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The thesis concerns methods for measuring
strength and quantifying weakness of the respiratory
muscles in man and their relevance to patients.
Techniques have also been developed to detect respiratory
muscle fatigue.

Body position changes diaphragm length and
-configuration dnd hence the mechanical advantage of the
respiratory muscles. Binding the abdomen was found to
increase transdiaphragmatic pressure (Pdi) during
involuntary (twitches), But not voluntary manoeuvres
(Sniffs). Voluntary manoeuvres i.e. Sniff and Static
maximum inspiratory (PImax) and expiratory (PEmax)
pressures gave higher pressures in the seated position
than supine.

Global strength of the respiratory muscles is
reflected in the maximum inspiratory and expiratory
static mouth ﬁressures. The influence of mouthpiece
design was studied in normal subjects and patients. A
significant difference was found between a flanged versus
a tube mouthpiece: the latter producing higher pressures.
The differences are unlikely to be important clinically,»
provided the approprigte normal range is used. The
flanged mouthpiece is more universally applicable.

Maximal voluntary Sniff is a useful manoeuvre

to quantify global'inspiratory muscle strength but



[s™)

requires the passage of a balloon catheter to measure
oesophageal pressures (Sniff Poes).

Studies were devised and demonstrated that
global strength is accurately assessed by measuremeﬁt of
pressures in the upper airways namely in the nasopharynx
(Sniff Pnp) and in the oropharynx (Sniff Pmo) during the
sniff manoeuvre in both normal subjects and patients with
inspiratory muscle weakness, provided lung function is
normal.

Respiratory muscle faﬁigue has been
investigated by monitoring Maximum Relaxation Rate (MRR)
of Sniff Poes, Pnp and Pmo. It was shown that fatigue of
the inspiratory muscles causes marked reduction in MRR of
Sniff Poes as well as Sniff Pnp and Pmo. Therefore
measurement of Pnp and Pmo pressures and MRR during a
sniff may provide a clinically useful, non-invasive
technique for quantifying strength and detecting and

monitoring fatigue of the respiratory muscles in man.
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ATP, ADP, AMP - adenosine tri-, di-, monophosphate

Ca: - Calcium ions
Coz - Carbon dioxide
DLCO - Lung diffusing capacity for carbon monoxide

EMG - Electromyographic activity

F - Female

FEV:y - Forced expiratory volume in one second
FRC - Functional Residual Capacity

FT - Fast muscle fibres

FVC - Forced vital capacity

Ht - Height

Hz - Hertz

KCO - Transfer factor

M - Male

MRR - Maximum Relaxation Rate

MVC - Maximum‘Voluntary Contracﬁion

02 - Oxygen

p - Probability

Pdi - Transdiaphragmatic Pressure.

Pgas - Gastric Pressure

PEmax - Maximum Static Expiratory Mouth Pressure
PImax - Maximum Static Inspiratory Mouth Pressure
Pnp - Nasopﬁaryngeal Pressure

Pmo - Oropharyngeal Pressure

Pmus —'Respiratory Mﬁscle Pressure

PCO;, P02 - Carbon dioxide and oxygen partial pressures



Pi - Inorganic phosphate

Prs - Elastic recoil of the lungs and chest wall
Pcr - Phosphocreatinine

Pst, L - Lung recoil pressure

r - correlationbooefficient

SD - Standard Deviation
SE - Standard Error of the mean
SEE - Standard error of the estimate

Se - Seated posture

St - Slow muscle fibres
Su - Supine posture
30s - Semi-supine posture

U - Unbound abdomen
Wt - Weight

X - Mean
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1.1 INTRODUCTION

Breathing like most other movements of the bedy
depends on muscular action. Around the 3rd century BfC.
one of the first known observers of this relationship,
Erasistratus of Chios, who sometimes has been called the
"Father 6f Physiology", believed the diaphragm to be the
only muscle of breathing (Franklin, 1949). A few
centuries later the remarkable Galen realised that not
only the diaphragm but also intercostals and various
accessory muscles were involved (May, 1968). Until the
Renaissance no advances were made, but for Leonardo da
Vinci in Italy who made the analogy between the action of
breathing and that of a pair of bellowé. Later in the
16th century, Vesalious the great Belgian anatomist,
observed the movements of the lungs in the liviﬁg dog by
creating a pleural window with careful dissection
(Fostef, 1901). During the 17th century in England, John
Mayow wrote a clear description of the breathing
mgchanism, (Mayow, 1907). 1In the 18th century two names
stand out; G.E. Hamberger, who presented a geometric
model of the action of the intercostal muscles
({Hamberger, 1748) and Albrecht von Haller. Hamberger
spent much of his efforts disputing with Haller mainly
over the action of the internal intercostals.

Controversy as to the detailed action of the respiratory

muscles, especially of the intercostals, continued
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throughout the 19th century. Guillaume Duchenne (1846)

studied muscle action by electrical stimulation in both
animals and humans (Duchenne, 1959). By this means he
did much to clarify the action of the respiratory
muscles, especially of the diaphragm. Since then these
muscles have been increasingly neglected lying in a grey
area, beﬁween anatomy and physiology. The description of
their function in most textbooks of physiology and
anatomy published in the last decade contain very little
information and in some of them apologetically in small
print (Cambell, Agostoni and Newsom-Davis, 1970;
Lockhart, 1984). The respiratory system consists
essentially of 2 parts, a gas-exchanging organ, the lung,
and a pump to pump gas in and out the gas eichanging
part, consisting-of>the respiratory muscles and chest
wall. The lung and its diseases have traditionally been
the focal point of interest, whereas pump disorders have
received comparatively little attention. This is rather
like a cardiologist who ignores the heart. It is
surprisiﬂg that this has happened, particularly because
the anciént Greeks regﬁrded the diaphragm aé thé seat of
that part of the soul (Phrenes) that is connected with
emotions, desires and sensations, both pleasant and
painful. However the respiratory muscles function as a
pump, as vital as the heart. Physiologists have recently
devoted more attention to the mechanics of breathing and
the releQance of the respiratory muscles has become

increasingly apparent. For this reason, research on
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respiratory muscles has accelerated during the last

 decade.

1.2 Histology of the Respiratory Muscles

Respiratory muscles are all skeletal muscles
having similar fibre composition to the limb muscles.
Fibre composition of respiratory muscles is an important

factor for their endurance and contractile properties.

1.2.1 Fibre Composition

The classical.distinction between red and white
muscles (Ranvier, 1873) was based on fibre darkness which
is related to their content of myoglobin and mitocho dria
but a classification of fibres on this basis has
limitations. The myosin ATP-ase reaction which has been
widely accepted, separates muscle fibres into two groups
(Padukula and Herman, 1955). Those staining dark have
been shown to possess the largest myosin and aétomyosin
ATP-ase activities and furthermore to be the fastest
éontracting as shown in several human experiments. Thus
the two fibre types have been called fast (FT) and slow
(ST) twitch fibres, respectively. Of the FT fibres, two
subgroups named a and b have been identified (Brooke and
Kaiser, 1970). With few exceptions, ST and FT fibres are
evenly represented in the muscles, however, with a large
inter-individual variation (Saltin and Gollnick, 1983).
While ST fibres and one group of FT (FTa) show little
fatigue with repetitive stimulation, the tension

developed by the other type of FT (FTb) fibres is almost



39

eliminated after 3,000 contractions (Garget et al, 1979).
Histochemical and biochemical determinations of oxidative
and glycolitic capacity have shown that the ST fibres
haveAthé higher capacity for aerobic metabolism and have
more capillaries per fibre. With subdivision of the FT
fibres in two groups the FTa fibres appear to have the
higher oxidative and lower glycolitic potential and to be
surrounded by more capillaries. Athletes in endurance
events tend to have a predominance of ST fibres and
weight-lifters and sprinters to have a predominance of FT
fibres. Indirect evidence using partially neuromuscular
blocked muscles suggest that FT fibres have the larger

~ =lectromyographic activity and also the higher mean powzr
frequency when developing a given tension (Secher and
Komi, 1984). Human intercostal muscles appear to héve
approximately 60% ST fibres. In the external intercostal
muscles, the number of capillaries and occurrence of FTb
fibres is similar to the other muscles. In contrast the
internal intercostal muscles placed in the mid-axilary
line have no FTb fibres and relgtively many capillaries.
Thus these expiratory muscles appear to be extensively
used. The diaphragms of most mammals, including humans,
are composed of-all three fibre types. The Aiaphragm has
a high percentage of fatigue-resistant muscle fibres, and
most mammalian diaphragms are composed of approximately
60% ST fibres. For a given species, the diaphragm has a
greater oxidative capacity and larger blood flow than

those of limb muscles and is more resistant to fatigue.
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The contractile properties of the diaphragm are

predictable from the muscle fibre composition.
Adaptation to tfaining and detraining, as has been
observed in gréater detail in limb muscles, élso occurs
in muscle fibres of the diaphragm (Secher, Mizuno and

Saltin, 1984).

1.3 Anatomy of the Respiratory Muscles

The main respiratory muscles are the diaphragm,
intercostal muscles and muscles of the abdominal wall.
The accessory muscles of respiration include the
stermomastoid and other muscles of the neck, back and

shoulder girdle (Green and Moxham, 1983).

1.3.1 The Diaphragm

1.3.1.1 Anatomy of the Diaphragm

The diaphragm is a structural feature of the
mammals (Agostoni and Sant’Abrogio, 1970) and is a
complicated muscle anatomically. The main part.dome—
shaped with a large central fibrous tendon around which
are arranged muscles of several fibre groups. These
muscular fibres- of the diaphragm are grouped into three
parts: (i) the vertebral, (ii) the costal and (iii) the
sternal. The vertebral fibres arise from the second and
third lumbar vertebrae, from the medial arcuate ligaments
(psoas) and from the lateral arcuate ligaments (quadratus
lumborium). The costal fibres arise from the side and

the upper margin of the lower six ribs, interdigitate
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with tbosevof the transversus abdominis.‘ Tge sternal
fibres arise from the back of the xiphoid proéegs. All
the fibres converge on the central tendon. Tbe costal
fibres which constitute the larger part of the diaphragm
run directly upwards, parallel and "apposed" to the inner
surface of the rib cage. This area of apposition
represents up to one third of the surface area of the rib
cage at end-expiration (FRC), but diminishes during
inspiration (Mead, 1979). Both the origins and
insertions of these costal fibres are mobile, and
potentially move with réspiration. By contrast the

crural part does not move with respiration.

1.3.1.2 Innervation of the Diaphragm

Efferent Fibres. The cervical neuromeres

ooﬂtributing the motor fibres to the phrenic nerves are
C3, C4 and C5 in man (Hamilton et al, 1962). The fibres
coming from the upper éegments innervate mainly the
ventromedial part, those coming from the lower segments
innervate the dorso-lateral part. The diaphragm however

contracts as a unit {(Sant’Abrogio et al, 1963).

Afferent Fibres. The afferent innervation of

the diaphragm is supplied via the phrenic nerves except
for the marginal part which is supplied by nerves coming
from the T6 to T12 and most of the crura which are

supplied by T12 (Rasmussen, 1952; Hamilton et al, 1962).

The diaphragm'oontains relatively fewer sensory end-



42

:norgans;-and:theré . appear: to-be more tendon-organs than

i muscle spindlee: (Corda’.et al; 1965). There aré, however,

~~afferent fibres in the phrenic nerve of the cat, and

afferent traffic has been recorded. The paucity of end-
‘- organs may reTleét the tendency of the diaphragm to
contract uniformaly so that relatively few sensory
endings are necessary to sample accurately its function

{Green, Mead and Sears, 1978).

1.3.1.3 Blood Supply to the Diaphragm

The diaphragm receives arterial blood from
three major sources: {i) the internal mammary, (ii) the
intercostal,and (iii) the inferior phrenic artefies. The
superior phrenic, a smali-artery that lies against the
phrenic nerve, also provides a modest portion of the
arterial supply. Recently Comptois and colleagues have
shown that there is' a rich network of anastomotic
connections between these vessels (Comptois, Corczyca and
Grassino, 1987). These authors found that the internal
mammary and phrenic arteries have head-to-head
anastomoses, forming an internal arterial circle around
the central tendon of the diaphragm. Collateral branches
from this circle travel between diaﬂragm fibres, joining
with branches of the intercostal arteries to form
costophrenic arcades. Thus larger arteries run
perpendicular to the muscle fibres, and arterioles again
run at right angles to the muscle fibres. The small

muscular arteries form anastomotic loops, except in the

costal portion of the diaphragm. The arrangement of
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latgs-rands izte¥undicte size veins is similar to the

arierialcrpattbdaviBedkinnd Baaterguii§60)ei s Theecanatomical

;- vlarrdngement. . bfrthé veisgelseappears to prevent kinking of

the blood vessels during diaphragmatic contraction. It
has..beea- found that the configuration and branching of
thé small arteries, arterioles and capillaries of the
diaphragm were- identical’' to that of two- other skeletal
muscles, namely the triceps and intercostals.

(Schraufnagel et al, 1983).

1.3.1.4° Lymphatic Drainage of the Diaphragm

The diaphragm is provided with an extensive
system of lymphatic vessels that not only remove
interstitial fluids and cells froi. the diaphragm, but
also play a major role in the removal of fluids and cells
from both pleural and peritoneal cavities, These serous
cavities are continuous with the lymphatic vessels of the
diaphragm via open pores (stomata) that exist, on its
surface. This organisation of lymphatic vessels provides
a system of open channels through which fluids and cells
may be rapidly removed from the serous cavities. Once
fluids and cells are within the lymphatic vessels,
cpntraction of the diaphragmatic muscle fibres would also
cause contraction of the lymphatic collecting vessels,
compressing their w;lls and thereby causing the contents
to be expelled toward the larger collecting vessels (Leék

and Rahil, 1978).
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The external intercostals extend from the

tubercles of the ribs to the costochondral junction where
they become continuous to the anterior intercostal
membrane. They are thicker posteriorly than anteriorly
(Bryce, 1923) and thicker than the internal intercostals
(Johnston and Whillis, 1949). Their fibres slope
obliquely downwards and forwards from the upper rib to

the one below. The internal intercostals extend from the

anterior end of the intercostal space te i1e angles of
the ribs posteriorly, where they become continuous with
the posterior intercostal membrane. They are thicker
anteriorly than posteriorly. The fibres slope obliquely
downwards and backwards. The internal intercostals can
be'subdivided into a posterior or interosseous portion
where the ribs slope downwards and forwards and an
anterior or intercartilaginous portion (the parasternals)

where the costal cartilages slope upwards and forwards.

1.3.2.2 Innervation ofthe intercostal muscles

The intercostal nerves arise frdm the first to
the twelfth thoracic segments, and are derived from the
ventral primary ramus. In man, each main intefcostal
nerve, which supplies filaments to the intercostal

muscles, lies deep to the internal intercostal muscle,
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giving off a collateral branch early in its course, a

lateral cutaneous branch and a terminal anterior
cutaneous branch. The lower intercostal nerves, which
supply the abdominal muscles after penetrating the
diaphragm (tQ which they give a few sensory branches),
freely communicate with one anoﬁher over the abdominal
wall (Davies, Gladstone and Sibﬁe, 1932). The
intercostal muscles are qgll;supplied with

proprioceptors. Hiétological studies have demonstrated

muscle spindles, tendon organs and Pacinian corpuscles

(Barker, 1962).

1.3.2.3 Blood Supply to the Intercostal Muscles

The inte:costal muscles are supplied by
intercostal arteries and branches of the internal mammary
arteries, and drained by intercostal veins and branches
of internal mammary veins. The intercostal veins drain
into the azygos and hemizygous system. As these systems
are connected, blood in the azygos vein, which enters the
superior vena cava on the right side, represents drainage

from the intercostal muscles on both sides.

