitory 4nfluences. (2) Acetylcholine 1is
S

released in saturating qunnti;&eﬁ [74). (3) Only 25% of the

post—syngg;ic recepsgrs need to be available to ensure end-
~

] *

platd/aepo}urizati [208]. ~(4) The absence of a refactory

period for the end-pla

.

 the frequent miniature end-<
\\J

Plate potentials to summate (85]. (5) The rapid breakdown

4

of ,trnnsmifter by ncetylcholineaterasé prepares the end-
plate for the arrival of another volley of acetylcholine.
Excitation of the muscle cell results iﬁ propagation
of an action poten;ial along the sércolémma. The detafls of
the sﬁupe of the action potential, tﬁe compound action
potential, and the overall interference pattern were
addressed in the previous discussion section. What matters
at this ﬁoint is that tge end-plate potential determines the
all-or-none property of muscle fibre'activation.
| Neuronfizscular transmission has a remarkable "margiq
of  safety" consisting of both excess tr;nsmitfer and recep-

tor. Defined by Paton and Waud [208] as "the extent of

interference with thé ‘synaptic mechanism that can exigt

Ez]
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without failure of transmission”, they determined the
increase required in the concentration of the agonist (suc-
cinylcholine) -in the presence of an antagonist to preserve’

the norwmal . maximal muscle twitch. Expressed in functional

terms, partial paralysis was evident only when 75% of the
Yeceptors were antag;nized. At 90% recepﬁor occlusion,
there was no twitch wi:h maximal nerve stimulation del;yered
every 10 gec. fwo importaht implications are that muscle
S

function would‘not appear comproﬁised provided there was at
least 25X normal transmission and that once neuromuscular
block occurs, additional small 1ncrease§ in curare concen-
t;ation would produce large reductions in muscle force.

If the end-plate potential can depolarize by 10-20

mV, it will have reached the threshold and generate an

action potential. Hyperpolarization of the resting mem-

o 0

brane, which inhibits the action potential, indicates that
nerve stimulation usuaily produces an end-plate potential of
35-40 mv [34]. This is additional evidence of the large

margin of‘aafety. Curare reduces the size of the minifture

end-plate potentials [92] without altering ‘the resting

‘potential of the post-synaptic membrane (91}, and it is by

tand the failure to reach

this mechanism that
thresheold. At the pbint of abolifion of actior potentials
cles and associates [85] measured the

in amphibian muscle,

end-plate potential to be 2-4 mV. This would be consistent

with the findings of Paton and Waud {208] that with apparent

-
»

—T
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complete paralysis, there could 8till be some viable recep- ~
&

,torse.
In relation to the observations of this investiga—

"tion, interest lieg in that region ?f receptor blockade

- L
where, according to Paton and Waud, muscl%{;function with .

maximal activation is Just normal ‘but a %ignificant propor-—

tion of the receptors are occluded and p*s;nds to a point

where maximal muscle tension has been reduced to approxi-

mately one half. An analjbii_will first be made

: A~
as they pertain to a single muscle fibre. This will thdn be

r

.expanded to the situation in a motor unit followed by that

relating to a whole muscle,
s P

"

Single muscle fibres. If in the motor end-plate of a single

muscle cell 75% of the réceptora.ére,blocked, the fibre con- . j‘

tinues to be de.olnrized with each-yolley of * lcholine : .
P j%i y ‘E?agfy y . .

eliciting action potentials and-twitchea: For this diacus- "

sion, it will be assumed that 0.4 and 40° mV represent the

. |
end-plate depolarization due to a gingle quantum of acetyl;\“—“'\\\

chdline"und a normal nerve volley respectively [92]. With
- -

25X of the receptore providing just complete n

Q;uscular

transmission, the excitation threshold is calculate 8 0.25

. "'\

X 40 mV = [0 mv. CohatunCy of acetylcholine supply and
receptor occlusion should maintain the contractile ability

of this fibre. There 1B some evidence however that high
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frequency stimulation of the motoneurone can reduce the

availability of acety%sboline (36,154) 4in the absence of
Kl
curare., 'Therefore“qith submaximal block there might be _an

-

apparent 1ncrease-_iiﬂzggkﬁcns independent of any change in

™~ -
the level of receptor occlusion. Cucare though is known .to

Y
I o
aggravate this. condition either by creating the asituation
]

- '
where transmitter rundown can be evident, or by direct

interference with the relesse of vesicles [103,131,175]).

JuN

Further increase in the curare concentration itself around

’
'

- . -~y
the single wmuscle cell would result in an insufficient

L g
«

number of accessible receptors. Even though a single end-

.platé‘potential in this latter condition would fail to reach

threshold, two rapidly succeeding mini;tu}e potentials
- ;

(within, 20 msec) could c?mbine to_reach the firing level
(ast. .Thus by i;creasing neural drive, several additional
twitches ~might be possible before transmitter depletion
occurs. | |

In the events described, an action potential must
precede each twitch, but 15/"23 doubtful that conditions
remain static as indicated. Rather there is likely to be a
continuous competition g;twccn acetyléholine and curare for
the receptor which pfoduces a congtantly changing‘ end-plate
potential. It may occasionally be above threshold and'u:
other times not reach it. 'in addition, .éhe shape of the
end-plate potential 1is sBubject to variation. Changes in
rise- time, duration, and dec:;/ time with curare and

I

<
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o4
prostigmine (acetylcholinesterase inhibitor) compared to
¢ .

control [34,85,92}, suggest an 1nf1uence from the &patial

and temporal distribub1\34sf’i5cal currents. If the musclc

-

force-stimuylation trequency relationahip applies for single

fibres as it does for whole muscles, neuromuscular block

)]
i

Mpuld cause marked fluctuations in tengion due to the

interruption of excitation.

Pl
j,—
i
-

Single motor units. Progreesing to one motor unit, the

events of the motoneurone terminals and their post—-synaptic

end-plates can be assumed to be identical to those outlined

above. Either there is complete coupling between acetylcho--

line release and twitch or there is none. Between the ﬁ::)

motoneurone and itg muscle fibres as a whole, the relation-
ship will be'less clear cut. First, neural drive may be
rhythmic, as shown to occur in paralyzed ﬁiaphragms of cats
[243], but not al}l the Eibrea need necessarily twitch or
"higs" at the .snmc time. The average amplitude of twitch
tension could be reduced by neuromuscular block to one half
but repeated measurements would _likely show statistical
varjiation about the mean. Secondly, act;on ﬁotentinl counts
would parallel the number of contracting‘fibres however the
compound action potential of the motor ug¥t might alter in

height and ghape du$‘to & continuous change in the spatial

distribution of the swource potentials; even with tension
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) remaining constant. Thirdly, overall motor unit force could
.be reduced for two reasons during brief intervals of -excita-—

tion, (i)} a particular fraction of fibres

- -

.
neuromuscular block and (11)//becnuae of

to achiave or main

nature of tRa.block,  those fibnﬁ[ still activ

the wmotbneurone firing

-

The latter qfuld preoduce a le of force somewhat less than

the fusion, of un’nterrupted twitches usually géné?h{g\. \

The accompanying figures'may be useful in predicting
the coneequences” of intermittent impairment. Figurg 38 is
redrawn from two graphs of Cooper and Eccles [56) which
relate the force as a pe;cent of maximum on the ordinate anié?
exqitatiéh frequency on the abscissa for cat soleus and gas~-

trocnemius. Soleus is composed predominantly of slow twitch

-

muscle fibres while gastrocnemius is of a more mixed nat
&

Below the abscissa is the corresponding cycle time for. the
frequencies indicated. For this particular -discussion,

A
\"ihfﬁrmatioﬂ from who{p muscle will be assumed to reflect

S .
directly the behaviour of its motor units. Figure 39 indi-

cates time on the abscissa and firing frequency on the orqiaf

nate. The curves relate these two variables according to
3
the firing impulse number. Given that any motor unit is

. depolarized first at time = 0, the time of the second
o .
impulse is indicated by curve 2 according to the excitation

frequency of that unit. For a moto:\g:ii’driven at 40 Hz,

-

fhe second impulse arrives 25 msec aftér the first. The

L)
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.third inpu%se arrives after 50 msec. The lower part of Fig-
ure 39 indicates effective durations through which neuromug-
T
‘ cular block might occur in a glven motor unit, that is, dur-~
ing which‘ no fibre depolarization will take bPlace. Since
the literature does not seem to have quantitative data on
the wunion time of a curare molecule and a particular recep-
tor, some values have been assigned. To congtruct line "a"

.of Figure 39, 1t is arranged-that every second nerve volley

x would be blocked in a fast twitch motor unit being fully

w7

- T .. driven at 50 Hz. Every other 20 msec interval Prevents

-

end-plate depolarization. Therefore for this motor - unit,
-3y
the useful frequency, that frequency producing twitches, has

been reduced to an average of 25 Hz whlch from Figure 38

reduces the force from 90% ‘of maximum to 65%. For the same
o

neuromuscular blockade conditiong (blbcking time - line a),

a motor unit firing at 18 Hz in Figure 39 would not be
affected by curare until the third nerve volley when the

block coincides with the end-plate potential. Thus that

-

motor unit is able to fire at 18 Hz but only for fuo
. impulses. | Two 1impulses do not allow it to reach the force
exvgcted of this frequency, then during ¥ the interval
intended for tbe third impulse, force decayn; These events
would make it difficult for motor unite to maintain force.

The same analysis as used above can be used .to

;

.o .Y !
determine the impairmend at other durations of neurcmuscular

-

block. Lines "b", "f"' and "d"™ of Figure 39 have been

+
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e
produced with the conditigg that every second’nerve'volley

is prevented when motor units fire at 30, 20, and B Hz
respectively. They have been selected according to the
upper plateau and gteep portions of the force—frequency

o . .
curves of Figure 38 for a representative fast and slow mus-

cle.
Py
Can the level of motor unit activation be altered in
‘reaboﬁse to neuromuscular block? If go, the form of the

AIteration‘may be determined according‘ to what function
needs to be preserv;d. In our experiments, the subjects
targeted for specific inspirutory pressures so muscle ten-—
sigp was the regulatea function. Another candidate might be
mzscle‘Apngth, Oor some combination of length and tenéion,
muscle stiffnéss. To increase tension from a submaximal’’
level, u7ﬁclé can use rate codiné or recruitment and it

woyld likely be these characteristics which would be used to

ciréumvent the himpuirnent by cur;}c. Given that most
activities do not involve muscle ag their tetanic frcquep—
cles and.that subﬁaximal nc;roéhscular block is inconsequen-
tial when very low ijrce levels are fequired. it 18 con-
venient to examine the effects of changes 1in firing fre-

qQuency in reaction to neuromuecular block over Ebp steep

portion of the for;e—frequency relationships in Figure 338.

Representative freqqucies will be selected as § and 25 Hz

for slow and fast muscle respectively. £t will be noticed
——,

that in these ranges, small changes in frequency result in

S

A
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large but linear changes in tension. Figure 39 wmay be
regarded as depicting frequencies which could avoid the
effects of the block. In this Tespect, a given frequency
change is wmore successful at avoiding the block if the
modifiiutionfis made 1J’the low frequency range. Here, each
of tﬁé impulse number curves are flatter and succesaive
impulaeé should be able to be produced at a rate which
allows the impulse to occur during the unblocked interval.
In conétgnta in the steeper portion of the curves of Figure
39, impulses are concentrated into blocked or unblocked
intervals. By reduciﬁg firing frequency, it seems that the
probabilities of producing a twitch for each nerve volley

could be improved. Furthermdre, nerve firing frequency is

reduced which reduces the likelihood of acetylcholine run-

down. Increasing the excitatioﬂﬁ?;equeﬁéy would cause large
,'/. .
fluctuationg in muscle tension due to continuous interrup-
< hd . '
tiqn of the train of depolarization.
. Whether muﬁcle can act this way ie not known, but by
“reducing excitation fate, overall tensioﬁ must -be made up by
un:increase in motor unit recruitment. Thise implies that
more ' fast twitch un%ts would be activéted ag lower than
usual levels of total muscle tension. But if these units
are subject to the same frequency regulation as speculated
above, they then contract at slower ¥ate;-than when they are

usually recruited and consequently produce less tension.

v
This cou\g add a further impetus to recruitment.
. )



161

T For much of the above discussion, several assump-—
tions and conditions were wused to predict some of the
effects that might occur at levels of organizat;én below
that of the 'whole muscle when neuromuscular block is
induced. This results because most of our knowledge of the
nature of curarg's impairment comes from (i) isoclated mus-
cle, and in situ expei%Fents in animals, and (ii1) the
anaesthesiological literature which esgentially is descrip-
tive of curare's overall effects.

From the latter however, it is known that the fre-
quency of muscle stimulation 13 of prime importance in
determining the extent of function during curarization.
While simple twitches and low excitation rates may indicate
recovery, tetanic;frequeﬁcies reveal that a marked impair-
ment Btill remains [89.19}(110,264]. Thie can be expressed
as "fade" in either the EMG or muscle force and presumably
reflecte the sensitivity of the neurcmuscular junction to
acetylcholine rundown when curare 19 presen;:

Earlier, it was implied ‘that curare produces an "on"
or -"off“ effect on® the neuromuscular %hnction. .It rnight
better be ‘described as unstable for two reasons. First,
neither the "on" or "off" condition is likely to appear with
any regularity. Secondly, it is kgbun that curare produces
"jitter" at the neuromuscular junctisn. Using a ﬁeedle

multi-electrode, Ekstedt and Stalberg [87] measured the time

interval between the action-poteatials of two muscle fiﬁres‘-
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belonging to the same motor unit. Under control conditions,
the standard deviation or "jitter” of the wean of this

-

interval was 10-30 ueec. At a curarization level just guf-
ficient to pro&Lce diplopia, the jitter increaaeé by 5-15
usec. With additional curare, the jitter incresmsed further
to 40~80 usec. Occasionally there was complete blocking of
one .of the potentials in the pair. Subsequent computer
simulations [104] suggested that Jitter with curare could be

explained by variations in the rise time of the end-plate

potential, and/or changes in the depolarizatjon threshold.

gkeletal muscle.and the respiratory muscles is derived from
observations duning maximal activation of,&i?%er tbe muscle
fibre, the for unit, ‘or the whole muscle.J’&U;tch and
tetanic tensions, theirf*ratioa speed of contraction and
endurance ability all define muscle character [52]. "As
introduced in ;he previous éiscussion section however, wmus-
cle is usually engaged i; submaximal levels of contraction,
andﬂesaﬁciully 80 in breathing. The volume of literature on
this aspect seems relativelﬁfggi;l but several investiga-
tions have examined the behaviéu; of vnrioua_constituenta of
muscle with réspect to the whole entity k}6,161.215,247,267i

which suggest lignificant interactions between the parts.

Since inactive muscle does not contribute to producing
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force, it becomes part of the load which the active com-
By P

ponent must move. This is of little concern provided the

load is brief or muscle has the reserve to continue the

effort for prolonged pericds of time.

During curarization there is less active muscle and
to perform external work, that part must 6vercome n
increased load. One aspect of this impairment was addresged
by the investigation o{ Pengelly and Rigg (unpublished
observations). They found that ;hen the unterior tibialis
of th; cat was partially paralyzed, it had a length-tension
relationship whi;h was the same as the uncurarized muscle
when it was submaximally stimulated. Compareq to the maxi-
mally excited control condition, the optimum length for ten-
sion remained the same but curare caused the deacenﬁing por-— -

tions of the tension curve to intercept the length ax{i‘at a

longer position. Because the force qfcrement with curare

\J/} was not proportional at all lengths, the éffﬁcta appeared to

<:T$e uéceﬁtuated wifﬁwguscle shortening. This was sugpested
by Saunders and hig/:ssociates {232) to be a pdﬁsible feason k/é;)
for the marked decrement in inspirutéry capacity relative go 4
the weakness indicated at longer respiratory muscle lengths. \/}f

The inability to produce force by shortened urar- v

f// ized muséle ie supported by sevcrﬁffzz:es of evidence in j;fﬁ

1

I .
uncurarized muscle. These suggest p;5§be§h%ve_diff1culty in

exerting tension at short lengths unless muscle activation

1 increased. (1) Twitch-tetanus ratio decreases with //

\

4 s
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reductions in muscle length [161,247]. (2) T?erc is photo-

graphic evidence of myofibrillar deformation at.short muscle

lengths [254]. (3) De-activation by fatigue and neﬁronal

bran;h lesjon reduce the muscle length over which force can

be produced [266]. (4) fension can only be produced at

short -muscle lengths by increases in stimulation frequency

{215]. On; theory “of length-dependent de-activation pro-

poses that shortening distorts the transverse tubules and

inhibits the inward spread of depolarization‘[ZISI. Caf-

C:W feine promotes calci;m reléase from the sarcoplaspic reticu-

] lum and has been ghown to increase muscle force4 at short
. ) - -

= - lengths [226]. A
.—_‘“———h

LS Since partial neuromuscular block limits normal mus-

¢
cle shortening, the amount of vlength-dependent "de-

ctivation” would be assumed to be less than present in the

4‘\ u?arized muscle at its shortest len%t:h. The failure to

» produce forc; might then be related to an inaﬁility to over-
- <E
‘ come Internal resistance to length changes ene?ted by sur-
. x5

rounding connective and inactive contractile tissue. Con-

sistent with this notion-is the ob;ervation th;t partially

el ‘curarized muscles take longeri to 'rdéch twitch tensions

(160}.

™~

. I - .