1.3.3. Abdominal Muscles

The abdominal cavity is bounded by anterior and
"posterior longitudinal muscles, which connect the
thoracic cage to the pelvis and are contained within
strong.fascial sheaths, together with three muscle sheets

which encircle the remainder of the abdomen.
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1.3.3.1 Anatomy of the abdominal muscles

External oblique. This muscle arises from the
outer surfaces of the lower eight ribs. It is thereforg
superficial to the infercostal muscles in the lower
spaces. The dorSal fibres pass downwards to the iliac
crest. The rest of muscle slopes obliquely downwards and
fofwards, and passes into a fibrous aponeﬁrosis which
forms part of the rectus sheath and fuses with its fellow
from the other side in the linea alba. The lower border

of the aponeurosis forms the inguinal ligament. The

internal obligue. The internal oblique muscle passes

from the lumbar fascia, iliac crest, and lateral part of
the inguinal ligament to an extensive attachment along
the costal margin to an aponeurosis contributing to the

rectus sheath down to the pubis. The_ transversus

abdominis. The transversus.abdominis muscle arises from
the costal cartilages of the lower six ribs, the lumbar
fascia, the iliac crest and the lateral part of the
inguinal ligament. The main p#rt of  the mﬁscle passes
horizonatlly forwards into an aponeurosis similar in
extent to that of the external oblique. The transversus
abdominis is the most deep of these muscles.. The rectus
abdominis. This covers the extefnal surface of the
thoracic cage as it passes vertically downwards from its
horizontal line of attachment to the fifth, sixth, and

seventh costal cartilages (occasionally the third and the

fourth) to its tapering tendinous attachment to the
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pubis. The rectus sheath enclose much of the muscle and

is derived from aponeurosis of the three lateral muscles

{Osmond, 1985).

1.3.3.2 Innervation of the Abdominal Muscles

The external leique and the rectus abdominis
are supplied by the lower 5 intercostal nerves (T7-11),
the internal oblique and the transversus by the lower 5

intercostals, the subcostal (T12), the iliohypogastric

(L1) and the ilioinguinal (L1) nerves.

1.3.3.3 Blood supply to abdominal muscles

Much less information is known about the
arterial supply and venous drainage of the abdominal as

well as for the rest of the respiratory muscles.

1.3.4 Accessory Muscles

Of all the so-called accessory muscles of
respiration, only the sternomastoids, scaleni and
triangularis sterni show significant respiratory activity

in man (Cambell, 1954; De Troyer and Estenne, 1988).

1.3.4.1 The Sternomastoids

The sternomastoid arises by two heads from the
manubrium sternum and the medial part of the clavicle.
The fibres of these two heads fuse into a single one
which is inserted into the mastoid procesé and the
occipital bone. The muscle is supplied by the spinal

accessory and second cervical nerves.
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1.3.4.2 Tﬁe”Scaleni

The scaleni arisg from the transverse process
of the lower five cervical vertebrae and pass downwards
to be inserted into the upper surface of the first rib
(scalenus anterior and medius) and second rib (scalenus
posterior). The scalenus medius is the largest. They

are supplied by the lower five cervical nerves.

1.3.4.3 The Triangularis Sterni

The triangularis sterni fibres originate from
the dorsal aspect of the caudal half of the sternum and
insert .into the inner surface of the costal cartilages of
the 3rd to Tth rib. 1It’s motor supply of the muscle
comes from the intercostal nerves. It is a flat muscle
that iies deep to the sternum and the parasternal

intercostals (De Troyer and Estenne, 1988).

1.3;4.4 Other Muscles

There are many other muscles which may
participate in the respiratory act. These are trapezius,
pectoralis major, pectoralis minor, subclavius latissimus
dorsi, serratus anterior, serratus posterior superior,
serratus posterior inferior,rquadratus lumborium and
saccrospinalis. Most of these muscles are unlikely on
anatomical grounds to Be of importance in the mechanics

of breathing (Campbell, 1970).

1.4 MECHANICAL ACTION OF THE RESPIRATORY MUSCLES
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1.4.1 Action 6f the Di#phrag
| | The contraction of the diaphragm decreases the
intrathoracic pressure, and increases the abdominai
pressure in normal man. It seems obvious that these
‘pressures are generated by the lowering of the
diaphragmatic dome. On the other hand it is difficult to
assess whether these effects are facilitated or hindered
by the direct action of the diaphragm on the ribs
{Cambell, 1970). This problem is a classical cause of
arguments. Galen (May, 1968) considered that the
diaphragm expands the rib cage, but this view was
challenged by Borelli (1680) who reasoned that the
diaphragm constricts it. Duchenne (1867) showed that the
contraction of the diaphragm expands the rib cage
provided that the normal relationships of the diaphragm
are preserved and the abdomen is closed. Experiments in
dogs have shown that the costal and crural portions of
the diaphragm have different actions on the rib cage but
the details of segmental innervation and regional
activation of the human diaphragm are not wellknown (De
Troyer et al, 1982). The shape of the normal human
diaphragm at rest is an elliptical cylindroid capped by a
dome. The cylindrical portion of the diaphragm apposed
to the inner aspect of the lower rib cage and constitutes
the "zone of apposition" of the diaphragm to the rib cage
(Mead, 1979; Mead and Loring, 1982). The zone of
apposition has important implications for diaphragmatic
function because when the diaphragm contracts, incregsed

tension within the diaphragmatic muscle fibres causes the



diaphragmatic dome to move caudal relative to its
insertions. The fibres are directed axially in the
direction of movement of the dome so there is a piston-
like axial displacement of the diaphragmatic dome
{Rochester, Arora and Braun, 198}' Loring and Mead,
1982). At lung volumesvbelow(§z5—}n normal humans, the
piston analogy probably holds, and the transdiaphragmatic
pressure generated by the contracting diaphragm is a
function principally of the neural activation of the
diaphragm and the force-length and velocity force
relationships of diaphragmatic muscle. These principles
appear tfue for humans {(Braun, Arora and Rochester, 1982;
Rochester, Arora and Braun 1981) and dogs (Kim et a.,
1976). When the diaphragm has shortened enough to
eliminate the zone of apposition from part of the
circumference of the rib cage, or when the apposed
diaphragmatic fibres are not parallel to the thoracic
axis, the piston analogy breaks down. Under these
circumstances the diaphragm force reflects its radius of
curvature and anisotropic tension within the
diaphragmatic dome.

When the diaphragm contracts, it expands the
thoracic cavity and tends to displace the abdominal
viscera, resulting in lower pleural pressure and to
increase'abdominal pressure. The diaphragm also exerts a
force at the site of its attachment to the rib cage, a
force directed cranially. The fall in pleural pressuré
has an expiratory effect on the upper rib cage. Inward

displacement of the upper rib cage is seen during
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diaphragmatic inspiration in tetraplegic subjects (Danon
et al, 1979; Mortola and Sant’Ambrogio, 1978; Urmey et |
al, 1981) and in subjects under spinal anaesthesia
extending to Tl (Eisele et al, 1968). The diaphragmatic
contraction has two inspiratory effects on the lowef rib
cage. The first of these has been termed the
"appositional” component of the diaphragm’s inspiratory
action on the rib cage (De Troyer et al, 1982; Mead,
1979; Loring and Mead, 1982) and results from the
increase in abdominal pressure acting on the lower rib
cage. The second inspiratory effect has been termed the
"insertional" component of the diaphragm’s action on the
rib cage. This force is in the direction of its fibres:
towards the head. This force is inspiratory to the ribs,.

causing them to rotate up and out.

1.4.2 Lung Volume and Diaphragmatic Function

The length of diaphragmatic muscle fibres is
closely related to lung volume (Mead and Loring, 1982)
and therefore change in lung volume is accompanied by
change in the operating length and hence the force of the
diaphragm'(Braun et al, 1982). The action of the
diaphrégm on thé rib cage is also strongly dependent on
lung volume. With increasing lung volume, the fraction
of the rib cage exposed to pleural pressure increases as
therfraction exposed to abdominal pressure decreases
(Mead, 1979; Mead and Loring, 1982) reducing the
diaphragm’s inspiratory action on the rib cage and

increasing its expiratory action through pleural pressure
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(Loring and Mead, 1982). At very high volumes, the zone

of apposition disappears, and the fibres of the diaphragm
can pull inward on their insertions, causing a direct
expiratory actioh on the lower rib cage (Hoover'’s sign).
These effects have been demonstrated in animals (D'Angelo
and Sant’Ambrogio;:1974; De.Troyer et al, 1982;

Sant’Ambrogio and Saibene, 1970).

1.4.3 Mechanical action of the rib cage muscles

To understand the action of particular muscles
of the rib cage, we must understand the movement and
articulation of ribs. The ribs move about axes defined
by their articulation with the vertebral bodies and the
transverse processes (Jordanoglou,‘1969; Jordanoglou,
1970). The upper ribs rotate so that their anterior
parts move cephalad and ventrally during inspiration, the
so-called "pump-handle" motion of the ribs. The lower
ribs have a prominent lateral as well as ventral movement
during inspiration, the so-called "bucket-handle" hotion.
In the relaxed adult human, the ribs are angled down
(Caudad) so that during inspiration, the lower and
intermediate ribs move outward, away from the spine,
providing an effective ventral and lateral expansion of
the rib cage (Jordanoglou, 1969; Jordanoglou, 1970). It
is now well established by a variety of studies that
intercostal muscles move the rib cage. Patients who have
undergone destruction of intercostal nerves on one side

of the thorax for treatment of pulmonary tuberculosis,

(
show less respiratory movement of the ribs on the
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df fected side (Alexander, 1929); in hemiplegic patients,

outward displacement of the rib is reduced on the
paralysed side (Fluck, 1966). In supine subjects with
complete diaphragm paralysis rib cage displacements are
exaggerated and belly wall displacements are paradoxical
when the abdominal muscles remain relaxed (Kreitzer et
al, 1978: Newsom-Davis et al, 1976; Skatrud et al,
1980). The function of the intercostal muscles has been
a Sourse ofvcontroversy throughout medical history
{Cambell and Newsom—bavis, 1970). It is now comﬁonly
considered that external intercostal muscles and the
interchondral paft of the internal intercostal muscles
(the parasternal muscles) are inspiratory and serve to
raise the ribs, whereas the interosseous part of the
internal intercostals are expiratory and act to lower the

ribs.

1.4.4 Mechgnical action of the abdominal muscles

The abdominal muscles have a number of
functions: as rotators or flexors of the trunk, postural
and respiratory functions. As respiratory muscleség;;e
expiratory functioif as well as iﬂspiratofy ones. As
expiratory musclesvYact in two ways: a) they pull the
abdominal wall inward‘and produce an increase in
intrdabdominal pressure. Because the abdominal contents
are incompressible, this causes the diaphragm to move

cranially into the thoracic activity. This contraction

results in an increase in pleural pressure and a decrease
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in lung volume. Therefore the abdominal muscles are
consi&ered to be powerful expiratory muscles assisting in
such activities as forced expiration and coughing. The
other function of the abdominal muscles in relation to
breathing is ﬁo displace the rib cage, acting to pull the
lower ribs down and inward, again an expiratory action
(De Troyer et al, 1983). They assist inspiration iﬁ two
ways: a) a direct facilitation of diaﬁhragmatic action
by persistent abdominal contraction, as occurs when
normal humans adopt the standing position. Their
activity is tonic, unrelated to phases of respiration and
it is greatest in the dependent regions of the abdomen
(Green, Mead and Sears, 1978; De Troyer, 1983; De Troyer,
1984) b) the second mechanism by which the abdominal
muscles can assist inspiration is by contracting in phase
with expiration. By contracting during expiration and
forcing the diaphragm cranially into the thoracic cavity,
these muscles can reduce lung volume below the neutral
position of the respiratory system. Hence, when they
relaﬁ at end-expiration, they promote passive descent of
the diaphragm, therefore lung volume can increase before
the onset of inspiratory muscle contraction. Thus, great
activity of the- abdominal muscles appears when the
ventilation reaches 70-90 1/min (Cambell and Green, 1953;

Cambell and Green, 1955; De Troyer and Estenne, 1988).

1.4.5 Mechanical action of the accessory muscles

Many of these muscles have prominently non-
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respiratory functions, and many are relatively small or
inaccessible. As a result, they have not been

extensively studied by respiratory physiologists,

1.4.5.1  Scalene muscles

The importance of the scaleni as muscles of
inspiration is disputed but it is now believed that they
are true muscies of inspiration and should probably not
be called "accessory" (Rapier et al, 1966; De Troyer and
Estenne, 1984). Studies using needle electrodes show
that the scalenes are active during quiet breathing in
upright and supine postures. Others classify them with
the sternomastoid as accessory muscles. By their origins
and insertions, these muscles must elevate the first two
ribs,and therefore, they may be inspiratory but their
exact mode of action is not wellknown, because these
muscles rarely if evér act individually.
1.4.5.2 Sternocleidomastoid muscles

| It has been suggested that the human

sternocleidomastoid muscles have a predominantly "pump-
handle" action on the rib cage, elevating the first rib
and sternum and- allowing the resultant decrease in
transthoracic pressure to cause inward displacement of
the lateral rib cage and abdomen (Danon et al, 1979).
The sternomastoids are probably the most important
accessory muscles of inspiration and their participation

in breathing with dyspnoea is a wellknown clinibal

observation.
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1.4.5.3 The Triangularis Sterni
Most normal subjects when breathing at rest in
the supine posture do not activate this muscle unlike
cats and dogs (De Troyer et al, 1987). It always
contracts during vigorous expiratory efforts such as
coughing, laughing and during expiration below FRC. (De
Troyer et al 1987; Ninan, Decramer and De Troyer, 1986).

During such manoeuvres, the triangularis sterni acts to

lower the ribs and increase pleural pressures.

1.4.5.4 Other Muscles

There are other muscles whose origins and
insertions suggest that they may have a respiratory
function under the right conditions. In particular the
trapezii and the platysma as well as some laryngeal
muscles contract during inspiration. Despite that they

have been considered unimportant to the breathing in

normal man (Cambell, 1970; Delhez and Petit, 1966).

1.5 PHYSIOLOGY OF THE RESPIRATORY MUSCLES

The respiratory muscles provide the motive
power for breathing. Despite their central role in
ventilation their physiology has been relatively
neglected, perhaps partly because of the complexity of
their function, and the difficulties of studying them

(Green and Moxham, 1985). Statics and dynamics of

contraction of these muscles are difficult to study in
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vivo because force, initial length, velocity of

shortening and magnitude of the neural drive of
individual muscles are not measurable without invasive
methods (Lockhart, 1984). Understanding of the function
of the'respiratory muscles depends on the relationships
of frequency-force, length-tension, force-velocity and

fatigwbility-frequency.

1.5.1 Frequency-pressure relationship

The force developed by a skeletal muscle is a

" function of the frequency of stimulation. The frequency-
force relationships result from the summation of twitch
tension during repeated stimulation. This relationship
is useful in comparison of force development by aifferent
muscles and for the evaluation of high and low-frequency
fatigue by the same muscle. Because, in vivo respiratory
muscles are inaccessible for the measurement of force
directly, their force is measured indirectly as
measurement of the pressureé generated by them. The
frequency-force (pressure) curve for the respiratory
muscles is similar to those of other human skeletal
muscles. Using the technique of percutaneous stimulation
over the motor point of the sternomastoid muscle, it is
possible to describe in humans the function of the
sternomastoid in the same terms as those used to describe
the function of limb skeletal muscles. Similar
frequency-force curves were recorded from a strain gauge
applied to the mastoid process and from a force

transducer {Moxham et al, 1980). The recording of Pdi in
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response to electrical stimulation of the right phrenic

nerve allows a similar myogram to be obtained from the.
diaphragm (Moxham et al, 1981; Aubier et al, 1981). When
the diaphragm becomes fatigued, its frequency-pressure

curve is depressed at all stimulation frequencies.

1.5.2 Force-length relationship

| The force-length relationship indicates that
when a muscle is stimulated at its optimal resting
length, it produces.its maximum contractile force. When
the muscle is either stretched beyond the optiﬁal resting
length or alternatively is foreshortened prior to
contraction, supramaximal stimulation of the muscle
produces submaximal force. 1In the case of the diaphragm,
there is little or no evidence for compromise of its
contractile force by over stretching, but at lung volumes
above normal FRC, the diaphragm and other inspiratory
muscles are foreshortened and their contractile force is
curtailed. 1In contrast, expiratory muscle contractipn
force is curtailed at low lung volumes (Marshall, 1962;
Evanich, Franco and Lourgnco, 1973; Brown, Arora and
Rochester, 1982; McCully and Faulkner, 1983; Farkas and
Roussos, 1984; Fitch gnd McComas, 1985; Loring, Mead and
Griscom, 1985; Road et al, 1986; Smith and Bellemare,

1987.

1.5.3 Force-velocity relationship

For any muscle length, the maximum contractile

force is greatest when the muscle is prevented from
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shortening. If the muscle is allowed to shorten during
its contraction, its contractile force declines
hyperbolically as a function of the velocity with which
the muscle shortens. This is termed the force-velocity
relationship (Hiil, 1938; Wilkie, 1950; Goldman et al,
1978). When both the tension and velocity are normalised
to the maximum value, slow muscles show greater curvature
than fast muscles. So, this implies that type I (ST)
fibres generate less power output than type II (FT). The
force-velocity relationship of the diaphragm muscle is
intermediate between those of slow (type I) and fast

(type II) skeletal muscles (Edwards and Faulkner, 1985).

1.6 RESPIRATORY MUSCLE WEAEKNESS

The respiratrory muscles are subject to
weakness from a variety of processes which affect the
motor nerves, neuromuscular junction and muscle cell per

sSe.

1.6.1 Causes of rquiratggx muscle weakness

Some of the important clinical disorders
affecting respiratory muscles are listed below (Pride,
1984): 1. Neuromuscular disease

a. Neurogenic ,
- Traumatic teraplegia
- Motor neurone disease

- Poliomyelitis

b. Neuromuscular junction
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- Myasthenia gravis

c. Muscles

Dystrophies

Myotonia

Polymyositis

- Systemic lupus erythematosus

2. Impaired function of respiratory muscles
a. Metabolic - Endocrine
- Cachexia

- Hypoxia, Hg?ercapnia
- Thyroid disease, hypocalemia
b. "Mechanical"

- Hyperinflation: severe airflow
obstruction

- Chest wall diseases: 1i.e.
kyphoscoliosis, obesity,
thoracoplasty, pneumonectomy

- Impaired coupling between

inspiratory muscles and lung

expansion: pleural disease,
pneumothorax.
1.6.2 Effect of respiratory muscles weakness on_lung

Weakness of these muscles reduces the capacity
to generate the negative intrathoracic pressure to expand
the lungs with a reduction in total lung capacity (TLC)

and a parallel fall in vital capacity (VC). Weakness of
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the muscles of expiration, principally the abdominal

musculature and the internal intercostals, reduces the
capaciﬁy to generate positive intrathoracic pressures.
This weakness reduces expiratory reserve volume,
increases residual volume, andvfurther reduces vital
capacity. 1In these patients the FEV; /FVC ratio is
normal, illustrating a pure restrictive ventilatory
defect and the residual volume (RV)/total lung capacity
(TLC) ratio is characteristically high. Gas transfer
corrected for the reduced lung volume (KCO) is normal or
high, and a low KCO implies that muscle weakness is
unlikely to be the sole explanation of a respiratory

problem (Moxham, 1982).

1.6.3 Effect of respiratory muscle weakness on_lung

mechanics

Moderate weakness of the inspiratory muscles
prevents lung recoil pressure (Pst, L) from being
developed at full inflation and therefore truncates the
upper part of the static pressure-volume (PV) curve of
the lung. However in patients with long-standing and
severe fespiratory muscle weakness pulmonary compliance
is reduced also, (De Troyer, Borenstein and-Cordier,
198?} De Troyer and Deisser, 1981; Gibson et al, 1977),
indicating that the elastic properties of the lung are
altered in these patients. The cause of this reduced
lung distensibility is not clear. Three factors are
. theoretically capable of affecting lung compliance (i)

dispersed alveolar collapse, undetectable by radiographic
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techniques (Prys—Roberié et al, 1967) (ii) generalised

increase in the surface tension of the alveolar lining
layer (Young; Tierney and Clements, 1970) and (iii)
shortening and stiffening of the elastic fibres within

the lungs.

1.6.4 Chest.wall mechanics in respiratory muscle

weakness

Several pathogenic mechanisms are involved in
malfunction of the chest wall in patients with
neuromuscular disorders. As noted before, FRC is
frequently decreased in these patients. It has been
suggested that the fall in FRC in these conditions is
éaused primarily by a decrease in the outward pull of the
cheét wall. Several studies have shown that chest wall
compliance is decreased to about two-thirds of normal
values in patients with long-standing neuromuscular
disorders. These measurements apply to the entire chest
wall, but it seems reasonable to speculate that these
changes are primarily due to altered stiffness of the rib
cage (Affeldt et al, 1952; Ferris et al, 1952). Further
contributory factors can be the development of scoliosis,
particularly, in‘patients with muscular dystrophy, and
fibrotic changes and spasticity in the rib cage muscles,
as occurs in patients with tetraplegia. In conclusion,
the alterations in lung volumes seen in patients with
chronic neuromuscular disorders are attributable to a

combination of muscle weakness and alterations of the
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mechanical properties of the lungs and chest wall (De

Troyer and Pride, 1985).

1.6.5 Cough _impairment-airway function

The effectiveness of cough is reduced in
expiratory muscle weakness because the cough induces
dynamic compressioﬁ and hence the linear velocity of
airflow through the large intrathoracic airways. As a
result, cough and clearance of secretions is defective in
these patients, contributing to the high prevalence of
bronchopulmonary infections. Respiratory muscle weakness
would be expected to have larger effects on maximum
inspiratory rates for two reasons (a) these flow rates
depend on the ability of the inspiratory muscles to lower
pleural pressure (b) a reduction in lung distensibility
which opposes inspiratory flow. Very few studies have
been done on maximum inspiratory flow-rates in
respiratory weakness (Gal and Arora, 1982; De Troyer and
Borenstein, 1980). Similarly, it might be expected that
maximum voluntary ventilation (MVV) measured over 15 sec
would be reduced disproportionately to changes in FEV; in
respiratory muscle weakness, but only a small trend in
this direction has been found in myasthenia gravis
(Ringgvist and Ringqgvist, 1971) and in myotonic dystrophy

(Serisier, Mastaglia and Gibson, 1982).

1.6.6 Ventilatory drive

Patients with respiratory muscle weakness
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breath faster and with a smaller tidal volume than
healthy subjects (Begin et al, 1980; Gibson et'al, 1977;
Newsom-Davis et al, 1976). This tachypnoea may be
related to the diffuse microatelectasis, reduction of
lung compliance or different signals from the weakened
muscles themselves (Begin et al, 1980). Alterations in
the central control mechanisms of respiration have been
repeatedly suggested in a number of patients with
neuromuscular disorders (Plum and Swanson, 1958; Kilburn
et al, 1959; RosenowAand Engel, 1978; Bellamy et al,
1975; Carrol et al, 1976). However reductions in the
ventilatory responses can be accepted as evidence of
damaged medullary respiratory centres only if there are
no accompanying abnormalities of lower motor neurone

respiratory muscles, or lung mechanics.

1.6.7 Ventilation and blood gases

The main change in blood gases in patients with
respiratory muscle weakness is usually a fall in arteriﬁl
PO: (Harrison et al, 1971). Hypoxaemia without an
elevated PaCO; has been reported in patients with acute
poliohyelitis during respirator treatment (Affeldt, 1965)
and in a number.of patients with other neuromuscular
disorders (Gibson et al, 1977; Hapke, Meek and Jacobs,
1972; Newsom-Davis and Loh, 1979). In these cases

decreased PaO: coexists with an increase in alveolar-to-

arterial tension difference for oxygen (A-a) POz .
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Initially the tachypnoea causes an increase in alveolar

ventilation, resulting in alveolar and arterial
hypocapnia (Hapke et al, 1972; Harrison etval, 1971).
Persistent hypercapnia may be a late and drama£i§ event
and may occur only at a terminal stage of the disease, as
in Duchenne’s muscular dystrophy. However, hypercapnia
may occasionally appear relatively early in the course of
some chronic neuromuscular disorders, such as in limb-

girdle dystrophy or in myotonic dystrophy.

1.7 RESPIRATORY MUSCLE _FATIGUE

The question whether respiratory muscle fatigue
causes respiratory failure is over 50 years old but we
still have no definitive answer to this question (Macklem

and Roussos, 1977).

1.7.1 Physiological classification of fatigue
Muscle fatigue can be defined as the inability
to sustain the required or expected force with continued
contractions. When exercise ceases or it’s intensity is
reduced, the muscle will recover. Recovery from some
forms of peripheral muscle fatigue is complete within
seconds, but may be gradual with full recovery taking
hours (Jones, 1986). The command chain for voluntary
muscular activity involves many steps and force failure
i.e, fatigue - éan occur as a result of impairment at any

one or more links in the chain of command. As a simple

practical analysis it is worth separating central from



66
peripheral fatigue (Edwards, 1981). 1In the history of

human muscle fatigue it was popular in the‘early years to
attribute fatigue to failure of central neural processes
(Walker, 1891; Mosso, 1915). Comparisons between forces
generated by maximum stimulated contractions and forces
by maximum voluntary contraction at different stages of
the experiment allowed central fatigue to be assessed
(Mosso 1915, Bigland-Ritchie et al, 1978). The
importance of peripheral fatigue was first clearly
demonstrated by Merton (1954). He showed that force
generation was impaired with twitches of the abductor
pollicis muscle provided by supramaximal stimulation of
the ulnar nerve a£ the wrist as a result of a sustained
maximum voluntary contraction (MVC), during which the
muscle became fatigued such that maximum force generation

was less than 20% of the force obtained with an MVC with

unfatigued muscles (Edwards, 1981).

1.7.2. Causes of peripheral muscle fatigue

Several experimental models have been used to
study fatigue: voluntary activation of the muscles,
force output or electrical stimulation to determine their
contractile properties. There are many possible sites
and mechanisms with which fatigue may occur in a
peripheral muscle. Changes in membrane electrical
characteristics from efflux of potassium ions (Vyskocil
et al, 1983; Sjogaard, 1986), or increased cellular

water content during exercise, may effect propagation of
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the action potential along the muscle membrane and the T-
tubule, leading to a reduction in activation and
therefore force generation. The excitation-contraction
coupling process may be impaired by changes in the émount
of calcium stored in or released from the sarcoplasmic
reticulum {(Jones, 1981). Cossbridge formation can be
affected and it may reduce force generation in several
ways i.e. the sensitivity of troponin for calcium may be
reduced (Hermansen, 1981) as may be the rate (Cook and
pate, 1985) and power output (Kentish, 1986) for each

cossbridge cycle. It is often thought that decreased
intracellular pH is the cause of muscle fatigue but such
relation is not clear. Whilst any increased hydrogen ion
concentration reduces isometric force generation in vitro
{Metzger and Moss, 1987) reductions in strength in excess
of 50% can occur with low-intensity exercise in which no
lactic acid is produced and FH is unchanged (Bigland-
Ritchie, Cetarelli and Vollestad, 1986). Patients |
suffering from McArdle’s syndrome {(myophorylase
deficiency) can fatigue with no lactic acid production
(Edwards and Jones, 1983). Other metabolic changes i.e.
an increase in ADP in combination with a decrease in pH
might piay a ke& role in the development of fatigue as
these changes have been associated with reductions in
force. Furthermore as pH falls the concentrations of
phosphocreatinine (Pcf) falls, adenosine diphosphate
(ADP), adenosine monophosphate (AMP) and inorganic

phosphate (Pi) in diprotonated form increase, the latter
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has been found to be directly related to force changes
(Nosek;‘Fender and Godt, 1987). It has recently been
proposed that the metabolic determinants of fatigue as
well as the recovery from it are related to the nature of
exercise used to induce it (Hultmann and Sjoholﬁ, 1986;
Green, 1987). When work is sustained for 1-2h, the point
of exhaustion is related with the depletion of the
glycogen stores of the working muscle (Bergstrom et al,
1967). During heavy exercise iarge amounts of energy are
converted to heat and the subsequent rise in body
temperature and fluid loss may impair performance and
enhanc¢ central fatigue. Eccentric contractions (where
the muscle is forcibly extended during activation)
produce more profound and longlasting faﬁigue despite
having low metabolic cost (Knuttgen, Bonde—Petersoﬁ and

Klaﬁsen 1971; Newham, 1988)

1.7.3 R*e,ani”r_gj;.g.r_y__nm.,u,s..‘.c._il.memf_a.&.is.gé..
By analogy with limb muscles, fatigue could
‘develop in the respiratofy muscles and contribute to
hypercapnic ventilatory failure (Macklem and Roussos,
1977).’ Patients with severe lung disease and
hyperinflation ﬁéve reduced force generating capacity of
the respiratory muscles. In contrast their ventilatory
requirements are increased. These muscles, particulary
the inspiratory are subject to large loads with every

breath for prolonged periods with little opportunity to

rest (Green and Moxham, 1985). 1In these circumstances,
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it appears likely that the.respiratory muscles,
particularly those of inspiration, can fatigue‘and

precipitate or intensify ventilatory failure (Macklem and

Roussos, 1977; Moxham et al, 1981).



MATERIAL AND METHODS

70



71

2.1 NORMAIL SUBJECTS, PATIENTS AND METHODS

2.1.1 The Patients and Normal subjects

The normal subjects who participated in the
following studies were medically qualified and laboratory
or hospital workers from The Brompton and King’s College
hospitals. Only six of them were familiar with the
techniques and respiratory manoeuvres employed. The
patients who were studied were referred to Dr Malcolm
Green, who is known to have a long standing interest in
respiratory muscle function for investigation of
breathleésness or suspected involvement of respiratory
muscles in various lung or systemic disorders. Details
for each individual patient are found in the specific

studies.

2.1.2 Ethical Approval

Ethical approval has been obtained after
submission of a detailed protocol of each study to The
Ethical Committee of The Brompton or King's College
Hoépitals. All patients and normal subjects gave their

verbal informed consent to the investigators.

2.1.3 Methods
Basic concepts about methods and technical
characteristics of the equipment used are described here.

The specific use of the methods, equipment and
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experimental set-up are described in the individual

chapters.
2.2 MAXIMAL _STATIC MOUTH PRESSURES
This widely applied technique is currently used

to measure global respiratory.muscles strength because it

is simple and readily adaptable in clinical practice.

2.2.1 Mouth Pressures and Lung Volume

Subjects mﬁst learn how to do the test.
Inspiratory and expiratory pressures are measured during
static efforts Qith minimal air flow. The pressures can
"be measured at any lung volume, but the maximum
inspiratory pressures (PImax) are obtained at full
expiration (residual volume, RV) whereas the maximum
expiratory pressures (PEmax) are obtained at full
ingspiration (total lung capacity, TLC) against an
occluded airway. Normally RV is about 25% of predicted
TLC and the natural breathing position at the end of a
quiet breath (functional residual capacity, FRC) is about
50% of prediéted TLC. Some>subjects are not able to
achie#e the normal RV or TLC positions and may perform
PImax test at a higher, and PEmax at a lower than normal
lung volume. It has been suggested that in order to
assess how much of the pressure difference regarding
normal values is due to true muscle weakness or to the
different lung volume the patient’s PImax and PEmax must
be compared with normal values but corrected for the

- lung-volume at which the patient performed-the test using
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the lung-volume relationships (Rochester and Arora, 1983;
Rochester, 1988). Pressures measured at the mouth
include both thé respiratory muscle pressure (Pmus) and a
component contributed by the elastic recoil of the lungs
and chest wall (Prs). Prs must be subtracted from PEmax
and PImax to obtain the proper values for Pmus. At FRC
Prs is zero, below FRC, Prs is negative and above FRC Prs
is positive. Therefore PEmax a-+ TLC overestimates
expiratory Pmus and‘PImax at Rv overestimates inspiratory
Pmus by about 30%. It has been suggested to measure both
PImax and PEmax from FRC where Prs has little or no

effect on the pressures measured (Rochester, 1988.)

2.2.2 Criteria of acceptance

As these tésts were concerned with maximal
fuﬁotions, the highest positive and negative pressures
recorded were used. The procedures demand a certain
technique to avoid extra leakage and to create maximum
instantaneous pressuresbwith open glottis. The tests
were therefore not interrupted until the investigator
considered that a maximal result had been obtained. The
criteria used for this were those imposed by Ringqgvist

(1966), (See also Chapters 3 and 4).