Q



165
1 2 ’

L3 ‘ Al
V.B.b. Effect’of curare on respiratory muscles 1f man

i ) . W

[

4

kﬁ: 5 suggests ‘thnt curare limits the number of motor end plates
. 7 ’ -
4 able to depolarize and that this is expressed as a reduction

Fl

.Up to this point, evidence has been presented which

of maximal muscle force. The observations reported here in
* human respiratory muscles must now be interpreted in light
S . . .
of such information and their sources.
Baged on their findings of a disproportionate reduc—
) | -

(/' “tion in inspiratory capacity compared to maximal inspiratory
pressyre at the end-expiratory position, Saunders and co-
workers [232] speculated that curare caused an unequal dis-
‘tribution of weakness which would be evident 1if pafticular
muscles ' were maximally activated only for particular

- ' - reapirn;ofy manoeuvres. If this was the case, we expected

s . that the EMG in the uncurarized muscle would be maXimal only
during the effort for which it was fully recruited. Follow-

ing pnétial neuromuscular blockade.‘the EMG would be reduced

© f to' its greatest extent when the same manoeuvre was

.

attempted.

‘

. ‘ The two most outstanding. features of the EMGZ»

' response tof static 1nsp1r§59ry presesure in the curarized
. ’ éondition~werb_the reduction in the maximum amount of EMG //’-Hu}ﬁ\\
recorded with maximum pressure and the exaggerated EMG lev-

els for a particular degree of effort. We bel*cved‘ that

Y

. .'.* o . . ‘ o
YA \ -4 e |

measurements of ;kly_maximgy.EHG ani:::essure were u;¥§1
o«
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’nof:simply an integpolation of the original relztionship.
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able given the possibility of "noﬁspecific activity" [44].
It _wa; theref;re necessary to ensure the specificity of the
EMG and this could Bc ach%gved by grade& levels of pressure.
We could be confident th;t the maximum EMG truly reflected
tbe rpspirafory activity of underlying muscle if it was con—
tinuous with that measured during less strenuous efforta.
This aspect was wore important than could have been antici-
pated as will be shounlbelow.

With curarizationm, both.maximal pressure at all lung

v

volumes and the maximal EMG were decreased. Those ‘tscle

i -
fibres wh%re motor end-plates do not reach the depolariza-
. e
tion threshold will not elicit sn action potential and con-

sequently not twitch. As indicated in the previous discus~

slon- section, the relationship between EMG and force need

h\*\ﬁ\_,f’nOt neéessarily be linear, however, gross differences

between the reduction in myoelectricity and pressure would
not be expected. Bigland and her associates [2%] showed in

rabbit tibialis anterjor, that the rectified electromyogram

during maximal sfimulation decreased as a linear function of
f} ’
twitch tension with prégresaive curarization. _
. e
We hesitate in making such a comparison because - the

EMG-pRessure curve during partial neuromuscular block wag

.

In 39 .®f 60" comparisons, the 3;333 of the EMG increase
- - 1

beé;;e more gteep and suggests, that additionnl’ mechanisms

¢ : > P

were quratingv One of. several cﬂangea, or their
~ )

W ) \;_X L= | ’

c. L." * f‘

(f.n‘. F"
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combination, may have been responsible.

Reasons for increased EMG. First, the EMG of the respira—
tory muscles may have been contaminated by that of other
muscles. As discussed 1n.an earlier sec?ion, our placement
of the electrodes might allow the pectoralis ma jor and the
platysma to interfere with thé\:écording of the EHGJ of the
parasternal intercostals, and the scalenes and sternomastoid

respectively. This might have occurred‘wit£ maximal efforts
but ;onsidering that our subjects were relatively well-
trained in performing these manoceuvres, and that these mus-
cles were also curarized, we doubt that these muscles would
have been increasingly activated with even the relatively

less satrenuous pressures. In the case of the diaphragm, no

other muscle contaminates the EMG except the heart, but its

component was removed in both conditions. 3

Secondly, the increased rectified EMG might Gj due

to an adteration of the muscle fibre action potential.
) -

According to Katz, (146), curare has no effect on the end-

plate depolarization threéhold nor on the rate of rise and

height of the spike. If the conduction vclocit{jaof the
. - —

action potential =&along the sarcolemma is slowéd. aB occurs

.1n some instancesg of fatiéue. the EMG contains wmore low fre-

quency components which are subject to {faa filtering by

intervening tiesgue [lﬁB,%éP]. ~This would increase the

o
e
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rectified value.

Simulation studies have shown that when action
potential cancellation 1is reduced by nynchronous}musclc
fibre excitation, the rectified EMG would be greater than

=

that associated with motor unitg firing in a more typical
asynchronous pattern [395,212]. Or, the procedure can work
in the opposite direction. gy increasing asynchronization,
muscle fibre ap;ion potentials of opposite pelarity will be
more evident as discrete events. Available evidgnce sug-—
gests that this is likely due to variablé delgys at the neu-
romusculaf Jjunction [}70,244] which results in prolonged

»

rise times of end-plate potentials.

Thirdly, 1t is possible that neural drive to the

muscles was augmented during the . Wweakness resulting in

either increased frequency of setimulation or motor unit
A}

recruitment. DeTroyer and his co-workers [68] found that

during curarization, the diaphragm EMG was significantly

g

elevated ‘due to the exertion of greater tension. For altl
'

respiratory manceuvres, abdominal pressure was greater which

increased «he transdiaphragmatic pressure. We observed that

. Ll
abdomigal pressure was 2180 greater for a glven inspiratory
pressure Bo our EMG findings are consistent. ‘From the
#
changes in the transdiaphragmatic pressure, DeTroyer's group

(68} -suggested that the diaphragm took over the effort of

breathing and this was supported by a matke% reduction in

e
the intercostal and scalene EMG. In contrast, our

-

-

.‘\._T'
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measprements clearly show that _there was increased

intercostal /accessory muscle -  G. Either, we reject the

-~

notion that increased diaphragm EMG reflects grsdter
activity or, accept it with the proposal that the pame
applies for the intercoatal/ucdﬁsaory muscles.

VA I1f alfl the respiratory muscles were electrically
Y o
more activé, why was there not more pressure then, in line

'wiph the control EMG-pressure relationship? If there was an

[

increase in the internal muscle resistance, then more muscle
Pressure would have been needed to overcome the load before

alveolar pressure coudld be reduced. ‘Reduced lung and/or
»

1

chest wall compliance or QPB uncontrollable increase in
L 3

expiratory muscle activation might also have producea';hi&

result. As far as elastance of the respiratory syastem is )

f

- »
concerned, only subject 2 showed measurable inc%eases tggi
o :

being due to a reduction in 1u£§ compliance. Thus, this

aspect cotl only haVe & minor rolq.QjAntagonietic.muscle

.
contraction dight have been detectable with electromyography

but no reason is known that would lead one to expect this
A

event.
s

Feurthly, it seems ué though 'in this compromised

condition, there was a dissociation of mustle electrical and

-
~.—pechanical .events. Some evidence in the clinical literature

indicates that this is posgible.
v Epstein and Epstein [89] recorded both the electro-

myogram ’und ~ tension ‘from the thumb adductor dﬁring

- . . -

——

|

~

N .
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curarization and recovery. In ulnar nerve stimulations pro-
ducing a twitch, tension was always reduced to a greater
exFent than th; amplitude Qf the compound action potential.
They were decreased by 8] and 66% respectively at the time
of greatest weakness. A replot of their EMG relative to
twitch tension. shows tﬁat the curve is identical to that
found by Bigland and her associates [23J in cat tibialis
anterior.. The action potential decreased very little with

- the initial muscle weaknees but as " the latter progressed,
the EMG decreased wmore rapidly. However this is the same
investigation reported earlier, in which the "integrated"

EMG decreased linearly with the reduction in® tension.
o

.Therefore, except at the control point and the peint of

?greatest weakness where thf two were the same, the“ﬁEIEh{\of

~

the compound action potential was greater than the rectified

;alue. The difference 'was not resolved. The results of

Katz (lagl‘ufe consistent with those of Epstein and Epgtein.

Two other reports [32,145) also suggest that muscle wmechani—

cal activity does not .correlate with ite myoelectrical
. .

behaviour but the evidence is less convincing.

An alteration in the contractil'e properties of mus-

e
cle 'wIzﬁﬁxcnrare could also cause eleg&ro—mechan{Fal uncou‘ /H\
- ) FRA
pling, but we are unaware of any investigations addressing
T L. ~ it
this issue. - c

In the previoue discussion eection, it was shown

\(‘aw/
that "a the respir? Ty musclg¢s shorten,.the level of. EMGes™ -
. o - S

4
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asgociated with a particular muscle pressure was increased.
Therefore a fifth possibility is that during cprarization.
the muscles operated at a length disadvantage. If this
occurred for all the respiratory muscles, it implies.that
L;t:he end-expiratory position produced a lung volume greateé
than the control level. This is unlikely as will be dis-
cusged lgter.

Finally, the increased EMG at submaximal pressures
could be due to the recruitment of large fibre motor units
which normally only become activated with greater muscle
prea;ure. It was shown earlier how curare might promote a
reduction in the average firing rate of a motor unit. The
marked increase in low frequency components of the EMG fre-
quency spectrum following curare administration is con-
sigtent with this notion [222]. For angiven level of motor

*

neuron activation, the pertinent muscle fibres produce less

force, similar to the reduction observed in tension of the
adductor pollicis,when it is stimulated at . incrersing fre-

quencies with submaximal voltage levels {24]. Since, the

aubjects‘only feadback was the alveolar pressure he was pro-
ducing, wmuscle drive would increase until the tafget was

achieved. Therefore additional motor units would be called

.

upon, these also being limited in their, firing frequency.
“¥ T . :

The EMG accompanying large fibre, high threshold, motor
unite then combines with that Already present to elevate the

rectified level. The effect would be particularly marked if

h s
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motor wunits could only function at the lower portion of the

sigmoidally shaped force—frequency curve. Here increases in

discharge fgte increase the rectified EMG linearly but ten-
sion changes minimally.