2.2.3 The need for a leak

These manoeuvers may produce artefacts if
subjects close their glottis and exert negative or

positive prsshre with the pharyngeal or cheek muscles
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(Ringqvist,.1966; Nochomovitz, Supinski and Kelsen,
1986). In such a situation only minor variations in the
volume of compérétively small space may produce large
pressure variations according to the equation:

P.V = K = (P +AP). (V +AV)
fhe change in pressure may however be more or less
avoided by means of a leakage, the volume of which during
a short time corresponds to 4V. The attenuation of the
respiratory muscle force due to the leakage should not be

more than 1% - 2% (Ringqvist, 1966; Chapter 4)

2.2.4 Measurement

Measurements were made at the highest positive
and the lowest negative pressures, each maintained for 1
secdhd (Fig 1). During maximal inspiratory efforts,
mouth pressures were sub-atmospheric and thus negative in
sign. However, for simplicity, all the preséures are
expréssed with a positive sign. Normal predicted values

for males and females are obtained from Wilson et al

(1984) or Black and Hyatt (1969).

2.3 OESOPHAGEAL_(POES). GASTRIC (PGAS)._ AND

TRANSDIAPHRAGMATIC (PDI) PRESSURES

Respiratory muscle pressures can also be
recorded within pleural and abdominal cavities with
‘'suitable balloon catheﬁers. These catheters are
introduced via the nose and pharynx into the oesophagus
for pleural pressure and into the stomach for abdominal

pressure as described in the following section (2.4.3)
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Figure 1 - Measurement of a) PEmax and b) PEmax from

1 sec plateau
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(Mead et al, 1954; Cherniack et al, 1955; Crane, Hamilton

and Alfeldt, 1955; Mead and Gaensler, 1959; Knowles, Hong
and Rahn, 1958; Milic-Emili et al, 1964; Milic-Emili,
Mead and Turner, 1964; Lemen, Benson and Jones, 1974;
Beardsmore et al, 1980). Pleural'pressurés need not be
corrected for lung elastic recoil pressure with lung
volumes at or below FRC, Poes is only slightly larger
than mouth pressures because lung recoil is low. The
pressure across the diaphragm (transdiaphragmatic
pressure or Pdi) is calculated as Pdi = Pgas - Poes
(Agostoni and Rahn, 1960). Pressures were obtained
during the sniff manouevre {(Miller, Moxham and Green,
1985) and percutaneous bilateral phrenic nerve
stimulation {(twitch Pdi) at the neck (Sarnoff, Sarnoff
and Whittehberger, 1951).

’

2.4 DIFFERENTIAL! PRESSURE TRANSDUCERS

Most pressure transducers are désignéd tov
measure a pressure applied to one or to both éides of
their diaphragm, in which case they measure the
difference between the two pressures. A transducer
designed for this mode of operation is known as a
differential pressure transducer (Sykes et al, 1981).
The Validyne MP 45-871 (Validyne co; Northridge, CA) very
low range Differential Pressure Transducer is designed
for extremely low pressure measurements (Fig 2). This

unit features a small internal volume with low volumetric

displacement to achieve high frequency response. The very



Figure 2 Differential pressure tranducers and a

U-shaped water manometer for calibrations

Tle
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rugged construction utilising all stainless steel accepts

corrosive media both sides and sustains high‘mechanical
shoék and dverpressure. The user can replace diaphragm
to change operating pressure range. The transducers
available in ourAlaboratory weré able to measure up to
+350 cm H20. The minimum pressures they could measure
were + 2 cm H20. Suitable pressure connections were
furnished for the commonly used rubber or plastic tubing.
In this pressure transducer shown in simplified form in
"Fig. 3, a diaphragm of magnetically permeable stainless
steel is clamped between two blocks and deflects when the
pressure difference is applied through the ports
illustrated. An E core and coil assembly is embedded in
each block with a small gap between the diaphragm and E
core, in a symmetrical arrangement resulting in a
condition of equal inductance with the diaphragm in an
undeflected position (Fig. 3). The diaphragm’s
deflection results in an increase in the gap in the
magnetic flux path of one core and an equal decrease in
the other. The magnetic reluctance varies with the gap
determining the inductance value so the effect of the
diaphragm motion is a change in inductance of the two
coils, one inéreasiﬁg and the other decreasing. When the
coils are connected in a bridge circuit and are excited
by an AC carried voltage, this output voltage will vary
proportionately to the differential pressure applied
across the diaphragm. This generation of transducers

offer a number of advantages in pressure measurement and
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Figure 3 Simplified diagram of a Validyne MP-45

Pressure Transducer
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control. These include: a) excellent dynamic response

characteristics with gas systems due to high natural
frequency, low volumetric displgcemeﬁt and low internal
volume. b) Extreme overload tolerance - operator proof.
c) Ability to withstand severe shock and vibrations.

d) High level output. e) High noise immunity.

2.5 BALLOON CATHETERS

2.5.1 Description

Oesophageal and gastric pressures were measured
using standard latex balloon catheters commercially
available (P.K. Morgan, Rainham, Kent, UK) 10 cm in
length with a wall thickness of about 0.06 cm and
perimeter of 3.5 cm. The balloons were sealed over
spirally arranged holes drilled at 5 mm intervals along
the distal end of a 120 cm long PE-20 polythene catheter,
with an internal diameter of 0.1 cm and external diameter
0f_0.2 cm. The catheters prior to each study were
shortened to 100 cm and were marked in 5 cm steps from
 the tip of the balloon to 70 cm. After emptying the
balloons of air by placing them under water to a depth of
5 cm the open eénds were attached and sealed to the
pressure transducers via three way taps. The balloons
were connected to the three way taps with 17 gauge
needles cut down to half an inch in length (Fig. 4). The
system was considered free of leaks when the initial

negative pfessure (-5 cm H20) was maintained
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Figure 4 Balloon Catheters
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constant for 2-3 min, the balloon being exposed to the

atmospheric pressure.

2.5.2 In vitro Technical Characteristics of the

Balloon Catheters and Pressure Transducers

Appropriate calibration was made before each
test, using a mercury and a water-filled U-shaped
manometer (Fig.2). A known pressure was applied to each
transducer and the signals recorded by the Mingograph
recorder were adjusted to ensure that the same pressure
provided»an equivalent deflection on the paper trace.
All three transducers had a linear response over +350 cm
H2 0 range (Fig. 5). Each transducer was connected to a
pressure transducer indicator (Amplifier) wmodel T12 (P K
Morgan). The system transducer-indicator has accuracy
+0.5% FS, hysteresis 0.1% of pressure excursion, thermal
zero drift 0.01% FS/°F and frequency response flat over
0-1000Hz rahge (Information given by P K Morgan). The
pressure volume characteristics of the balloon-catheters
were determined at atmospheric pressure after a balloon
was emptied, volumes of air (0.1 ml) were added to the
balloon with a glass syringe and the pressure was
recorded after each incremental addition. Outside the
body, the balloon required 0.4 ml of air to restore
pressure to zero inside the balloon. The balloon-
catheter system had a pressure volume curve flat over the
0.4-2.8 ml range (Fig 6). The frequency resﬁonse of the

entire system (balloon-catheter-transducer-indicator-
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Figure 5 Linearity of the differential pressure
transducer. Linear regression analysis sﬁowed highly
significant relation between paper recorder deflection,
measured in mm (X) and pressure calculated in mm Hg(Y).

Y = 0.903 + 0.220X (r = 0.999, n = 23, P<0.001)
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Figure 6 Pressure-volume characteristics of the

10 cm balloon-catheter. The balloon-catheter system has

a pressure-volume curve flat when contains air ranging

from 0.4 to 2.8 ml.
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recorder) was approximately 20 Hz, assessed from the

pressure generated by a square ane input obtained by
bursting a pressurised balloon with a hot wire "pop
test", (Sykes, Vickers and Huil, 1981; Fig. 7)
2.5.3 | Positioning of the Balloon Catheters (Cotes,

1977) |

To insert the balloon into the oesophagus and
stoméch the operator first establishes which of the
subject’s nostrils is widest by asking him to sniff
through each in turn; inquiry is made into previous
sensitivity to cocaine. The mucosa is then anaesthetised
with 1 ml éf 4% lignocaine hydrochloride solution
(xylocaine). This is administéred through a spray fitted
with a iong nozzle which can be diverted to both the
front and back of the nasopharynx. Five minutes is
allowed for the anaesthetic to exert its effects. The
operator then lubricates the balloons with a tasteless
lubricant (e.g. K-Y, Johnson and Johnson xylocaine 2%
jelly) and passes it gently into the nose while first the
subject makes a series of swallowing manoeuvres. The
tﬁbes should now descend into the oesohagus. The passage
of balloons is assisted by the subject sﬁallowing water
from a glass through a flexible drinking straw which is
held between the lips. At this stage it is advisable to
check that oesophageal and gastric catheters can be seen
passing over the back of the tongue and are not coiled in

the oropharynx, as sometimes occurs when a
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Figure 7 Frequency response of the entire system.
The frequency response of the balloon catheter-
transducer-amplifier-recorder system has a maximum
frequency respénse of 20 Hz. From this traée, the 10-90%
response time (Tr) is 0.0175. The f3db value was
calculated according to the formula

.f3db = 1/3 Tr = 1/3 X 0.017 = 20Hz

(paper speed 1000 mm/s)
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very flexiblertube is used. Swallowing is continued
until both balloons come to lie in the stomach, where
their presence is confirmed by the response to sniffing
which should cause a positive pressﬁre in the tubeé.

Only the oesophageal balloon is slowly withdrawn stopping
when sign of pressure sniffing changes i.e. pressure
swings in negative direction with inspiration.  This
occurs when about 1 cm of balloon is in the thoracic
oesophagus and serves to measure the level of cardia.
Withdrawing the catheter another 10 cm reveals the
balloon now lying totally within the thoracic oesophagus
with tip about 1-cm above cardia where sniffing causes a
fall in pressure. Into the empty gastric ball:zon 5 mls
of air are injected slowly and 3 mls removed leaving 2
mls. Into the empty oesophageal balloon 5 mls of air are
injected and 4.5 mls removed leaving 0.5 mls. The
gastric balloon should have a positive and the
oesophageal a negative deflection with spontaneous
inspiration or éniffing. After positioning the balloons
it is necessary to check for the tracheal artefact.
During a Valsalva and Muller manoeuvre, respectively,
lung volume changes only a small amount. Provided the
manoeuvres are‘performed with glottis open and with
airwéy obstructed beyondvthe préssure tap for mouth
pressures the pressure difference from mouth to
oesophagus approximates transpulmonary pressure and since
volume chahges are small the pressure should change

little. If, however, the upper.part of the balloon is
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lin the portion of the oesopﬁagus immediately behind the
trachea, transpulmonary pressure will appear to change
markedly, increasing during Valsalva and decreasing
during the Muller ménoeuvre. This appears to be the
result of impingement of the trachea against the
oesaphagus. During the Valsalva it is "pulled" away from
the oesaphagus making oesophageal pressure change in the
negative direction.‘ During the Muller manoeuvfe the
trachea is forced againét the oeophagus causing
oesophageal pressure to increase. It ié important to
avoid this artefact because if present oesophageal
pressure will change with head position, extension
causing negative deflections and flexion, positive
deflections. The artefacts can be tested for by having
the subject attempt to breathe in and out against an
obétructed mouthpiece. If present the artefact is easily
demonstrated. The catheter should be inserted further
until the artefact disappears. This should happen quite
abruptly. If part of tﬁe balloon is then in the stomach
minimal distortion should result since the relatively
‘more positive pressure in the stomach will displace any
air from this portion into the thoracic portion of the,
balloon and wiil effectively seal off the gastric portion
of.the catheter. Attention should be paid to the
pressure fluctuations transmitted from the heart (Trop,
Peeters and Van De Woestjne, 1970). Another source of
error is a rise in oesophageal pressure due to

contraction of the oesophageal muscle. Tonic contraction
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is particularly liable to occur at near to total lung

capacity and is best overcome by waiting. Peristaltic

contractions of duration between 2 - 5§ s occur especially
in the lower part of the oesophagus: their frequency
increases during swallowing and before meals. The

contractions may be identified by monitoring the pressure
on an oscilloscope: those due to the intubation
procedure usually disappear after a few minutes (Cotes,

1979).

2.6 The Sniff Manouevre

Sniff is defined as a short, vigorous
inspiratory effort from FRC, through the nostrils with
the mouth closed, usually performed in the seated
position. The normal range for sniff Poes for males is
52 - 150 and for females 52 - 140, for sniff Pdi was for
males 112 - 204 and females 82 - 182. The peak Pdi, Poes
and Pgas was measured at FRC. An example of Sniff Pes,

Pgas and Pdi is shown in Fig. 8.

Pgas)

Human- muscle strength may be measured by
tetanically stimulating the motor nerve (Merton, 1954).
The application of maximal tetanic phrenic nerve
stimulation has proved to be difficult particulafly if
stimulation frequencies greater than 10Hz are employed

because of the almost unavoidable co-stimulation and
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Figure 8 Measurement of sniff Poes, Pgas and Pdi

(paper speed 100 mm/s)
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contracﬁion of the neck muscles which displace the
stimulating electrodes. However, these problems do not
arise when single maximal bilﬁteral electrical shocks are
delivered to the diaphragm; It has been shown that
bilateral percutanéous phrenic nerve stimulatioh at 1Hz
is a simple objective test to evaluate diaphragmatic
muscle strength in man and it is independent of volition
(Bellemare and Bigland-Ritchie, 1984). Thé electrical
stimulation was performed with a bipolar nerve
stimulating electrode type EC 225 (Medelec Ltd, Surrey,
England) which consisted of two felt-tips with surface
area at 30 mm2 and 30 mm distance between them (Fig. 9)
soaked in saline. The stimulation current was delivered
form»a Digitimer Stimulator ﬁype 3072 (Digitimer Ltd,
Hertfordshire, England) linked to Dual HV Gated Pulse
Generator type 2521 (bigiﬁimer Ltd).‘ The frequency was
checked with a feedback Digital Frequency Meter type FM
610 (Feedback Inst. Ltd, Sussex, England; Fig. 10). n
Supramaximal stimulation was performed with unirectional
équare wave pulses of 0.5 ms duration. Maximal
stimulation was achieved with voltages ranging between

" 90-150 V. The skin at the neck was carefully cleaned

~ with spirit. Both phrenic nerves were stimuiated
percutaneously. The electrode was positioned in the
supraclavicular fbssé, immediately posteridr to the
sternomastoid border at the level of the cricoid
cartilage.(Sarnoff, Sarnoff and Whittenberger, 1951; Fig.v

17).
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Figure 9 Bipolar electrode used for percutaneous

phrenic nerve stimulation.

Surrey)

{Medelec Ltd, 0l1ld Woking,

B
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~

Figure 10 Apparatus used for electrical

stimulation of the phrenic nerve: Digitimer Dual Gated

Pulse Generator, Universal Counter Digital Frequency

Meter, and Digitimer Stimulator (Digitimer, Welwyn,

Herts)
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Stimulation was usually achieved with the head in the
mid—line so that the sternamastoid muscle was completely
relaxed. Since the phrenic nerve lies close to the
brachial plexus at the point of stimulation, this often
initially caused contraction of the upper limb muscles
and occasionally paraesthesiae in the cutaneous
distribuﬁion of the brachial plexus. By positioning the
electrode slightly more medially the phrenic nerve could-
usually be stimulated selectively. Heart rate was
monitored throughout the procedure. The voltage of
stimulation was increased until there was no further
increase in the size Qf either the diaphragm muscle
acticn potential or twitch amplitudé. At this point the
stimulation was considered to be maximal. The voltage
was then further increased by 10% in order to ensure
supramaximal stimulation of the prenic nerves. The
subject wore a nose clip and was instructed to breath
quietly for several breaths and then to relax at FRC with
his/her glottis closed. Stimulation was performed for a
maximum of 10 seconds, following which the patient
breathing again relaxed at FRC, and stimulation was
repeated. Adeﬁuate rest pauses of 5 - 10 min were taken
" between runs (ﬁier, 1986). An example of bilateral

twitch Pdi is shown in Fig. 11.

2.8 Electromyography of the Diaphragm (EMG)

EMG's of the left and right hemidiaphragms were

recorded with surface electrodes 1.0 cm in diameter,
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Figure 11 Measurement of twitch Pdi (Poes =
Oesbphageal pressure, Pgas = Gastric pressures, Pdi =
Transdiaphragmatic pressure, L = Left diahragmatic EMG,
R = Right diaphragmatic EMG, Chest AP = Chest
anterioposterior magnet trace, Abdo AP = abdominal

anterioposterior magnetic trace)
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(Medicotest, England) placed in the 7th and 8th or 8th
and 9th intercostal spaces, 1 ém from the costal margins,
on either side (Newsom-Davis, 1967; Fig 17). To improve
contact oé the electrode and reduce, impedance, the skin
o “éﬁ ‘
was carefully prepared by rubbing(gg—;brasive gauze with
alcohol. Position of the electrodes was adjusted éo that
EMG activity was recorded during quiet inspiration. This
was usually easy in thin individuals. Those individuals
'with no subcutaneous fat were asked to perform maximal
sniff to ensure that EMG activity was present. Although
contamination from the presence of EMG activity of other
muscles could not be excluded, satisfactory diaphragm
action potentials were recordec during phrenic nerve
stimulation indicating that the electrodes were correctly
situated (Fig 12). The EMG signals were processed using

an amplifier (Medelec PA 65) and were filtered below 16

and above 1600 Hz (Fig 13).

2.9 OSCILLOSCOPE

The Tectroﬁix—SlOO series D13 Dual Beam Storagé
Display Unit provides a very flexible measurement system
with a dual-beam cathode ray tube (CRT) display (Fig 14).
A hot cathode p}uduces an electron beam which passes
through two deflecting devices, one of which deflects the
beam on ﬁhe X axis and one on the Y axis. The beam then
strikes a fluorescent screen where it produces a tracing.
The signal may be a pressure tracing from a pressure

transducer or diaphragmatic EMG. The advantage of the
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I 400 pvolts
Stimulus 1. fsfurfofA_P,
: > — i
Latency 10 msec

Figure‘12 EMG of the hemidiaphragm. The conduction
time of the ipsilateral phrenic nerve can be measured

from this trace.
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Figure 13 Medelec PA65 EMG amplifier used for

processing diaphragmatic or intercostal EMG signals.

{Medelec Ltd, Qld Woking, Surrey)
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Figure 14 Tectronix 5103N Storage Oscilloscope

{Tektronix Inc, Oregon, USA)
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oscilloscope is that the electron beam has negligible
inertia, thus leading to a very high frequency response
for the apparatus. In addition, there is a continuous
display of the signal being monitored. The D13 has a
direct-view, bistable storage tube with two 4 X 10
division screens which can be independently controlled
for split-screen applications. A variable brightness
control bermits extended storage time and can be used to
integrate fast, repetitive displays. A permanent record
of CRT displays can be obtained with an oscilloscope
camera system (Tektronix manual; Parbrook, Davis and

Parbrook, 1985).

2.10 RECORDER

The mingograf 800 (Siemens-Elema, Sweden) is a
multi-channel ink-jet recorder intended for physiological
application. It is equipped with up to eight channels
for recording of signals from a wide range of pre-
amplifiers, pressure transducers or other kinds of
instruments. Each recording channel.consists of a final
amplifier and an ink-jet galvanometer. As recording
paper, 210 m wide, folded paper is used. The final
amplifier with.the galvanometer can handle frequencies up
to 650 Hz. The paper speed varies from 2.5-1000 mm/s

(Fig. 15; Sykes, 1981).

2.11 MAGNETOMETERS
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Figure 15 Mingograph 800 ink jet recorder

(Siemens-Elema, Sweden)
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2.11.1  Basic Principles:

It is found that a éonductor with a current
flowing through it can exert a force on another conductor
carrying a current. This is the property known as
magnetism. The region throughout which . a magnet or a
cufrent carrying conductor exerts its effects is known as
magnetic field and a changing magnetic field induces a
flow of electrons in a conductor to produce electric
current (Parbrook, 1986). Magnometers, introduced by
Mead and coworkers in 1967 measure changes in
anteroposterior or lateral diameters of the ribcage and
abdomén during respiration. This technique consists of
exciter and receiver‘coils placed cn opposite body
surfaces. Alternating current in the exciter coil
generates a magnetic field which induces a voltage in the
reéeiver coil. The voltage induced in the receiver coil
is universally proportional to the cube of the distance
separéting the two coils. Since the change in diameter
during breathing is small (0.5 cm for resting breathing
aﬁd 4 cm for vital capacity breathing) relative to the
distanée bgtween the two coils.(15—35 cm) the non-linear
relationship between voltage change and diameter change
may be approxiAated to a linear fit (Tobin, 1986). Two
pairs of linearised magnetometers (Norman-Peterson,
Eoston MA) were used to measure changes in ribcage (RC)
and abdominal (abdo) configuration (Mead et al, 1967;

Fig. 16, 17)
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Figure 16 a) Magnetoiieter Amplifier and b) Two

pairs of linearised magetometer coils used for monitoring

chest and abdominal anteroposterior diameters (N H

Peterson, Boston, M A)
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Chest wall anteroposterior diameter was
measured at the level of the fifth intercostal space.
Abdominal anteroposterior and transverse dimensions were
measured at a level of 1 cm above the umbilicus (Fig 17).
The magnetometer coils were attached to the subject’s
skin using double sided stick discs (Medical products,
2181) and were further secured with 2-4 strips of
adhesive tape (Micropore). Care was always taken to
place the pairs of coils parallel to each other to ensuré
accurate recording of distance. Interference was
minimised by using channels of band frequency 4.23 KHz
and 5.91 KHz for ribcage anteroposterior diameter and
band frequency of 3.19 KHz and 4.82 KHz for abdominal

anteroposterior diameter.

2.11.3 Measurements

Recordings by magnetometers were used only to
ensure that normal subjects dnd patients were at
Functional Residual Capacity (FRC) before each manouevre
and to demonstrate paradoxical motion of the chest wall
during respiration. Each set of coils was zeroed at the
start of recordings an& rezeroed at intervals following
changes in posture i.e. sitting, semi-supine and supine

positions.
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Figure 17 Photograph showing a normal subject (NK)

and the operator (CML) stimulating QB}L phrenic nerve in
the semi-supine posture. The position of the chest and
abdominal magnetic coils as well as the right

diaphragmatic EMG electrodes are shown.
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2.11.4 Frequency Response:

Thé frequency response of the magnetometers was
32 Hz on the channel which was used to measure abdominal
anteroposterior movement and 12 Hz on channel which was
used to measure rib-cage anteroposterior changes. The
range of frequency response was considered to be adequate

for the present studies (Mier, 1986).

2.12 LUNG FUNCTION:

Routine lung function tests. were performed for.
each patient referred to the Respiratory Muscle
Laboratory before each ztudy at the Lung Function
Laboratofy of the Brompton Hospital. The first second
expirator& volume (FEV1) was derived from a trace of
fofced vital capacity (FVC)’performed on an Ohio dry
_spirometer (Spiroflow 131) and flow-volume loops were
recorded. Absolute lung volumes were measured by a
constant volume body-plethysmograph. Tfansfer factor
(DLGO) and diffusion coefficient (KCO) were estimated:
with the carbon monoxide technique. Normal values were
taken from Cotes (1979) and normal values were considered
if they were lying between 85-115% of the predicted
values. Partial arterial oxygen (POz) and carbon dioxide
(PCO2) tension were aﬁalysed by a Corning-170 blood gas

analyser.

2.13 VITAL CAPACITY:

Measurements of vital capacity (VC) during
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muscle function tests were obtained using an Ohio Dry

Spirometer (Fig 18).

v

2.13.1 Mga.g.s.z_mjn,gg.t
the seated position and subsequently supine. A
conventional flanged or cardboard mouthpiece was used.
-The patient_had always a noseclip on. After 4-5 normal
breaths the patient was asked to inspire until his/her
lungs were fully inflated i.e. to total lung capacity
(TLC) and then to expire slowly until no more air could
be exhaled, i.e. to residual volume (RV). At least 3-5
recordings were performed in each position until the
values were reproducible andY/;st was recorded and taken
to represent patients data. The supine fall in VC was
calculated as the absolute fall taken as a percentage of
the VC in the seated position. In few patients who were
unable to tolerate the supine posture, "supine" values

were obtained at an angle of 20° and they were returned

to a more tolerant position as soon as possible.

- 2.13.2 Calibration
Calibration of the spirometer was performed

using a 3 litre commercially available (Vitalograph) air
syringe with 500 ml steps.
2.14 STATISTICAL ANALYSIS:

Appropriate statistics were applied which are

described in the individual chapters. Data are usually
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AT

Figure 18 Ohio - 840 Dry Spirometer used for the

measurement of VC. (Chio Medical Products, Wisconsin,

USA)
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expressed as mean %+ standard error (SE). All statistical

analysis was performed by using Minitab (Computer
Statistical package data analysis system, Pensilvania

State University, 1982).
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CHAPTER 3

THE. EFFECT OF POSTURE AND_ABDOMINAL BINDING
ON._RESPIRATORY PRESSURES
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3.1 INTRODUCTION

Postural changes have profouﬂd effects on the

" chest wall and these changes are moétly due to
gravitational factors acting‘on the abdominal contents.
Changes in posture are common in-everyday life and exert
forces which alter the mechanics of the respiratory
system, specifically resting end—expirétory.lung volume
(FRC) decreases substantially in the supine posture
unlike residual volume (RV) or total lung capacity (TLC)
which remain unchanged. This change is mainly mediated
through the diaphragm which is thought to be passively
.distended by the abdominal contents. The transition from
supine to an erect posture shortens the fibres of the
diaphragm. When the operational length of diaphragmatic
muscle fibres changes with pdsture it can produce an
alteration of contractility. If uncompensated, a
feduction of tidal volume would be expected. vHowever, it
. is known that tidal volume is maintained by two
strategies: (i) increased firing frequency to the
diaphragm, (ii) contraction of the expiratory muscles to
restore end-expiratory length of the diaphragmatic fibres
(Pengelly, Alderson and Milic—Emili, 1971; Kim ét al,
1976; Banzett and Mead, 1985). By contraét, little is
known about the effect of posture on the generation of
maximal respiratory pressures. Occasionally it is

- necesasary to investigate patients who are
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unable to assume an upright position, as on the
-intensive care unit. The aim of this study was to
quantify the effect of posture on the following

indices of respiratory muscle strength: (i) maXimal
static inspiratrory (PImax) and expiratory

(PEmax) mouth pressures (Ringqvist, 1966: Koulouris‘et
al, 1988), oesophageal (Poes’ and transdiaphragmatic
(Pdi) pressures generated by (ii) maximal sniffs (Miller,
Moxham and Green, 1985; Laroche et al, 1988; Koulouris et
al, 1988) and (iii) bilatergl phrenic nerve stimulation
{Sarnoff, Sarnoff and Whittenberger, 1951; Bellemare and
Bigland-Ritchie, 1984; Bellemare, Bigland-Ritchie and

Woodé, 1986) .

The study had the approval of the local Ethical
Committee and subjects gave informed consent. We studied
six healthy respiratory physiologists (5 male, 1 female,
age range 30-45 years). All were highly motivated and
- very familiar with the techniques to be employed. All
pressures were measured using Validyne MP45-1
differential préssure transducers (range + 350 cm H:20,
Validyne Co, Northridge, CA). The transducers were

calibrated before each study using U-tube water and
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mercury manometers as pressure standards. Oesophageél
(Poes) and gastric (Pgas) pressures were measured
with 10 cm balloons of 3.5 cm circumference, attached to
100 cm polyethylene catheters (PK Morgan, Rainhém, Kent)
and positioned (Fig 19) in the standard manner (Milic-
Emili, 1964). Transdiaphragmatic pfessﬁre {Pdi) was
derived by electronic subtraction (Pdi = Pgas -
Poes) using Pdi at resting end-expiration as the zero
reference point (Agostoni and Rahn, 1960). The
response time of each balloon cétheter—recorder
éystem was measured by placing the balloon catheter
within a second larger pressurised balloon,. and
causing a sqﬁare wave fall 'in pressure by
bursting the larger balloon with a red hot needle
.("pop test") (Sykes, Vickers and Huil, 1981)). The
pressure signal was recorded at a paper speed of 1000
mm/sec. The 10-90% rise time (Tr) was found to be 0.017
second. The maximum frequency response (f3db) was
determined from the equation f3db = 1/3Tr for the
critically damped signal (Clayton, 1979), and was 20 Hz
(Chapter 2). -

Two pairs. of linearised magnetométer coils;were
used to indicate thoracoabdominal movements (Mead, 1967)
and to help identify FRC where necessary (Fig 19).

Phrenic nerve stimulation was performed percutaneously
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Figure 19 Position of Poes and Pgas balloon

catheters, magnetic.coils and EMG electrodes




, 117
with bipolar electrodes (Medelec Ltd, 0ld Woking, Surrey)

and‘a constant voltage Stimulatdr {Digitimer, Welwyn,
Herts), (Bellemare and Bigland¥Ritchie, 1984; Bellemare,
Bigland-Ritchie and Woods, 1986). Square wave stimuli of
100 microsecond duration were applied with a frequency of
1Hz ét the posterior border of the sternomastoid |
(Sarnoff, Sarnoff and Whittenberger, 1951). Electrical
contact was achieved with saline-soaked felt pads. The
electromyogram (EMG) from both hemidiaphragms were’
recorded using surface electrodes placed in the 7th
interc&stal space and over the 8th rib (Fig 18, 19) after
suitable preparation of the skin (Newsom-Davis, 1967).
The EMG signals were integrated by a Neurolog EMG
amplifier (Digitimer, Welwyn, Herts) and'displayed on a
Tektronix 5103N storage oscilloscope (Tektronix Inc,
Oregon) (Chapter 2).

A rubber tube mouﬁhpiece was used to obtain
PImax and PEmaX as maximal ﬁressures were required
(KOulquris et al, 1988; Chapter 4). Vital capacity and
tidal volume were measured in all postures, bound and
unbound, with an Ohio 840 spirometer (Ohio Medical
Products, Wis), and dynamic compliance of the lung
derived by simultaneous measurement of oesophageal
pressure. All calibrated signals were recorded onto
paper using a Mingograf 800 ink-jet recorder (Siemens-

Elema, Sweden).
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3.3.1 _Bodx Position and Abdominal Binding

' All subjects were studied in three Body
postures; (a) seated (Se) in a high-backed chair, (b)
semi-supine (30s) on a bed with the upper body tilted 30°
above the horizontal, (c) totally supine (Su) on a bed
without a pillow. Postures were adopted in random order.
Static mouth pressures were measured on a separate
occasion from sniffs_and‘twitches. Sniff and twitch
pressures were measured with the abdomen carefully bound
so that ribcage movements were hindered as little as |
possible, and repeated unbound. The validity of Poes
recorded ih each posture was confirmed by the
simultaneous measurement of sniff oesophageal and sniff
mouth (Pmo).pressufes (Koulouris et ai, 1988: Chapter 5).
Where necesséry, the position of the oesophageal balloon
was adjusted until the ratio sniff Poes/sniff Pmo was
wifhin 10% of unity (Baydur et al, 1982; Baydur, Cha and
Sassoon, 1987). The abdominal maénetometer trace
revealed that movement could be minimised but not

completely prevented, particularly when exhaling to RV.

3.3.2 Phrenic . nerve stimulati

Bilateral phrenic nerve stimulation was.
employed as this has previously been shown to retain the
" normal geometry of the diaphragm (Bellemare, Bigland-
Ritchie and Woods, 1986). Supramaximai stimulation was
confirmed for each subject iﬁ all postures prior to

making the definitive measurements. The stimulating
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voltage was raised progressively until no further

increase in the size of the diaphragmatic M waves could
be produced (Bellemare and Bigland-Ritchie, 1984;
Bellemare, Bigland-Ritchie and Woods, 1986). Any

subsequent decrease in the size of the M waves resulted

in rejection of those data. Twitch Pdi was measured at
resting end-expiration with a noseclip. Criteria for
data acceptance were (Mier, 1986): (a) the diaphragm

EMGs showed‘maximal evoked diaphragm muscle action
potential in relation to the twitch Pdi, (b) there was no
distortion of the Pdi trace by oesophageal contraction,
({c) the M waves were distinct from the electrocardiogram,
(d) twitches were performed at FRC aé judged by the
magnetometers and pre-twitch Poes and ?di. At least
three'éets of 10 twitches satisfying these criteria were
obtained in each of the three postures, bound and

unbound. The 5 biggest twitches were used for analysis.