Alternatively, the kinetics of curare's inhibition
may be such that it nllﬁus muscle fibres of wmotor neuronsg

driven maximally‘to discharge at near tetanic frequencies

for brief intervals. If they operate on the upper flat pDF-n’

tion of the fd;ceffrequency curve, EMG incresses again with
rate but the tensiqn gains are gmall, Furthermor;, the te;L
sioﬁ potentially available at that frequency may not be
reached because muscle force lags behind the elec;rical

events [206]. For e ample, if cat triceps surae muscle 1is

stimulated sinusoidally at a rate from 5 to 30 Hz, tension

is only'SOZ 1f the cycle occurs 3 times/sec compared to the .

tension produced when'the cycle time is 1 sec.
Two clinical reports have also noted an augmentation

of the EMG response to graded muscle force. Lenman [1§9]
7

;

explained that the steep EMG/tension curve in patiéntu with
poliom}éiitis and ' muscular dystrophy reflected decreased

. L}
neuromuscular efficiency similar to that seen in healthy but

fatigued muscle. Patients with disease of the nervous sys—

tem were unable to produce high levels of force But the - EMG

1aneases were similar to normel muscle.
. .

During tests of elbow flexion, some hemiparetics

- demonstrated an ivcreascd EMG response to force in the

.
° J

L @

R
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affected 1imb compared to the normal side (250].

Hechanics of respiratory system. In the study .reported

here, electromyographic techniques were used to investigate
Fd

the relationship between fhgpiratory capacity and the maxi-
mal. static inspiratory pressure during curarization..
Saunders and his asaociat;s (232] observed that the two were
reduced proportionately while ;t was predicted that the
inspiratory capacity should be relafively ﬁorc preserved.

Due to the very low compliance of the lung at high volumes,

large reductions in transpulmonary pressure. would be

expected to produce only minimal changes in the maximum

inspiration. Only some of the observations ' reported here

concur with those of the Saunders grqu. In two subjects,

the curve relating the maximal st&tic inspiratory Pressure

‘with lung volume was ﬁpifted duriqg‘curarfzation in"a paral-

lel manner from the control position. The other three sub-

jects “behaved accordiné the predicted wmodel, preserving

inspiratory capacity. Examples of these findings were shown

in -the results section. To a certain extent, it might be

' 2 .
argued that volume is protected over pressure in all suli-
L2 )
/_ s~ "
jects ©because, as a percentage of the control vgiue, it is

decreased less {Figure 40). The méa pflbf thﬁse ‘lines

is -1]?3. - However, from the comparison in this figure,
[ &

which should-fe descrngd 88 the weaker grpupf The three

2~
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individuals who preserved inspiratory capacity actually show

L

4 greater reduction in the maximal static pressure than _the
firet two,

The data of'Figu}E 40 has been transformed to muscle
pressure and in Figume 4] was rlotted ga that detetmined at
the inspiratory cnpucity position against the value at the
relaxed end expiratory position. ‘The two groups retain
their relative placement on the graph, but there is evidence
of further weakness for all subjects according to the down-
ward shift along the ordinate. The mean slope is n;w —0797.
This suggests that at leagt over a lung ;qlume'range
eqqivalent t§ the inspiratory capacity during submaxima}
éuraf{zqtion, the extent of paralysis'is gimilar at long and
short muscle 1e;gtha. Elsewhere in 4;:5 discussion, it was
shown that this may nqé a$ply at ;ery short muscle lengths.

-

To 1deﬁ£1fy the -mechanical factors which could

-

explain these cbservations, the partially curarized respira-
tory musculature will be "treated as a pumping seystem.
According to Heai\ and Milic-Emili 1181], attention should

focus on the medium to be pumped, the pasgive elements that

couple an energy source to the medium, and the energy source -

itself. . Becuuae:huantitive electromyography precludes con-
Biderztion of dynamic events, we may ovérlook the influence

of the-medium. Rahn and his co-workers {216) showed that

thé lungs' and chest wall éomprise the passive elements and
. v .

that the energy s‘che is derivéd from the respiratory

FR

N\
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muscles,

The extent to which alveolar pressure can be reduced
when the airway is closed depends on the force of the
respiratory muscles. and their ability to ov;rcome the elas-

tic recoil of the passive elements. Thus, -Palv = -Pmusg +Pw

+Pl. Because at the end expiratory position the chest wall
recoil outward isg equal to the lung's recoil inward, most of

the available muscle pressure would be expected to be evi-
-

dent as the alveolar Pressure change. This then offers a
useful réference with which to express the extent of

Tespiratory muscle weakness. At the upper voiume extreme,

the large influence of the passive elements require that
muscle’ pressure itself, rather than alveolar pressure, be
determined.

S5everal factors have been postulated which could

..

prevent the full force available in the respiratory muscula-

. Ie
ture from being evident. (1) Reflex inhibttion® of motor
¢ [l

units may be operating since maximal voluntary efforte fail

. .
to achieve the pressure levels observed during spontaneocus

actions such. as coughing and vomiting [45]). (2) From the
finding of Campbell and Green [43]‘ that abdbminﬁl muscleé

activity increases near the inspiratory capacity, it }s pos—'
sible thKt.other aﬁtugonistgc'muaclea can prevent maximum
R . o !
PR

muscle presgure from being expressed. Mead and his associ-

7 ' ‘ .
ates [179]) however did not concur on ‘this polnt, {(3) It i@

: s

~

Cad

not  known how much muscle pressure 1is cxpénded in
N ‘

o
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deformation of various structures in the chest before alveo-

Rt
lar pressure is: reduced. (4) The different respiratory nmus-
cles may.not-be recruited to the same degree for a given
respiratory act. Therefore, " it is not surprising that

- .
across a healthy population, muscle force itself 1is not a

major determinant of the ultimate level of maximal inspira~,

.tion [224). It was one of the assumptions of this investi-

A

gation that muscle performance at one level of lung volume

[
-

may not accurately reflect competency at another level.

Static tests o¢f wmuscle pressure and mechanice are recom-

mended to accompany standard apif&metry.in pulmonary evalua-
v p »
tions [4&

In contrast, there are many situations in which mus-

LY

cle force does account for most of the maximal lung volume

change once the passive mecBanicai elements Mave been con-
sidered. Firet, we’' consider only the passive compohqnt
where elastic ieco@l may change in the chest wall and/or the
lung; ) (1) In the_ pressure-volume description of ﬁhe
regpiratory system, the chest wall may shift lits position
slong the pressure abscissad?nd/or alter its elastance. The
former effect may be produced by pressdure breathing-in which

positive pressure expands the thorax’while negative pressure

deflates it. The principle is the same a putting weights _
" :

on top of a bellows {238). 1Increases in elastancejare pro-

duced during chest strapping [66]. For a given strap cir-

-

.timfcrence, _the impairment on the chest is greater wit?.
4 ' .

e -
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e |

« elevations in lung. volume. (25 Lung. elastance can be
increased -by atelectasis [(40], tHoracic Vrestriction
(66,234], ‘and redistribution of bleod volume to the pul-

. ' : ~
monagy vasculature as' can occur with pressure applied to the
lower extremitiea:[Bll. These examples have been selected
because when acute changes are experimentally produced in
the passive m;chanical properties of the réﬁﬁiratory system.
of healthy subjects, it may Be assumed that the respiratory

-muscles are ﬁot impajired. Yet, the i;;piratory capicity ie

,’
decreased.

-
In considering muscle force,\{ifcrence can be made

to the . decreases in maximal lung velumes observed in neu-
3 P .
a

romuscular diseases '[19,29,67.75.107,223,237] and muscle

r

paralysis?; [69.97,§&L: In general, the¢ maximal static
reap?ratory Preggsures are decreased to a éreater extent than
the maximal lung volumes.

The interaction of muscle force and the passive
elaptid elemenes determine the shhﬁe of the active
pressure-volume diagraﬁ_df the respﬁégtory ‘Bystem_. FTEst,
by -locating the end-expiratory position, it marks the start—
ing point for the 1nsp1fatory capacity. gecondly,Uthe maxi-
;al 1nsp1red_v01;me isg geuchéd when-fespirntory muscle p;e;—
sjré is exﬁctly offset by the passive.recoil. '-

The Campbell diagram in Figure 42 4llustrates how-

the eﬁd-expiratory position may change. The intersection of

the elastic recoillpresﬂure of the 'lﬁngs and chest wall
LG : .
|

.\_"}:.\ | )
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determine the control end—expirntory position, point A, at

which the esophageal pressure records approximately =5 cm

- "f-
‘H20. Acute increases in lung recoil may occur which ghift

the end-expiratory position downward along; the ordinate.

Esophageal pressure at this volume will be more‘negative

(Point B). When the pressure-volume relationship of the

chest wall is altered in the manner observed by DeTroyerVAnq;

Basten;er;ceens [65), the end-expiratory position ‘again is

-~

decreased but esopha&eal pressure ie less nwge (Point C)
compared to control. Finelly, esophageal' pressure may ﬁe

relatively unchanged even though the end-expiratory pos%tion

. " - \"
is reduced (Point D) by changes in hpth the lung and the
-

~

Having digcussed earlier how total lung capacity is
dcfcrmined by the respiratory system  elastic recoil and

redpiratory muscle pressure, this volume represgﬂis the
. - P - ‘
uppermost point on the active pressure-volume diagram. Over

the maximum inspiratory volume range, the. énd—expir;tory

position 18 the other linking poiﬁ?. From the examples

. above, physiological changes producing a decrease in the

end-expiratory position, could add one lit¥re of lung volume

to the 1nnpiratofy‘capac1ty. Even though muscie weakness

severe19 reduced total lung capacitf, the insprfatory capa-

. t I
city would appear ﬁreserved, albeit epuriously. '

Despite other investigations producing muscle weak-

ness with neuromuscular block of a similar level used in
-

%

-
L -
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this study. we 8till know little of the passive mechanical

~ -
~

changes in the respiratory system. DeTroyer and Bastenier-—
4 ” 4

Geens {65] found the functional residual capacity to be

decreased by approximately 0.5 1. Inspiratory lung compli-

ance was unchanged but expiratory compliance was reduced by

e} \ .

i0%¥. The ﬂi?axed chest wall shifted 4 cm H20 rigﬁtuard in a

parallel manner. Consistent with these is the observation
e~ ' '

tRat the end-expiratory lung volume is increased in patients

with myasthenia gravis after receiving pyridostigmine [67].

“In contrast;f uith'unaégjhetizatibn and complete paralysis,

Rehder and associates [220] found the functional residual

.
-

cﬁpacity to be unchanged( - '

Although some individual ‘changeéh in the passive
mechanical ;;roperties.‘f the respi_ratc‘ﬁ'y system were foLmd
in this investigaéion, the considerasble variation between
the subjects, not only in the magnitude of tfie changes but
more importantly in their direction, preclade these as being
strongly associated with the reduction observed in lung
volume and muscle pressure in all auﬁjedis. Only 4in the
end-expiratory position 18 there 1likely to ﬁave been a
change. In 4 of the 5 subjects, the esophageal pressure at
_this level became less negative. As éxplained earlier, this*
nugge?ta a reduction in the functional ré%idua} capacity
which,' by cons;dering the respiratory ;ystem's‘LomplianceL

would amount to 250 ml in these individuals. In the fifth

subject, the esophageal pressure at the end-expiratory
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position became more negative, and since lung compliance was

also reduced, the functional residual capaéity may also have
aecrcased. . .

Not only could this amount contq‘Pute ‘to .Fh?
inspiratory capacity, but by making use of the mechanial
advantage den;véd when muscles are lengthened, the maximum
inspiratory pressure may be increased. e extent of the
'1anease however would probably be limited because in this
. © lung volume range the effective elastance is alrenQy‘ﬂ?tx*-q

low.

. i Differential muscle Paralysis. Up to this point, the pas-

.

&

sive chest wall, the lungs, and the respiratory muscles have
been considered as whole parts. The ussociatipn of these do
not Qppear to reconcile the differences in the ﬁhnpe-of the
. : _‘ . active pressure-lung volume relationships obsefved in 6Lr
subjects. _Therefore.-additional insights are sought by exa--
mining those pArts which can be %urther subdivided snatomi-
cally or functionally, namely thF passive chest wall and the
muscles. Indeed, it wa'e-l similar.& ﬁhic.h prompted l:;\:'
electromyographic assessment _of the different respiratory
mugcles.

During the prelim}nary stages of.this investigation,

DeTroyer and his co-workers [68] reported that during quiet

3
breathing and voluntary hyperpnea, submaximal neuromuscular
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block produced an *increase in the diaphragmatic EMG and a
=g 1 4 B

-

decréase in the intercostal and scaléne EMG for bgeaﬁhs of

- -
~

equivalent volume. Furthermore.lﬁurQQB 1nsp1ra£ory capacity
manoeuvres, a‘given esophageggfﬁresaure change was accom-
panied by a greate} increase in abdominal pressure following
muaéle weakness, Thege suggest that the. diaphragm was more
resistant to the effects of muscle paralygis aﬁa'acﬁgzdinglyf

~
assumed a greater role in ventilation. These rgeulta are

o

important but are limited in reference to our ifivestigation. .

. \
) DeTroyer did not measure the .effect of gubmaximal

paralysis on the EMG during. maximal activation. Conge-_ "

quentl&. the observations from submaximal breaths may simply
show‘ seledtion of the muscle recruitment pattern requiring
the least effort. Consiste;t with DeTroyef’s results how-
ever 1is- the earlier finding tha€ curarization produces more
abdominal and less thoracic diapiacement during breathing
i232]. (2) DeTroyer recorded the EMG from aubjgcts'in the
supine‘posit;qn while all data of spirbmetry and mechanice
'

were collected on a separate day and Séom seated postures.

It is known that with posture changes, there are important

differences in muscle recruitment (81,239,260], functional

residual capacity, and lung and chest wall mechanics [4,9).-

Our finding of a leftward transposition in the pressure-EMG

relationship in most muscle comparisons suggest not pre-
Y

ferential resistance of particular muscles to curarization

rather, nonspeéific 1mpairment_ with all wmuscles being

-

)
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susceptible. In agreement with DeTroyer's results, we

-~

observed a general increase in the tranediaphragmatic preg-—
. .
sure for‘given ‘esophageal pressure changes. Therefore, any

increase in diaphragm EMG reported here may be linked to its

heightened respiratory activity or possibly due to increased

" abdominal contraction causing greater opposition for the

L]

diaphragm. "If the latter occurred, it might be spccuintcd

that any potential elevation of diaphragm EMG during submax-

.

imal pressure would have 'been lesgened if it was activated

at ; longer length. Wwe showed, as have others, that for a

v

given wmuscle force, miscles produce less EMC when contract-

)
L

ing at long leng;hs. In light of the role of the abdominal
muécles in optlmizing the diaphragn 8 mechanical functxon
[111], the diaphragm may huve been positioned higher in the
thorax. A decreawe in the functional residual capacity
should then ;130 occur. )

The proposition of Saunders and assocliates [232],
that the inability to preserve inspiratory capacity accord-
ing to their ngchanical'mﬁdel—wun due to the unequal distri-
bution .of muscle weakness, would have been gupported if-we
had observed consiatgn; differences among the muscles in the
quantity of the iﬁteg’lted electromyogram. Effects due to
muscle apecific;ty. lung volume, and degree of weakness were

congidered but the wide variability in the magnitude of the

EMG reductions restrict ahy confidence in associating the

" maximum EMG during curarization with the maximum alveolar
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pressure produced. There was only a slight suggestion that
the diaphragm may be less affected by curare and there were
‘no differences between the subjects that could explain the

two maximum pressure-lung volume profiles (Figures 22 and

23).
When the airway is occluded and at least a moderate

static effort ie produced, there is considerable distortion
N ’ .

of the chest wall [233], pnrticuiarly in the anterior-

posterior direction for the rib-cage when the pressure is

. % .
generated below the relaxed end-expiratory - position {8]}.

Agostoni and Mognoni (8] reasoned that if forces resulting

from activity of the respiratory muscles were evenly distri-

.

butéd over the chest wall, the shaperof.the chest wall
,8hould be the same during static efforts as during relaxa-
t#on. . The equilibrium position of various parts of the
< chest wall would be determined gy the net transthoracic
) pressure, but because there 1? distortion, the net pressure
cannot be uniform. With a static inepiratory effort, the
lateral diameter of the rib-cage increases while the
. ‘ . ’
antegior-posterior diameter decreaaes; Therefore the former
action 1is probably produced by musc activation while the
latter etems f;om the passive rgsponse to -the pressure
across the chest wall and the motion of the lateral partq.

That the extent of &eformation o% the rib-cage, is

related to Treduced intercostal muscle recruitment iwm sug- "

-

gested by two lines of evidence. (1) There is no distortion
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in subjects breathing against in piratory loads when EMG is
detected in all regions of the inftercostal musculature. In
those who demonstrated distortion, EMG activity in the

parasternal region was decreaaeé [228]). (2 When the inter-

costal muscles are paralyzed following a cervical lesion of

the spinal cord, there is marked paradoxical motion of "the1

rib~cage (59,197].
”

The underlying explanation tfor these observations
may be derived from s mechanical model. Fronm inveatigatiops
deacribing the motion of the chest wall: it is well accepted
that during breathing the chest wall has two degrees of
freedom with which to pfoduce volume changes [152,239}. The
rib-cage and abdomen-diaphragm components of ghe chest wall
are also conesidered to operate hydrauliéa]ly in parallel
[a]. These properties can be modelled with a si#éle
chaﬁber, two cylinder, ﬁiﬂton system in which,¥ the pistons
are driven by the rib-cage and diaphragm muscles respec-
tively {210]. Contracting of muscles is very
effective in producing large/freigure changes in the system.
(An in-series muscle arrangement [76] facilitates vplume

displacement.) If'énly one muscle set is activated, the max—

imum pressure developed in the chamber'ui}l be less than the

muscle 1is capable of producing .because part of .the muscle

.presgure is wasted on suction acting on the other piston.