3.3.3  Maximal Sniff

In this étudy a "sniff" was characterised by a
short, vigorous inspiratory effort through thevunoccluded
nose from FRC (Laroche et al, 1988; Koulouris et al,
1988; Miller, Moxham and Green, 1985). Ten maximal
sniffs were performed in each body posture. Criteria for
data acceptance were (Koulouris et al, 1988: Chapter 5):
(a) peak preséure maintained for less than 50 millisec,

(b) total sniff duration less than 500 millisec, (c)

pressure wave had smooth upstroke and decay curves, (d)
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sniff performed from FRC as judged by magnetometers and

pressure pre-sniff Poes and Pdi. The five biggest sniffs

satisfying these criteria were used for analysis.

Static mouth pressures were measured with a

noseclip. All measurements satisfied the criteria of
Ringgvist {(Ringqvist, 1966) such that: (a) no extra
leakage occurred, (b) the three highest pressures

recorded were similar (within 5%), (c) subjects felt that
they had given maximal efforts. The highest pressure
maintained for one second was used for analysis. Loud
verbal encouragement was given to the subjects during the

voluntary manoeuvres.

3.4 STATISTICAL ANALYSIS

Results of pressures are expressed as mean + 1
standard error (SE). Paired t-tests were used to detect
statistically significant differences between the

pressures obtained in each posture, bound and unbound.

3.5.1 Twitch Poes, Pgas and Pdi

The coefficient of variation for the twitch Pdi
data selected for analysis was less than 7% in all

subjects for all postures, bound or unbound (Table 1).
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The mean values for bound twitch Pdi were

significantly higher than unbound in all postures (Figure
20). Changes of twitch Pdi with binding were mediated
through a significant increase in Pgas, Poes remaining
unchanged. Posture did not significantly alter twitch
Pdi, whether bound or unbound, although Pdi tended to be
less in the Se position when unbound. However the
changeé of posture, Poes and Pgas did change

significantly in opposite directions (Table 2).

3.5.2 Sniff Poes, Pgas and Pdi

The reproducibility of sniff Pdi in each
posture, either bound or unbound, was similar to that
previously reported itor the unbound seated position
.(Millér, Moxham and Green, 1985). For sniff Pdi data the
coefficient of variation was less than 8% (Table 3). In
contrast to twitch Pdi binding the abdomen did not
increase sniff Pdi in any posture. However, moving from
the seated to the supine posture resulted in a
significantly lower sniff Pdi, whether bound or unbound
(Figure 21). The decrease in sniff Pdi in the supine
posture resulted from reductions in both Poes and Pgas

(Table 4).

3.5.3 Maximum static mouth pressures

Similarly, both PImax and PEmax were
significantly lower in the Su posture compared to the Se

posture (Figure 22; Table 5).
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within day coefficient of variation
of twitch Pdi (%) (Best Set)

Unbound
Subject Se 30s Su
N.K. 2.14 2.44 3.1
D.A.M. 3.37 1.73 4.08
M.G. 3.44 3.32 5.83
J.M. 1.57 2.44 2.45
J.G. 6.99 5.15 4.14
C.L. 2.44 0.00 3.03
Mean 3.32 2.51 3.77
Range (1.57-6.99) (0.00-5.15) (2.45—5.83)
Bound
Se 30s Su
N.K. 2.09 3,75 2.44
D.A.M. 5.83 2.64 3.02
M.G. 1.38 1.60 2.32
J.M. 4.91 1.33 1.55
J.G. 4.34 3.35 3.03
C.L. 1.75 0.00 2.26
Mean 3.38 S 2.11 2.43

Range (1.38-5.83) (0.00-3.75) (1.55-3.03)



Table 2
Results of Pdi, Poes and Pgas during bilateral
Phrenic Nerve Stimulation (cmH20, mean+SE, N=6)

Pdi _ Poes Pgas
Bound ° ~ Unbound Bound Unbound Bound Unbound
- Su 35.9(3.0) 29.7(3.5) 22.5(2.2) 23.9(3.2) 13.7(0.9) 6.3(1.2)
30s 37.9(3.7) 29.4(3.3) 20.9(1.9) 21.002.2) 16.9(2.0) 8.4(1.2)

Se 37.003.0) 26.4(2.2) 19.4(2.4) 16.13(2.3) 17.6(2.3) 10.2(0.3)

Su = supine, 30s = semi-supine, Se = seated

YA
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Table 3
within day coefficient of variation
of Sniff Pdi (%)

Unbound
Subject Se 30s Su
N.K. 5.70 6.34 3.42
D.A.M. 2.32 1.88 1.58
M.G. 3.49 4.87 4.67
J.M. 0.82 1.21 3.01
J.G. 5.30 71.22 6.00
C.L. 2.44 1.85 3.80
Mean 3.34 3.89 3.74
Range (0.82-5.70) (1.21-7.22) (1.58-6.06/
Bound
Se ' V3Ds Su
N.K. 5.51 4,69 2.14
D.A.M. 1.98 5.92 0.00
M.G. 3.18 0.97 7.75
J.M. 4.70 2.31 1.02
J.G. 1.41 1.64 2.75
- C.L. 2.86 1.78 3.55
Mean 3.21 ‘ 2.88 2.86

Range (1.41-5.51)  (0.97-5.92) (0-7.75)



Table 4

Results of Pdi, Poes and Pgas
during a maximal sniff (cmH20, mean+SE, N=6)

Pdl | , Poes Pgas
Bound Unbound Bound Unbound Bound Unbound
Su 109.3(8.15) 116.2(9.1) 98.8(7.6) 105.7(10.2)  10.6(1.6) 10.5(5.0)
30s 120.5(10.6) 120.0(9.9) 103.4(7.5) 109.5(10.6) 17.206.7) 10.5(4.2)
Se 110.7(9.1) 24 .4(3.6) 19.0(7.2)

132.6(8.0) 129.7(11.8) 108.2(7.2)

Su = supine, 30s = semi-supine, Se = seated

921
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Figure 21 Results of sniff Pdi in 6 subjects (O
bound; ¢ unbound), in the seated (Se), 30° semi supine

(30s) and supine (Su) postures. O= significant

~

. difference between postures (R§S:05f~in the subjects
bound; M= significant difference between postures
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Table 5
Results of Maximum Static Mouth Pressures (cmHZU, mean+SE, N=6)

Inspiratory (PImax) Expiratory (PEmax)
Su 119.16(14.64) 187.08(20.9)
300-s 127.91(13.82) 190(18.11)

Se -131.25(17.12) | 209.16(20.54)

Su = supine, 305 = semi-supine, SE = seated

821
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3.6 DISCUSSION

The results of the present study show that
posture and abdominal binding have different effects on

voluntary and involuntary respiratory manoeuvres.

3.6.1 Twitch Pdi

These data show that posture has no effect on
twitch Pdi and confirm§the previous obsérvation that
abdominal binding markedly increases this pressure. The
present data extend the work of Bellemare and Bigland-
Ritchie by comparing the interaction of posture and
binding in the same subjects (Bellemére and Bigland-
Ritchie, 1984; Bellemare, Bigland-Ritchie and Woods,
1986).

As a human subject rises from supine to
upright, the diaphragm moves to a less favourable
position on its length-tension curve (McCully and
Faulkner, 1983; Braun, Arora and Rochester, 1982; Smith
and Bellemare, 1987). Tonic contraction of the abdominal
muscles tend to restore the diaphragmatic fibres to the
iﬁitial resting iength {De Troyer, 1983; De Troyer 1984).
However incomplete restoration of length is evidenced by
a 25-30% increase in FRC that occurs whén upright
(Colville, Shugg and Ferris, 1955; Davies, San’'t Ambrogio
and San’t Ambrogio, 1980). As similar twitch pressures
are obtained in the three different postures,
compensatory mechanisms additional to-the length-tension .

relationship must be employed.
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At a given constant muscle length, the

relationship between force generated and velocity
éttained by contracting muscle is hyperbolic (Fenn and
Marsh, 1935; Hill, 1938). When the length of the muscle
changes the only way to maintain force is to decrease the
velocity of contraction (Fig 23). It has been shown that
the velocity of shortening of diaphfagmatic fibres is
directly dependent on the rate of abdominal wall
displacement (Goldman, 1978). Tonic contraction of
abdominal wall musculature occurs with moving upright,
and would reduce the rate of displacement constraining
the diaphfagmatic fibres to contract at reduced velocity
(Shafp, 1985). By binding the abdomen, the velocity of
contraction is furthef reduced towards the isometric
limit with increased pressure generation in a given
posture (Bellemare and Bigland—Ritchie, 1984; Bellemare,

Bigland-Ritchie and Woods, 1986).

3.6.2 Maximal sniff Pdi, PImax and PEmax

Contrasting results are obtained with the
voluntary manoeuvres. Maximal sniff Pdi is not increased
by binding the qbdomen. Binding markedly increases the
stiffness of the anterior abdominal wall while this moves
the diaphragm cephalad and maintains it at a more

suitable length, binding per se may be the main factor
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Velocity
of
Contraction

0 - Pdi

Figure 23. The force-velocity relationship of
the diaphragm at three different postures. (Adapted from
Sharp, 1985) (Su = Supine, 30s = Semi-supine, Se =

Seated)
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limiting inspiration by hindering the expansion of the

lower chest wall (Green, Mead and Sears, 1978).
Alternatively binding the abdomen may lead to significant
reflex inhibitién of maximum inspiration due to
discomfort. Indeed a preliminary report (Ford et al
1983) has shown that mechanical stimulation of the
gallbladder causes inhibition of the inspiratory act.
Maximal sniff Pdi, PImax and PEmax are significantly
lower in the Su posture, an observation not previously
reported. Sniff Pdi in the Se position is higher but
this cannot be explained solely by optimization of
diaphragmatic length-tension or velocity-tension
relationships, as this occurs in all postures.
Additionally the length of the inspiratory muscles is
unaltered by posture du;ing a PImax effort because
residual vqlume is unchanged. Similarly during the PEmax
manoeuvre, the length of the expiratory muscles is
unaltered as TLC iS unchanged (Colville, Shugg and
Ferris, 1955; Sharp, 1985). During maximal volition
ménoeuvres, muscles other than the diaphragm are
recruited (Druz and Sharp, 1981; Estenne, Ninane and De
Troyer, 1988). As well as respiratory function, these
muscles show postural tonic activity, bracing the ribcage
(Duron, 1973; Massion, 1976). The notion of recruitment
in muscle physiology is also used to deécribe the
gradation of total muscle force by additioﬁ and
subtraction of active motor units. It has been shown

(Burke, 1986) that under some conditions motor units in
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slow, red muscles are recruited more readily than those

in fast, white muscles. Conversely preferential
recruitment of fast white muscle fibres occurs under
other conditions (Denny-Brown, 1929). These orderly
‘patterns of recruitment that occur dﬁring voluntary
contractions and regulated by the nervous system may
favour maximum force generation in the upright posture.
The types of contraction of a skeletal muscle can be
classified as follows (i) concentric, (ii) isometric and
(iii) eccentric. These types of contraction very seldom
occur alone in normal humans because varipus muscles are
periodically subjected to impact forces, i.e. gravity
which usually lengthens the muscles. In these phases the
muscles are usually contracting eccentrically and
concentric contraction follows. Thus, the combination of
eccentric and concentric contractions forms a natural
type of muscle function called the "stretch—shorténing
cycle" (Norman and Komi, 1979; Komi, 1984). This
behaviour allows the final action (concentric |
contraction) to take place with greater force or ﬁower
output than a movement initiated by concentric
contraction alone. Although there are no systematic
studies on the -length characteristics of the external
(inspiratory) intercostals at various postures they would
be expected to increase their length and thus increase
force output when they contract in upright posture. Also
when an active muscle is under stretch, the activity from

both the muscle spindles and the Golgi tendon organs will
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increase. The magnitude of the stretch load will then

determine which of the following reflexes - facilitatory
or ihhibitory -~ will dominate and thus the magnitude of

"

potentiation. This mechanism is called "reflex
potentiation" and has been demonstrated in well-trained
athletes; preactivation before contact on the ground
occurs very late but rapidly and is followed by
pronounced increase of EMG activity via a stretch reflex
(Komi, 1986). Higher activation (Laporta and Grassino,
1985) and better coordination {(Mead, Milic-Emili and
Turner 1963) of the ribcage muscles increases the maximal
respiratory pfessures obtained when upright. Drﬁz and
Sharp (1981) thought that the increased ribcage motion
characteristic present in the upright posture is due to»a
combination of increased activation of ribcage
inépiratory muscles plus greater activation of the
diaphragm that, together with a stiffened abdomen, acts
to move the ribcage more effectively during tidal
breathing. By analogy, most of the chest wall muscles
contributing to generate a maximal Pdi do so by expanding
the thoracic volume (intercostals, diaphragm),
stabilizing the ribcage (sternomastoid), or optimizing
the length of other muscles (as abdominals lengthen tHe
diaphragm) (Coldman and Becklake, 1959). These
observations are'reinforced by other studies. Goldman et
al (Goldman, 1986) demonstrated that sniff Pdi is higher
when tetraplegic patients with intact phrenic nerves are

supine. Binding the abdomen of a tetraplegic increased
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the Pdi obtained when the patient was erect, but it did

not reach the supine value.

In.the clinical setting, we observe that
subjects are most comfortaﬁle when phrenic nerve
stimulation is performed in ihe 30s position. The
results of this study show fhat the reproducibility of
twitch Pdi is unaltered by posture. When patients or
normal subjects were‘studied, it was much easier to
locate the phrenic nerves and maintain stimulus
maximality in this postﬁre (Mier, 1987). Any advantage
of abdominal binding in producing higher twitch Pdi
pressures is offset by patieht discomfort and increased
breathlessness. It is therefore suggested that
stimulation is most conyenient in the unbound semi-supine
posture, keeping in mind that patients with a weak or
paralysed diaphragm may be severely orthopnoeic when
totally supine.

It may be concluded that (a) binding the
abdomen increases twitch Pdi produced by bilateral
phrenic nerve stimulation but confers no clinical
advantage, (b) the semi-supine posture is preferable for
ease of stimulation, (c) maximal sniff Pdi, PEmax and
PImax must be standardised for posture when serial
measurements are made in a given patient.

3.7 SUMMARY
We examined the effect of posture on the

generation of respiratory pressures in 6 highly trained

subjects, Transdiaphragmatic pressure (Pdi) was recorded
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during bilateral phrenic nerve stimulation at 1 Hz

(twitch Pdi) and maximal sniffs (sniff Pdi), at FRC.
Three postures were examined: seated at 90° (Sé), semi-
supine at 309 (30s), and totally supine (Su).
Measurements were made with abdomen bound and unbound.
Maximum static inspiratory (PImax) and expiratory (PEmax)
mouth pressures were measured with ﬁhe abdomen unbound.
Binding the abdomen significantly increased twitch Pdi in
all postures (mean increase: 40% Se, 29% 30s, 21% Su;
p<0.001). Sniff Pdi was not increased by binding in any
of the subjects. Changes of posture did not
significantly alter twitch Pdi, bound or unbound. By
contrast sniff Pdi, bound or unbound, and static mouth
pressures were significantly reduced in the Su posture.
These data suggest that the diaphragmatic function is
optimised in the Se position. However voiuntary
manoeuvres which require a high degree of recruitment
coordination and activation of other muscle groups are
better perfqrmed in an upright position. It may be
concluded that posture be standardised for serial
comparitive measurements of voluntary respiratory

pressures in a given subject.
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CHAPTER 4
COMPARISON OF TWO DIFFERENT MOUTHPIECES FOR_THE
MEASUREMENT OF PImax AND _PEmax 1IN
NORMAL_AND_WEAK SUBJECTS
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‘Respiratory muscle dysfunction is an uncommon
but important cause of respiratory disability. Chest
physicians need to be able both to diagnose paralysis and
quantitate weakness. It is then necessary to have
suitable tests preferrably non-invasive and simpie for
both the clinician and the patient. Certain muscle,
metabolic and neurological disorders affect both the
respiratory and limb muscles. The latter are amenable to
~direct measurements unlike the respiratory muscles
because it is no£ currently possible to measure the
forces generated by them directly. The number of muscles
concerned with ventilatory movements is large and the way
they cooperate and affect the respiratory apparatus is
very complex. With the exception of the diaphragm it is
not poséible to quantify the individual contribution of
the different muscles with respect to their ventilatory
function (Agostoni and Rahn, 1960). The simplest and
most widely applied technique for respiratory muscle
strength assessment is the measurement of static mouth
presures {Green, 1984). A maximal effort is made against
an occluded airway, with a small air leak to prevent
glottic closure (Chapter 2). Maximum inspiratory
pressure (PImax) is usually measured from RV, and maximum
expiratory pressure (PEmax) from TLC. By determining the
maximum inspiratory and expiratory pressures at a defined
respiratory level an integrated expression of the_forées

exerted by the inspiratory and expiratory muscles is
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obtained. Mouth pressures can be sensitive and specific

index of global weakness (Black and Hyatt, 1971; Gillam
et al, 1964; Braun and Rochester, 1979; Saunders and
Kreitzer, 1979) and are reduced before lung volumes
(Moxham, 1982). This reduction in maximum static mouth
pressures is often associatéd with the course of the
muscle disease as in Duchenne’s Muscular Dystrophy
(Inkley, Oldenburg and Vignos, 1973), Amyotrophic Lateral
Sclerosis (Kreitzer et al, 1978), Scleroderma (Chausow et
al, 1984), Thyrotoxicosis (Siafakas et al, 1987; Wang and
Poh,1986), poorly nourished patients with COPD (Ethimiou
et al, 1987), Myasthenia gravis (Radwan, Strugalska and
Koiiorowski, 1987) Cerebellar atrophy (Mier and Green,
1987), Common cold {(Mier et al, 1988) and morbidly obese
subjects (Kelly et al, 1988).

Ringgvist reports on a survey of data available
in the literature concerning maximum respiratory
pressures (Ringqvist, 1966; table 23; p 96-97). The
first QUantitative observations of respiratory pressures-
were made during the 18th century By Stephen Hales
(1731). He remarks, "I have found by experience that by
the bare inspifing action of the diaphragm and dilating
thorax, I could scarcely raise the mercury 2 inches.
Hutchinson (1846) gives a vague description of the
instrument he used to measure "inspiratory" and
"expiratory power”. The first normal range for men and
women is giveﬁ by Waldenburg (1871) and the second by

Taglietti and Agostoni (1958). Ringqvist noticed the
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wide variation between normal ranges. He attributed

these discrepancies in normal values with respect to most
earlier reports in methodoiogical differences. In recent
yvears reference ranges for the normal values of PlInmax and
PEmax have been reported by a number of authors (table 6)
but important differences also exist between these
oommohly quoted ranges. This variation may reflect
differences in (a) the cohorts used to establish a normal
range, (b) the criteria of measurement, {(c) the design of
the apparatus and the way it is used. It has even been
suggested (Vincken, Ghezzo and Cosio, 1987) that the
usefulness of static mouth pressures as a test of
respiratory muécle strength "is obscured by the failure
of a study population to reach the usually quoted
standard values". The objective of this study was to
assess the importance of mouthpiece design to the
pressures obtained, as there has been no standardisation

of this variable in previous reports.

4.2.1 Normal subjects and patients

The study was approved by the local ethical
committee and subjects gave informed consent. We studied
2 groups (table 7): a healthy volunteer group comprising

of 6 respiratory physiologists (RP) and 15 naive subjects



Table 6
Reference Normal Ranges  for PEmax and PImax (cmHZU, mean+SD)

‘Numbers PEmax PImax ' Source Mouthpiece Design

Male
100 237446 130+32 Ringqvist 1966 Tube
60 233442 124+22 Black & Hyatt 1969 Tube
80 : 216+45 127428 Arora N.S.: 1983 Tube
325 154+82 114436 Leech et al 1983 Flanged
80 148+34 106+31 Wilson et al 1984 Flanged
46 140+38 105+25 Yincken et al 1987 Flanged
Female .
100 136+38 98+25 Ringqvist Tube
60 1524217 87+16 Black & Hyatt Tube
121 : 138+39 91+25 Arora N.S. Tube
480 924+33 11+27 Leech et al Flanged
87 93+117 13422 Wilson et al Flanged
60 89+24 71423 Vincken et al Flanged

4R



Table 1
Sex and Age Distribution of the 4 Sub-Groups in this Study

MALES FEMALES
SUB-GROUP ‘ - number age range number age range
(years) | (years)
RP(N=6) 4 32-44 2 32-40
NS(N=15) 7 23-34 8 19-32
" NP(N=20) 9 21-74 1 25-50
LP(N=20) 13 17-71 7 19-80

RP=respiratory physiologists; NS=naive subjects; NP=patients with normal static inspiratory
pressures (Black and Hyatt, 1969); LP=patients with low static inspiratory pressures (Black
and Hyatt, 1969)

E¥1
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. {NS), and a group of 40 patients referred for respiratory

muscle testing. All the volunteer group were non-
smokers, and without respiratory disease. Thé patient
cohort was divided into two sub-groups using the normal
rangeé for PImax reported by Blaék and Hyatﬁ {Black and
Hyatt, 1969) for males and females. Those patients with
a PImax (measured with a rubber tube mouthpiece) less
than 2 standard deviations from the meén for their sex
wefe classified into a low-pressure patient group (LP).
Those within these limits were classified as a normal-

pressure patient group (NP).

4.2.2 Mouthpiece design

We used two mouthpieces, one was a commercially
available semi-rigid plastic flanged type (P K Morgah,
Rainham, Kent). This type of mouthpiece is commonly uséd
in pulmonary function laboratories (Fig 24). The other
was a simple rubber tube of 4 cm internal diameter and
4.5 cm length (Fig 25), similar to that described by
Blapk and Hyatt in their original paper (Black and Hyaft,
1969). Each of the mouthpieces was fitted to a common
 stem incorporating a 3-way tap (Figure 24, 25). The
common stem was manufactured according to the design of
Ringgvist (Ringqvist, 1966). The dimensions of the stem
were length 27 cm, internal diameter 2.6 cm. A leak tube

of length 3.7 cm and 2 mm internal diameter was
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Figure 24 Flanged mouthpiece (P K Morgan) fitted to

the common stem.
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Figure 25. Rubber tube mouthpiece fitted to

the common stem. (Manufactured at the Engineering

Department, King’'s College Hosital, London).
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incorporated into the stem 3 cm from the point of

attachment of the mouthpiece. Thé 3-way tap was 7 cm
from this point. Tﬁe stem proximal to the 3-way tap was
connected by a 70 cm fine polyethylene catheter to a
Valindyne MP45-1 differential pressure transducer (range

+ 350 cm H20, Vali dyne Co, Northridge, CA).

4.3 PROTOCOL

The transducer was calibrated before each study
using a U-tube mercury manometer. Pressures were
displayed on a Tektronix 5103N storage oscilloscope
screen (Tektronix Inc, Oregon) and printed onto paper by
Mingograf 800 ink-jet recorder (Siemens-Elema, Sweden).
All studies were performed with a noseclip and with the
-subjects seated comfortably in a high-backed chair at 90°
‘where they could see the oscilloscope screen. The
flanged mouthpiece was held in the mouth behind the lips
and gripped firmly by the teeth, the operator holding the
stem. The subjects used their hands to hold the lips
firmly onto the moufhpiecefif a leak was noticed. Prior
to a PEmax or PImax effort the three way tap was closed
by the operator with the subjeot at TLC or RV
respectively. "When using the rubber tube mouthpiece,
subjeoté held the stem with the 3-way tap already closed.
When RV or TLC was reached, the subjects pressed the tube
firmly against their face with the lips inside the tube.
All subjects were given verbal encouragement and received

uncalibrated visual feedback from the oscilloscope
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screen. A period of learning preceded the definitive

measurements. = The mouthpieces were used in a randomised
alternating order to minimise the effect of learning or
fatigue‘on the definitive measurements. All.measurements
followed the criteria of Ringqgvist {(Ringqvist, 1966) such
that (i) no extra leakage occurred, (ii) the 3 highest
pressures recorded were similar (within 5%) and later
attempts did not yield higher results, (iii) the subjects
felt that they had given a maximum effort. At least 1
minute rest was allowed between efforts. Pressures
maintained for less than one second were disregarded.

The highest pressure generated by an individual for each

mouthpiece was used for anlaysis.

4.4 STATISTICAL_ANALYSIS

Mean values for the four sub-groups studied
were obtained and paired t-tests were used to detect
statistically significant differences between pressures

measured with the 2 mouthpieces.

4.5 RESULTS

For PEmax mean values were significantly higher
(p<0.02) for the tube mouthpiece in all 4 subgroups
(table 8, Fig 26, 27, 28, 29). For PImax the values were
significantly higher (p<0.005) with the tube mouthpiece
only in the subgroup of patients (NP) who could genérate
normal inspiratory mouth pressures (table 8). When all

normal subjects and normal patients were compared as a



Table 8

Comparison of Mouthpiece Design in 4 Sub-Groups cmHZO, mean+S.D.,
*=p0.02 **=p{0.005 (paired t-test)

PI max PE max
Mouthpiece Flanged Tube Flanged Tube
RP (N=6 ) 119.9+36.7 125.5+48.7 140.3+56.5 * 178.6+62.4
NS (N=15) 99.1+31.2 106.+39.5 143.0+38.5 **  165.1+39.17
NP (N=20) 84.4+31.6"* 935.1432.2 117.6+42.8 ** 142.5+46.8
LP (N=20) 40.7+13.7 43 .6+14.9 84.1+¢36.2 * 94.7+38.1

RP=respiratory physiologists; NS=naive subjects; NP=patients with normal inspiratory
pressures; LP=patients with low maximal static inspiratory pressures (Black and Hyatt,

1969)

6F1
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Figure 26 Values of PImax obtained in ZQ weak
patients (LP) using tube and flanged mouthpieces (paired

t-test t = 1.19, p = 0.25)
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PE max
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Figure 27 Values of PEmax obtained in 20 weak
patients (LP) using tube and flanged mouthpieces (paired

t-test, t = 2.70, p = 0.014).




group (RP, NS, & NP), the values were also significantly

higher (p<0.005) with the tube mouthpiece for both PImax
and PEmax (table 9; fig 28, 29). The pressures achieved
by the males and females in our volunteer group (RP, NS)

are given in table 10.

1.6 DISCUSSION

The results of the present study support the
hypothesis that the choice of mouthpiece contributes to
the differences between the normal ranges of static mouth
pressures reported in the literature. When mouthpiece
design is taken into account, the standard reference
ranges (table 6) are remarkably similar although some
variability remains. Our data are complementary to that
of Vincken et al {Vincken, Ghezzo and Cosio, 1987) who
concluded that such differences in the reference ranges
were explained principally by the variation in the
subjeét cohorts used.

Cook (Cook, Mead and Orzalesi, 1964) suggested
that higher expiratory pressures would be obtained with a
'tube-type’ mouthpiece simply because it prevented
unwanted airleaks. In the present study, the absence of
extra leakage was one of the criteria for data acceptance
therefore this would not explain the differences obtained
for PEmax with the two mouthpieces, and could not explain
the differences in PImax. Therefore, an important factor
most be the manner in which the mouthpieces are used and

not simply the prevention of extra leakage. To use a

7
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Figure 28 Values of PImax obtained in 41 normal

subjects (RP, NS, NP) using tube and flanged mouthpieces.

(paried t-test, t = 3.55, p = 0.002).
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Figure 29 Values of PEmax obtained in 41 normal

subjects (RP, NS, NP) using tube and flanged mouthpiece.

(paired t-test, t = 4.88, p = 0.0000).




Table 9
Comparison of Mouthpliece Design in all 41 Subjects
without weakness (RP, NS, & NP) cmH 0, means+S.D., **=p{0.005

PI max PE max

Mouthpiece - Flanged Tube Flanged Tube
94.4+433.8 **  102.9+38.3 130.2+44.7 ** 156.1+47.7

RP=respirat0ty physiologist; NS=normal subjects; NP=patients with normal static .inspiratory
pressures; (Black and Hyatt, 1969)

[$]]
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Table 10

Pressures recorded by 21 Normal Volunteers (RP, NS) analysed by Sex

cmHZU, mean + S.D.

PImax
flanged tube flanged tube
FEMALE (N=10) 85.6+24.5 - 89.7425.5 117.2+31.6 144.7+43.8
MALE  (N=11) 190.6+36.7

122.3+31.6 135.5+44 .8 165.1+38.7

RP=respiratory physiologists; NS=naive subjects

9ST
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rubber tube mouthpiece as described by Black & Hyatt
(Black and Hyatt, 1969), requires the subject to press
the apparatus firmly against the face with their arms.
This requires the activation and coordination of muscle
groups that are not recruited when using the f{langed
mouthpiece. Activation (Laporta and Grassino, 1985).and
coordination (Mead, Milic-Emili and Turner, 1963; Mills,
1950) have been shown to be important deterhinants of
maximal static respiratory pressures. If the flanged
mouthpiece is used in a similar fashion to the tube
mouthpiece, i.e. pressed by the subject towards the oral
cavity, discomfort inhibits the subject’s effort and
extra leakage occurs during an expir-atory manoeuvre as

the seal between the lips and mouthpiece is less

~1

effective. When the operator holds a tube mouthpiece for

the subject, the seal between lips and mouthpiece is
often inadegquate and lower plateau pressures are
recorded. Thgrefore it is the manner in which the
mouthpiece is used, as dictated by its design, that is
the Crigical factor in the differences obtained iﬁ this
study. Many patients with weak inspiratory muscles also

have coexisting generalised muscle weakness. 1In these

patients the recruitment of additional nmuscles when using

the rubber tube mouthpiece may be less effective.

Our results are in contrast to those of Leech
{Leech et al, 1983) Vincken (Vincken, Chezzo and Cosio,
1987) and Rubinstein {(Rubinstein et al, 1988) who also

compared a flanged mouthpiece with a mouthpiece fitting
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around the lips in order to prevent a leak, and were

unable to show a difference between the pressures
bbtained. However these éuthofs do not give exact
details of the manner in which the mouthpiecés were used.
I assume that the present tuﬁe mouthpiece is similar to
the rigid cylindrical mouthpiece used by Vincken et al as
these authors quote the paper of Black & Hyatt, upon
which our tube design is based. The way in which they
describe the use of the mouthpieces is similar to our
flange method; it is unlikely that Vincken et al, and
Rubinstien and cowerkers used the cylindrical mouthpiece
in the manner of Black & Hyatt if they could show no
difference between it and the flanged mouthpiece. The
small number of subjects used in their study would not
allow any differences to be detected statistically.

We have 5 patients whose data could not be
included in the statistical analysis because they could
not hold the common stem due to generalised neuromuscular
disease, hand deformity (Fig 30) or quadriplegia:’ In
these 6 patients, no pressures could be obtained with the
rubber tube mouthpiece in the manner described by Black
and Hyatt (Fig 31). However using the flanged mouthpiece
and assisted by theroperator, satisfactory mouth
pressures could be recorded in these patients (Fig 32).

Other factors contributing to the variability
in reference normal ranges must be considered. In the
present study, pressures produced by the subjects were

recorded onto paper to facilitate the ease with which the

B e e ki 4 &
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Fi e 30 Hand of a patient with Charcot-Marie-

Tooth disease.



Figure 31 Patient attempting to perform a PEmax

manoeuvre with the tube mouthpiece.
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Figure 32 Patient performing a PE and PImax

manoeuvre assisted by the operator.
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1 second plateau pressure could be identified. Previous
studies ({Cook, Mead and Orzalesi, 1964; Black énd Hyatt,
1969; Rochester and Arora, 1983) estimated the plateau by
eye from a pressure dial. It is possible that this led
to an overestimation of the plateau value. Both men and
women were included in the normal subject groups with the
result that the mean mouth pressures recorded with a tube
mouthpiece are lower than those of Black and Hyatt for
men but greater than those for women. I analysed the
present data to take account of sex and found this
produced a closer agreement between this data for a tube
mouthpiece and the reference normal ranges for both sexes
(table 10). Ringqgvist’s data (Ringqvist, 1966) for males
include both military conscripts and naive volunteers.