”

-

Assuming that the inactive rib-cage can be represented by

the passive piston, the work of breathing for the diaphragm
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will be greater {112]), and the maximum volume that can:be
displaced wil& be less. P
The latter point above is particuiarly relevant to

the .obscrvations with partial curarization. If the pistons

of the two cylinder model are activated to Create a constant

negative chamber pressure, each set of muscles must maintain

.8 net level of force that produces a pressure diff;rence
across the face of the pistonrequivalent to the chamber

presgsure. To further mimic thg respiratory system, each

piston shouid ‘have elastance. Therefore, in order to con-

tribute t§ changing chamber pressure, esach muscl? must first

overcome the passive elastanck rélated to the pesition of .

JﬁbﬂiﬁﬁfStO"' Tﬁese static characteristics have already been -
described for the rib-cage and the diaphr;gm—nbdomen

[7,153]. When thelmuscles are_submaximally paralyzed, the

maximum chambe?- ﬁreaaure. 1.e. static inspiratory alveolar

pressure, will be reduced. - If one musclé, or eset of mus-

cles, should happen to be more res;stant to parnlysis than

the other, as has _been speculated for the diaphragm

[68,232), when it is fully recruited the other piéton would

be drawn inward. The amount drawn would be detérmined by

the .effective elastance (see [209] for functional defini-

tion) of the weakened piston, which is the sum of the pas-

s8ive elastance and the available active muscle elastance.

Only when the weakey pi

'\ e
ure-volume characteristic, will it begin

on is operating on a less compliant

portion of its pre

¢
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to behave as a more rigid structure. Ihis means that Qs
long as there is distortion of the chamber wall, the maximum
torce of the less affected muscle cannot be fully realjzed. -
In the ;:;£1ratory System, a paralyzed and highly compliant
rib-cage may decrease the effectiveness of the diaphragm to
reduce pleural pressure. At the énd-expiratony lung pogi—
tion, this would be evideﬂt as & weakened static inspiratory
alveolar pressure. It i=s further compounded by the possi-
biiity that the still functioning muscle may shorten consid-
ernbly. before any ‘substantial pressure acts on the lung /s
Then it contracts with less mechanical advantage. During
inélation, the decreasing pleural Pressure may draw in the
rib-cage and reduce the inepiratory capacity more thﬁn
expected from the available diaphragmatic ¥orce. Observa-—
tio?s in® quadpiplegics demonstrqte that restoration of
reflex activity in the intercostals is associated with an
improvement in ventilatory function, that likely resulting
‘rom the stabilizing effect on the rib-cage [69.2&1].’
Furthermore, actual measurements show rib-cage compliance is
increaged after high cervical 1lesions [59]) and during

mechanical ventilation of paralyzed patients, there is a

= +

greater volume contribution by the rib-cage to the tidal
*

breath [125,257).
In a similar manner, the diaphragm may yield to the

decrease in pleural pressure in some ingtances and move

cephalad [171} while attempting to move caudad. In this.
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investigation, it was not conclusively shown that the
;xtra-diaghragmatic muscles are more affected by curare than
the diaphragm. If diaphragm activity is de—emphasizedtiLc
would then expect little increase in abdominal pressure dur-
;;g expansion of the lung [70,174].

It follows from the above discussion on the mechani-
cal factors relevant ‘during partial curarization, that a
definitive breakdown of inepiratory muscle -function- cannot
be determined until rqsp}ratory uaﬁoeuvres are snalyzed by
their precise location on the prcsguré—volume diag;am. of
prime importance is the identification of the end—expirqtory
position from which all tidal inspirdfion‘ begins, .Earlier
it was suggéstcd that this lung volume might decrease with
muscle weakness through a decreased recoil of the chest wall
outward and an 1ncreaséd lung fécoil inw;rd. In view of the
inspiratory role of the abdominal muscles [1riy, it is also
possible that the resting lung volume during curarizntién is
increased. If the paralyzed abdominal -wall allows the
abdominal contents to follow the force of gravity and pro-
trude forward in the upright posture, the diaphragm might
passively be in a more depressed position. This would cause

a relatively inflated condition for the lung and perhaps

reduce the length of the diaphragm wmuscle fibres. Both

1

would tend to decrease the inspiratory capacity. J.—Secondly,
t

because there can be considerable distortion o

wall during muscular contraction, the work done by and the

he chest
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work done on the-rib-cage and the diaphragm-abdomen need to

. *» g 2

be determined. Analysis of the motion ‘of Ehe parts will

assiet in explaininé the behaviour of the system. An impor-

tant implication of the fact that chegt wall motion has two

degrees of freedom is that, in instances of loaded breathing

- .

or muscular impairment, the respiratory muscles can expand
the chest along the path with the lowest elastance, i.e.
offering the ieast resisf#nce. a

The evidence leading many to suggest that the
diaphragm is more resistant to neuromuscular blocking agents
than otg;r skeletal wmuscles was noted in the literatu;;
review of this thesis and by DeTroyer and naﬂociaées [68].
fhis special property has been attributed to differences
among muscles in the safety-margin rof neuromuscular
transmiseion, fibre-type composition, perfusidn. and tem-
perature. Recently, the report of Feldman and Tyrrell [95]
has come to our attention. They develop the notion that if
curare acts competitively for the acetylcholine receptor,-
then its action sh9u1d be reduced if tﬁ; agoniet could dis-
place 1it. With constant furadization following the onset
of neuromuacui;r block, they observed that recovery from
curare in the 'stimyplated arm was more‘rupid than in the
opposite limb. It was believed that the additional . acetyl-
choline expiuined this as well as t;e_often noted early

return of diaphragm function following surgery. That rapid

recovery was due to neuromuscular activity antagonizing the



S

P

189

block was also nuggcsted( by Brown and co-workets [37]).

\\_fﬁﬁ

Indeed, it has been known for many years that curarization

(133) and wmyasthenia gravis {80] offer evidence of post-

’ ”
tetanic ,neuromuscular facilitation with which muscle twitch
tension can be potentiated. As a result of“constant phrenic
R ¢

activity, even when the diaphragp is completely paralyzed

f243] , it is reasghable that the regular release of acetyl-

"choline could accbunt for the delayed impairment and early

recovery of the diaphragm with curarization. If 80,

. - )
respiratory manoeuvres performed over the tidal lung voluwe

range might appear only marginally affected while inspira-
tory capacity tests, which involve other, less active mus-

cles, and perhaps higﬁ recruitment thresﬁﬁld diaphragmatic
oA

motor units, could show a gréater rgduction ‘in function.
This could be\testcd by comparing the maximal torques of two
muscle systems such ag those of the dorqiflexo;a during‘pur_
tial curarization. Between neunur?pénts. the muscles of o;;‘
limb would -remain inactive while{fhose of the other would be
producing contractions at frequeéb{:s and relgfive intenai-

ties simulating respiration.
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VI. SUMMARY

3 ¥

The experiments reported in :His thesis were

- ' - .
designed to determine if the intercostal/accessory muscles

would be more affeqted by submaximal neuroyuscular blockade
than tﬁe diaph}ngm. Thé'rectified elehtromyogramu of the
diaphfagm, intercostals, scalenes, 'and sternomastoid muscles
were recorded beforg and during pnrtiai curarization con-
trolled by intravenous infus‘bﬁ while subjects produced max-
imal and submaximal static inspiratory pressures over .the

inspiratory capacity range. This technique‘,pontrols for

]

le h-tension known to affect skeletal mus-—
ngt

cle.
In the uncurarized experiments, very low 1levels of

pressure activated only the diaphragm. Fﬁrther increases in

pressure then recruited the other muscles, with - the EMG

{ncreasing systematically with changes in contraction inten-

LY
sity. Static efforts performed at greater lung volumes aug-

mented the EMG. In relation to the EMG area defined by max-
‘ o -
imal pressure and volume, resting ventilatory demands would
reJuire only " a small proportion of the total myo—electric
o -
reserve.
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Partial curarization dccfeased the maximal static
inspiratory pressure by 62%.° According to the maximalllevel
of rectified EMG produced, the reduction for tge. interco-
stals and sternomaatqid was not greater than that for the
diaphragm, although the acalene; did pPpear to be just
slightly more affected. The decrease in the\lecu ated max-—
imal muscle pressure at inspiratory capacity during curari-
zation was in proportion to the change at the end-expi atory
pesition showing th;t &Qeqz??icts of muécle'length.r9s indi-

N —4&
cated by volunme, a?ﬂ not’ altered by curarizstion. Curare
caused t;:ilreasurc—EHG relntioéship to differ frpm the con-
trol condition‘in\:?at pargiculur subma;imnl pressureé eli-

¥

cited more EMG in all muscles. This suggested that -pa*fT;I’
neuromuscular blockade interfered with the co;version of
elecérical events into whole muscle tension, probébly by
uncoupling Fhe normal twitch-tcngi}nﬁﬁggfmation process.
Because the chest wall has two pressure generato;s acting
hydraulically in parallel, it is also posgible that a dif-
ferent weakness level in either of the gene{atorn dispropor--
tionately reduces the overalllintra;horucic pr;usure.

Consideration of the physiological events at the
neuromuscular junétion make a; likely that the apparent
resistance of thg respiratory muscles over other ekeletal
muscles to the effects of cura;e is d;e to the persistent

activation of their motoneurones by the respiratory centre

which then - continuously release acetylcholine at the motor

[
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end-plates, rather than due to a property attributable to

special metabolic characteristics as others haveipropoued.

v
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'-: total respiratory svatrm during selaxation in
| : the upright posture, with a spireffram showing
10 ERY the  pulmonary  subdivisions. The slanting
broken Lirer indlicate the volume change during
e & relaxation agawinst an olstruction due 1o Eas
] compreasion at TLC and expansion at RV.
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Figure 2.

Static volume-premure curves of the

lung, chrat wall, 2nd total raxpiratory system,
during rrlaxation in the upright posture, The
static forees of the lung and of the chest wall
are pictured by the orrews in the side drawings,
“\JThe dimensions of the arrows are not in walc;
the volume corresponding to each drawing is

indicated by the Asrizental brolen fines,

~

Figure 3. Lung volume .gaint ahveolar premure
during muximum inspiratory and expiratory of-

applied pressures.
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O

Figure 4. Scheme for target alveolar pressures over

inspiratory capacity range.

Target levels (+) were to cover full range of mouth (or

alveolar) pressures.
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Figure 5. Sample chart record of measured variables for two

consecutive efforts at 1 1 above end-expiratory position.

All records are traced over time which occurs from left  to
right. The measured variables listed from the top are:
inspired lung volume relative to end-expiratory position,
inspiratory mouth (or alYeolar) pressure, esophageal pres-—
sure, gastric pressure, smooth-rectified diaphragm EMG (with
cardiac artifact removed), gsmooth-rectified intercostal EMG,
smooth-rectified Pcalenes EMG, and smooth-rectified eter-
i

-
nomagtoid EMG. /

/

; . -~
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*~

Figure 6. Sample chart record of measured variables for two

consecutive efforts at 3 1 above end-expiratory position.

All .records are traced over time which occurs from left to
right. The measured variables listed from top are: inspired
lung volume, inspiratory wmouth pressﬁre. esophageal pres-
sure, gastric pressure, smocth-rectified diaphragm EMG,

smooth-rectified intercostal EMG, smooth-rectified ecalenes

x

EMG, smooth-rectified sternomastoid EMG. gfnﬂ—
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Figure 7. Rectified EMG of four muscles at different mouth

pressures ahd lung volumes.

Figure 7a. Diaphragm EMG at end-expiratory poesition
(e.e.p.)(symbol o), at 2 1 above e.e.p. (+), at 3 1 above
e.e.p. (®). Figure 7b. Same as 7a except: for intercostal

EMG. Figure 7c. Same ar 7a except for scalenes EMG. Figure

7d. Same as 7a except for sternomastoid EMG.
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Figure 8. Rectified diaphragm EMG for differ&nt esophageal

pressures at two lung volumes for subject 6 (pg 209).

Efforts at 1 1 (symbol 1) and 3 1 (3) above e.e.p.



Figure 9. Rectified intercostal EMG for different

phageal pressures at two lung volumes for subject 6.

Efforts at 1 1 (symbol 1) and 3 1 (3) above e.e.p.
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Figure 10. Rectified intercostal "EMG for different eso-

phageal pressures at three lung volumes for subject 6.

Efforts at e.e.p. (symbol E), 2 1 above e.e.p. (2), and at

inspiratory capacity (symbol T, total lung capacity).
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Figure 11. Rectified scalenes EMG for different » esophageal

pressures at three lung volumes for subject 3 (pg 214).

Efforts at e.e.p. (symbol E), 2 1 above e.e.p. (2), and at

inspiratory capacity (T).
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Figure 12. Rectified sternomastoid EMG for different

-~ phageal pressures at three lung volumes for subject 3,

Efforts at e.e.p. (symbol E), 2 1 above e.e.p. (2), and

inspiratory capacity (T).
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Figure 13. Rectified sternomastoid EMG for different eso-

phageal pressures at three lung volumes for subject 6.

Efforts at e.e.p. (symbol E), 2 1 dbovg e.e.p. (2), and at

inspiratory capacity (T).
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Figure l4. Rectifjied sternomastoid EMG for different

]
4

phageal pressures at two lung volumes for subject 6.

Efforts at 1 1 (symbol 1) and 3 1 (3) above e.e.p.
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Figure 15. Rectified scalenes EMG for different esophageél

-

pressures at five lung volumes for subject 3.

Efforts at e.e.p. (symbol E), 1 1 (1), 2 1 2), and 3 1 (3)

above e.e.p., and at inspiratory capacity (T).
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Figure 16. Rectified scalenes EMG for different inspiratory

€7 muscle pressures at five lung volumes for subject 3.

Efforts at e.e.p. (symbol E), 1 1 (1), 21 (2), and 3 1 (3)

above e.e.p., and at inspiratory capacity (T).

N



222

001

(OcH W3) snhud
08 09 O

A
B, leB

L

SdN3IVIS - €S

02 :mm._
w Nmmmm::

=4

0c.

0]

08

08

00T

(J71L 3P W3 40 2 9IW3




223

'3

Figure 17. Rectified diaphragm EMG for different esophageal

pressures at two lung volumes for subject 6 (pg 225).

Efforts at 1 1 (symbol 1) and 3 1 (3) above e.e.p.
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Figure 18. Rectified diaphragm EMG for different transdi-

aphragmatic pressures at two lung volumes for subject 6.

Efforts at 1 1 (symbol 1) and 3 1 (3) above e.e.p.
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Figure 19. Change in respiratory and hand muscle strength

of subject 1| with time of curarization.

1

Graphed as a percentage of the pre-curare level are:
inspiratory capacity (symbol #), maximum inspiratory mouth
pressure (A), hand grip strength (+), and ;xpiratory regserve
volume (o). The amount of curare infused (*) i an accumu-

lative proportion of the total dose eventually given.
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Figure 20. Inspiratory capacity of subject 4 with time of

curarization.



229

(I ALI3VdVY] AYOLYY]dSN]

60 B0 100
TIME (min)

40

20




230

Figure 21. Inspiratory capacity of subject 5 with time of

curarization.



231

1 1 l_l 11 1

|
100

- m N -

(1) ALIIVdY] AYOLVYIdSNI

o

TIME (min) -




Figure 22, Maximum inspiratory alveolar

£

pressure

232

over -

ingpiratory capacity range before (symboi o) and during (*)

curarization in subject 1| (pg 234).
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Figure 23, Maximum inspiratory alveclar preasurer over

inspiratory capacity range before (symbol o) and during (*)
' 7 .
curarization in subject 3.
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Figure 24. Static alveolar pressure-lung voluﬁb curve of

respiratory system before (symbol o) and duri?% (*) curari-

. s ~
zatiogﬂ?n.subgect 5.

\-.

> - Volume is referenced to thE_end—expiratory position.

AN -

-
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PRESSURE-VOLUME CURVE OF RESPIRATQRY SYSTEM
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Figure 25. Static pressure-volume curve of lung before

—— —

(symbol o) and during (*) curarization in subject 1. .-
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Figure 26. Static pressure-volume curve of - chest wall

before (symbol o) and during (*) curarization in subject 4.
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Figure 27. Rectified diaphragm EMG for different esophageal

pressures in subject 2 before and during curarization.

Figure 27a. Efforts at- end-expiratory position before
curare (symbol E), at end-expiratory position after curare
{symbol e); at total lyng capacity before curare {symbol T),
and at total 1lung capaéity after curare (t). Figure 27b.
Efforts at | f above e.e.p. before curare (symbol 1), at 1;1
above e.e.p. after curare (o), ag 2 1 above e.e.p. before

b3 .
curare (2), and at 2 1 above e.e.p. after curare (*).
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’ ’
Figure 28. Rectified sternomastoid EMG for different eso-
phageal ' pressures ‘at  two lung volumes in subject 5 before

and during curarization.

Efforts at 1 1 above e.e.p. before curare (symbol 1), at 11
above 'e.e.p. after curare (o), at 2 1 above e.e.p. before

curare (2), and at 2 1 above e.e.p. after curare (%).
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]
Figure 29. Rectified intercostal EMG for different eso-

phageal pressures at two lung volumes in subject 1 before

and during curarization.

Efforts at 1 1 above e.e.p. beforE/EG?EFﬁrgsymbol 1), at 1
. br

~
.

above e.e.p. after curare (o), at 2 1 above . e.a.p. Lefd%e

curare (2), and at 2 1 above e.e.p. after curare (*).
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Figure 30. Rectified sterncmastoid EMG for different eso-
phageal pressures at two lung volumes in subject 3 before

<

and during tur;:}zation.

.

Efforts at 1 1 abovye e.e.p. before curare (symbol 1), at 1 1
above e.e.p. after curare (o), at 2 1 above e.e.p. before

curare (2), and at 2 1 above e.e.p. after curare (*),

ty
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4 —\rigure 31. Maximum rectified EMG and reﬁpiratory muscle
o

pressure during curarization compared to control at four

) lung volumes in subject 1.
\\“ . . ' . .
)f ™ Symbols represent muscle pressure (P), and EMG for diaphragm

(D), intercostal (I), scalenes (S), and sternomastoid (N). -

Lung volume ranges from end—expi:atory position (EEP) to

inspiratory capacity (IC). At the near right is the Mean
A

]

. &and S.E. for muscle pressure and the four EMG measurements

N - ]
I over the volume range. To the far right is the overall EMG
'Mean and S8.E. for the four muscles combined (symbol x).
- ¥
' %
4 .
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-y

Figure 32. Maximum rectified ENG , and respiratory muscle
~

pressure during curarization

‘lung volumes in subject 2.

Legend same as Figure 31.

compared to control at four

P2l
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Figure 33. Maximum rectified EMG and respiratory muscle
pressure during curarization compared to control at four

lung volumes in subject 3.

4. i

Legend same as Figure 31.
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Figure 34. Maximum rectified EMG and respiraftory muscle
pressure during curarization compared to control at four

"~

lung volumes in subject 4,

Legend same as Figure 31.

‘»
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Figure 35. Maximum rectified EMG and respiratory muscle

pressure during curarization compared to control at four

lung volumes in subject 5,
. .

, .
Legend same,as Figure 31.
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Figure 36a-d. Schematic representation of rectified EMG of
four inspiratory muscles .or different muscle pressures over

inspiratory capacity rangé. ’ )fft

\ | VT oy
The four curves starting from right to 1left represent
efforts at the cndfexpiratory anition, at 1 1 above e.e.p.,
.at 2 1 above e.e.p., and at 3 1 above e.e.p. The enclosure

at the top of the figure approximates the range of EMG

values while holding inspiratory capacity.
. ~
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Figprc 37a. Mean level of rtectified -EMG for § subjects
measured while maintaining different inspired lung volumes

with open glottis (page 266).

b

The symbols are: diaphragm (D - - tercostal (I----1),

1 scalenes (5 oid (N---=N). Alveolar W

pressure is atmospheric.

4
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Figure 37b. - Mean level of

measured whil€ producing

265

rectified EMG for 5 subjects

inspiratory alveolar pressure at

different 1lu volumes so that muscle pressure is equal to

Fhat at inspiratory capacity.

-

Symbole are for diaphragm (D - - D), Enterbéstal (I-~--1),
scalenes (5’- - 5), and sternomastoid (N----N).
-
-~
{
-
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/ : ) :

o

Figure 38. Level of force produced at varying firing fre-

"quencies in two muscles consisting‘bf functipnally different

motor unite.

Cycle time is interval between impulses at that frequency.

—
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Figure 39. Total time elapsed for completion of successive
action, éotentiala at different motor unit firing frequen-

cies.

Example, if firast impulse -passéd at time O, the fourth
impulee for'a motor unit firing at 30 c/sec would occur 100

msec later. Lines a, b, ¢, -d: hypothetical durations of

block\of acetylcholine receptors by curare.

. R

4"
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-

Figure 40. Maximal inspiratory alveolar (pngssure and

inspiratory capacity during qurirization compared to con-

f
trol.
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Figure 41.

expiratory

curarization compared to control. \

10

Maximal

w

position
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e

inspiratory muscle pressure at end-
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ad W
Figure 42. Locg}ion of end—exe}ratory ludﬁ position on

Campbell preaaure-volﬁhe diagram.

a P

Normal position located at A. Poinéﬁg would result from=-a
more elastic lung (- -). A displaced chest wall charac- .
. . .
teristic (- -) would produte end-expiratory position at C.
R—
Location D would result if both lung and chest wall passive

charadteristics ( -Pst(l), Pst(w) ) were affected.
-f

S

a
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Table 1: Characteristics of subjeétS:

<
i

—

277

Age Weight Height Vical Vital Caéacity‘
Subjece (yrs) (kg) (cm) Capacity (X of predicted) ,
‘ (ml) :
1. SR 27 - 77.3 183 5110 94
2. JK 28 70.5 183 5130 % 95
3. 1§ 25 70.5 175 5270 103
4. MH 22 79.5 175 6280 121>
S o
5. MC 56 79.5 183 5000 ~rpy
6 FB 30 74.1 170 5120 107




'

—

- . _ ' . . -
. 1 '
! . . . * -
- ‘g e , 278
o * - N - ‘ b
. ) . \'- 7 — N . . - .8
Table 2: ‘Inspiratory Muscle.Strength. " :

-

Maximal Inspiratory
Alveolar Pyessure at Inspiratory Capacity
End-expiratory Positioﬂgfb -
—

¥

R © Control Curare Control - Curare
(em Hy0) {cm Hy0) (% control) (1) - (1) (% coatrol)
Sy 116 52 45 3.45 - 2.20 64
Sy - : 116 54 47 \ 3.20. 1.75. 55
53 98 31 32 3300 20 73
S4 85 23 29 6235 o 335 77
Sg 100 37 37 . 3.60 2.60 \72
N -
x -103 39 38 " 3.58 2.46 68
+§.D; 13 13 8 .46 .59 9.’
~ -
"4

-



.Table 3: Passive uwechanical characteristics of respiratory system.

'.‘J ' . <\J’ _ v ‘ )

~ v

Expiratory compliance over mld-lung volume range (1/cm Hp0)

_ .
' R - Sy Sy 54 Ss x + S.D. t - p
¥ - .
Crs control 0.12 0.15  0.11  0.13  0.12 126 .015
ccurare 0,11 0.4  0.11  0.16  0.13 13 .021 -0.534 N.s.
—"\ .-- '
. control 0.17  0.29  0.29 '0.27  0.36 - .276 .068
L' curare . 0115 . 0.23  0.23  0.26  0.35 2644 .072  2.764  0.05
. control  0.42  0.28  0.21  0.23 0.8 .266 .09
¥ curare 0.42  0.31  0.20  0.30 .22 .29 .087 -1.81  N.S.
- Expiratory elastance (cm HZO/I)
§] = Sy S3 S -8 . X+ S.D. t P
Erg control 8.3 6.7 - 9.l 7.7 83 8.0 0.89
curare 9.1 7.0 9.1 6.3 7.9 7.9 1.23  0.414  N.S.
E control 5.9 3.4 3.4 3.7 2.8 3.8 1.19
L curare 6.7 4.3 4.3- 3.8 2.9 44 1.1 2,97 0.05
E control . 2.4 3.6 4.8 4.3 5,67 4.1 1.22
¥ curare 2.4 3.2 5.0 3.3 4.5 3.7 1.05.  1.77  N.S.
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Table 4: Esophageal pressare* at differvat lung voluzes,
/ -—
Lung Cogdition S 82 83 S Sy x * S.D, t P
Volue ’
c.e.p control [N 4.3 6.2 4.6 3.1 4.5 1.1
curarte 2.3 5.9 4.b 2.0 2.0 3.3 1.8 1.6 -<D0.2
P <0.00] <0.001 <0.001 <0.001 <0.CO0J
8P, cantrol 11.7 9.3 11.8 9.2 9.7 10.3 1.3
+11 curare 9.3 11.8 9.3 6.2 8.8 9.1 2.0 1.25 <0.5
p < 0.001 <0.001 <0.00]1 <0.085 N.S. v
e.c.p. control 17.8 13.7 15.5 13.5 13.2 14.7 1.3
+ 21 curare 16.3 14.3 13.6 9.8 10.5 12.9 2.7 2.5 <0.1
’ q K.5. «0.02 <0.005 0.001 0.001 o
inspiratory control 33.9 32.8 2.8 26.8 15.8 28.4 7.5
capacity curare 19,5 15.6 18.0 17.2 11.8 16.4 2.%4 5.1 0.0l
. P £0.001 .0.001 .0.001 .0.001 .0.001 )
’ ! _
T
* cn Hp0 N
A
»
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Table 5: Esophagcalrprussure" change from end-explratory position.

: 281

I3

Lung Condition 51 .Sz

Volune .
N control 7.3 5.0
+ 11 curare RIS 5.9

p N.5. (0,02
e.c.p, control 13.4 9.4
+21 curare 14 B.4nw

P N.5. 0.0l
inspiratory control 29.5 28.5
capacity curare 17.2 . 9.7%wx 13,

: p <0.001 .0.001 <0.001

= £wn
z -~

Z W0 WO

. (-] H20
*oatT].45 1
wav ae 1.3 1

3.95 <0.02
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