He compared the mean pressures produced by the conscripts
to those of volunteers and showed that the former were
significantly higher (table 11). Cur normal male group
were drawn from a similar population to Ringgvist’s male
volunteers, aﬁd record similar pressures {table 10, 11).
Thus the subjects selected to construct a normal range
must be representative of the population to which it will
be applied. It may bé preferable for the laboratory
wishing to measure mouth pressures to choose one
technique applicable to the study population and to

establish a local reference range.

We conclude that in the clinical assessment of
patients for global respiratory muscle strength, a -!»Q-Q’LQQJ
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Table 11
Data of Ringqvist (1966) for Male Sub-Groups
cmHp0, mean + S.D., tube mouthpiece

PImax PEmax

male volunteers (N=23) 124 .3+7.1 | 208.9+13.2
male conscripts (N=33) 153.9413.2 236.9+12.2

€91
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Although values obtained with a flanged mouthpiece are
lower, this is not of clinical significance if the
appropriate reference ranges (Leech et al, 1983; Wilson
et al, 1984; Vincken, Ghezzo and Gosio, 1987) are used.
However in normal subjects, maximal pressures are
obtained with a rubber tube mouthpiece when it is used in
the manner described by Black and Hyatt (Black and Hyatt,
1969). A rubber tube mouthpiece would seem appropriate.
in physiological studies when truly maximal pressures are
needed. The differences reported_in the literature for
normal ranges of PImax and PEmax may be explained in part
by the choice of mouthpiece and the way in wﬁich it is

used.

4.7 SUMMARY.

I investigated the effect of mouthpiece design
on maximum static expiratory (PEmax) and inspiratory
{PImax) mouth pressures. I measured PEmax from TLC and
PImax from RV in 21 healthy volunteers, and in 40
patients referred for respiratory muscle testing. I
ooﬁpared two different mouthpieces, a semi-rigid plastic
flanged type fitting inside the lips and a 4 cm diameter
rubber tube held against the lips. The tube mouthpiece
gave significantly higher values for PEmax (p<0.02) in
all subjécts. PImax was also significantly higher
{p<0.005) with the tube mouthpiece in subjects who
recorded normal pressures. It can be concluded that (1)

maximum pressures are obtained in all normal subjects

SIS o
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with the rubber tube
quoted normal ranges
pressures reflect in

and the way in which

mouthpiece, (2) differences in
of maximum static respiratory
part the design of the mouthpiece

it is used.
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THE MEASUREMENT OF INSPIRATORY MUSCLE STRENGTH BY SNIFF
NASOPHARYNGEAL AND _MOUTH PRESSURES

OESOPHAGEAL.,
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Assessment of respirgtory muscle stréngth
should be included in any comprehensive clinical
evaluation of patients with dyspnoea and resbiratory
failure. Serial measurements can provide the framework
for following the time course of any reduction in
strength caused by muscle or respiratory diseases and
efficacy of any therapeutic interventions. In practice
respiratory muscle weakness frequently goes unrecognised
although with careful clinical assessment and simple
measurements it is possible to detect it. Therefore,
measurement of respiratory muscle strength is a logical
necessity since weakness is defined as a failure to
generate force (Edwards, 1982). The contractile force of
human respiratory muscles is usually evaluated by
measuring the pressures that the muscles generate during
voluntary contractions (Rochester, 1988). The simplest
approach and most widely applied technique.is the
measurement of the maximal mouth pressure sustained for
one second during an inspiratory effort (PImax) from
residual volume (RV), and an expiratory effort (PEmax)
from total lung capacity (TLC) (Chapter 2 and 4). During
static manoeuvres PImax is very similar to oesophageal
pressure (Poes), therefore static Poes measurements
confer no advantage in describing weakness. Miller,
Moxham and Green (1985) compared oesophageal pressures
‘during the sniff and PImax manoeuvres in healthy

volunteers of both sexes. They showed that Poes measured

Chdatar
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during a maximal sniff was higher than Poes during the

static effort. 1In addition sniff Poes had a narrower
~normal range with a higher lower 1limit of normal, and was
more reproducible than Poes measured during ﬁhe static
inspiratory effort. These results suggest that sniff
Poes may be more useful than a static inspiratory
manoeuvre in the detection of mild to moderate degrees of
inspiratory muscle weakness. Laroche (Laroche et al,
1988) recently showed that sniff Poes discriminated
patients who have a low PImax due to poor technique or
lack of motivation from those with true inspiratory
muscle weakness. In this study oesophageal pressure
generated during a maximal sniff (sniff Poes) was
compared with mouth pressures generated during a maximal
inspiration against a closed airway (PImax) in sixty-one
patients referred for ihvestigation of respiratory muscle
function. Sniff Poes was greater than PImax in fifty-
five of the sixty-one patients. In thirty-six patients
sniff Poes and PImax were both normal whereas in thirteen
patients were both low. In eleven patients PImax was
low, but sniff Poes was normal. Only one patient had a
reduced sniff Poes but a PImax at the lower limit of
normél. These .eleven patients also had a normal or
moderately reduced Pdi, suggesting that PImax was falsely
low, perhaps bécause of difficulties with the technique.
It therefore appears that the measurement of oesophageal

pressure during a maximal sniff is a useful test of

LXESTVPANVERIRS DS U S S,
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inspiratory muscle strength and overcomes the difficulty

some patients have with the static manoeuvres. However,
the value of sniff Poes in detecting inspiratory muscle
weakness can be offset in some subjects by the need to
pass an oesophageal balloon.

The aim of this study was to establish whether
pressures in the mouth (Pmo) or nasopharynx (Pnp) reflect
Poes during a maximum sniff and if their measurement
provides a minimally invasive technique for the

discriminatory assessment of inspiratory muscle strength.

5.2 METHODS

The study had approval of the local ethical
committee and all subjects gave informed consent. We
studied 10 normal healthy caucasian volunteers (6 men
aged 29-44; 4 women aged 28-38) and 12 caucasian patients
'(8 men aged 20-72; 4 women aged 25-59) with respiratory
muscle weakness. All patients experienced breathlessness
whidh was either unexplained or disproportionate to the

severity of the co-existing lung pathology.

5.2.2 Lung function

' The volunteer group had forced expiratory
volume in one second (FEV;) and forced vital capacity
(FVC) measured from a forced expiration into a spirometer

(Ohio 840, Ohio Medical Products, Wis.). The patient

P W IIPRUNSRN NP
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group had formal assessment of lung function in the

hospital laboratory. All predicted lung function values
were derived from a computer programme based on the data

of Cotes (Cotes, 1979).

5.2.3 Pressure measurements

Validyne pressure transducers (MP-45, range
+350 cm H;0, Validyne Co, Northridge, CA.) were used to
measure pressure waveforms during both static and dynamic
manoeuvres. The transducers were calibrated before each
study using U-tube water and mercury manometers as
pfessure standards. Uncalibrated pressure traces were
displayed on a storage oscilloscope screen (Tektronix
5103N, Tektronix Inc, Oregon) for +isual feedback.
Calibrated signals were recorded onto paper using an ink-
jet recorder (Mingograf 800, Siemens-Elema, Sweden) at a
papér speed of 100 mm/sec.

Maximal stqtic inspiratory (PImax) and
expiratory (PEmax) mouth pressures were measured in all
subjects using a plastic semi-rigid flanged mouthpiece
(PK Morgan, Rainham, Kent). The mouthpiece was attached
to a metal stem manufactured according to the design of
Ringqvist (Ringyvist, 1966) incorporating a 3-way tap,
and a leak tube of 37mm length and 2mm internal diameter,
necessary to prevent glottic closure. The operator held
the stem for the subject and closed the 3-way tap when
the static measurement was to be made (Chapter 4;

Koulouris et al, 1988). PlImax was performed from RV and

PRSPV SN



- ' ' 171
PEmax from TLC, with a noseclip. The highest recorded

pressures maintained for one second were used for
analysis.

Oesophageal pressure was measured using.commercially
available balloons 10 cm long, 3.5 cm circumferen&e
attached to 100 cm long fine polythene catheters (PK
Morgan) and filled with 0.5 ml of air (Chapter 2).
Gastric pressure (Pgas) was measured in the patient group
with a second balloon of the same dimensions but
containing 2 ml of air. This allowed transdiaphragmatic
pressure (Pdi) to be derived electronically by
subtraction of Pgas-Poes (Agostoni and Rahn, 1960) but
using Pdi at resting and expiration as the zero reference
point. Nose and mouth pressures were measured with a 10
‘cm balloon reduced in length to 5 cm by taping over the
proximal end (Fig 33). The optimum volume of air for the
small balloon was 0.7 ml determined from its pressure-
volume characteristics measured both in vitro and in vivo
(Appendix 3). The response time of each balloon
chatheter-recorder system was measured by placing the
balloon catheter within a second larger pressurised
balloon, and causing a square wave fall in pressure by
bursting the larger balloon with a red hot needle {("pop
test”). The pressure signal was recorded at a paper
speed of 1000 mm/sec. Tﬁé 10-90% rise time (Tr) was
found to be 0.017 second. The maximum frequency response

(f3db) for the large balloon (Appendix 3 for the small
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Figure 33 Photograph of the 5 cm and 10 cm

balloons.
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" balloon) was determined from the equation f3db = 1/3Tr

for the critically damped signal (Beardsmore, 1980;
Clayton, 1979) and was 20 Hz. No phase difference was
- found between Poes and Pnp or Pmo waveforms in either of

the subject groups (figure 34).

5.3 PROTOCOL

The normal subjects performed maximal sniffs
during which Poes, Pnp and Pmo were measured
simultaneously. In the patient group Poes, Pgas and Pnp
or Pmo were measured simultaneously to alloﬁ'sniff Pdi to
be calculated. A "sniff" was characterised by a short, -
sharp, voluntary inspiratory effort from FRC, without a
noseclip, through the nostrils with the mouth closed.
Periods of rest were allowed betweeen individual sniffs.
The oesophageal balloon was passed through one nostril
after topical anaesthesia of the nasal mucosa (lidocaine
spfay 2%), and lubrication of the catheter (lidocaine gel
2%), and was swallowed by the subject with iced water.
The oesophageal balloon was passed into the stomach and
then withdrawn whilst observing the pressure signal until
it was in the middle third of the oesophagus (Cotes,
1979). Nasopharyngeal pressure (Pnp) was measured with a
5 cm balloon, advanced through the anaesthetised nose
into the nasopharynx. When the subject could just feel
the balloon at the back of the throat during swallowing,
it was withdrawn 1 cm so that the tip of the ballqpn was

approximately 10 cm from the anterior nares. Pressure in
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Figure 34 Simultaneous pressure waveforms from
oesophageal (Poes), nasopharyngeal (Pnb), and mouth (Pmo)
balloons in a single normal subject performing sniffs of
increasing effort. Paper speed 10 mm/sec for this

illustration.

..
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the mouth (Pmo) was also measured with a 5 cm balloon,
held in the oral cavity with the lips closed; subjects
were instructed nét to bite the catheter, or compress, or
apply suction to the balloon with the tongue during the
sniff (Fig 35).

Magnetometers {Mead, 1967) were used to monitor
the anteroposterior diameters of the chest and abdominal
walls to ensure that the subjects performed sniffs at
FRC. Measurements were made with the subject sitting in
a firm upright chair with arm rests, facing the
oscilloscope screen. Body movement was not restricted
and the pattern of sniffing was not imposed. The
subjects were asked to perform single, short maximal
"sniffs, and when a plateau value of sniff Poes was
reached (usually within 6-~10 sniffs) a further 8-10
maximal sniffs were performed to ensure no further
increase. The subjects were repeatgdly encouraged to try
as hard as possible, and visual feedback was given from
the oscilloscope screen. Subsequently the normal
subjects performed 30 sub-maximal sniffs of varying
intensity to simulate the sniffs of weak patients.

Within day reproducibility was assessed by the normal
éubjects repeating maximal sniffs three times at 0, 20
and 40 minutes. Day to day reproducibility of sniff
pressures was determined by repeating studies in three
normal subjects on three separate days.

Criteria used to select those sniffs suitable

for analysis were (a) peak pressure maintained for less




Figure 35 Lateral skull x-ray to show relative

positions of nasopharyngeal and mouth balloons.
filled with CONRAY 420 contrast medium. (X-ray

Department, Brompton Hospital).

Balloons
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thanASO msec (b) total sniff duration less than 500 msec

(c) pressure waveform of sniff displayed smooth upstroke
and decay curves (d) sniff performed from FRC as judged
by the magnetometer traces and presniff Poes; In normal
subjects data were océasionally’rejected because sniffs
were not performed at FRC. In patients, the rejection
rate was higher but still less than 2-3% of sniffs

recorded.

5.4 STATISTICAL ANALYSIS

Mean values, stnadard errors (SE), correlation
coefficients (r), and regression analyses were obtained
using the "Minitab" statistical computer programme

(Minitab Inc, State College, PA).

5.5 RESULTS

5.5.1 Normal subjects

Descriptive data for the normal subjects are
(mean + SE), age 34.7 + 1.8 years, height 174.3 + 2.7 cm,
weight 66.5 + 3.4 kg, FEVy 103.7 + 5.9% predicted, FVC
99.7 + 5.4% predicted, FEV!/FVC 84.3 + 2.2% (Table 12).
In the normal subjects, sniff Poes ranged from 79-156 cm
Hz20, sniff Pnp from 70-146 and sniff Pmo from 75-146.
The mean ratio Pnp/Poes for ten maximal consecutive
sniffs for each of the ten subjects as 0.92 + 0.006 {mean
+ SE), and Pmo/Poes 0.95 + 0.006. The mean values for
Pnp and Pmo for each subject, compared to Poes are shown

in table 13 and figures 36, 37. The correlation
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Subject Sex Age
(years)

31
38
38
28
h
42
28
29
33
36

-_ AN N

-~ \0 O ~J ON "

Mean 34.7
SE 1.83

DESCRIPTION OF NORMAL SUBJECTS

It
(cm)

179
156
178
169
175
175
166
183
184
178

174.3
2.69

TABLE 12

Wt
(kg

117
55
60
53
13
61
58
19
617
82

66.
3.3

)

5

5

FEV1 Fve FEV1
(L) Tpred (L)  ¥pred Fvc ¥
4.5 108.9 5.1 101.5  88.2
1.76  671.9 2.2 72.7  80.0
3.49 109.6 4.0 97.2  85.3
3.23 100.5 3.23  82.3 100.0
£.280 119.9 4.8  107.1  88.2
h.66 128.6 5.6  123.1  82.8
2.96 947 3.9  105.6  Th.4
£.83 111.9 6.1 116.5  78.5
3.31  79.8 4.0 77.1  83.4
4.5 114.8 5.5  113.2  B81.8
3.76 103.7  4h_h4 99.63 84.3
0.31 5.85 0.38 5.43 2.21
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155.
108.
103.

78.
126.
148.

97.
130.
131.
120.

Poes

65+1
85+1
20+1
50+1
15+1
50+1
58+1
70+1

.34
13
36
.38
.1
.83
.07
.04
40+0.
10+1.

99
18

Sniff Pressures in cmHZU

145.
103.

95.
-60.

112
138

Pnp

90+1
45+1

05+1.

90+1

.80+1
.50+1.

90.
119.
118.
110.

18+0.
00+0.
42+0.
70+0.

Table 13
Results for Normal Subjects,

(mean+SE)

Pmo
.37 145.95+1
.38 100.90+1
44 97.05+1
.00 T4.75+1
.12 121.30+1
35 144 .80+1
91 95.42+1.
60 120.00+0.
77 124 .15+0.
92 115.60+0.

Mean

+ S.E

.56
.12
.51
.20
.61
.90

10
61
95
88

oo o0 Qoo oo oo

o

Pnp/Poes

.94
.95
.92
.89
.89
.93
.93
91
.90
.92

.92
.006

LTO 0O 00000 0o oo

o

o

Pmo/Pges

.94
.93
.94
.95
.96
.98
.98
.92
.94
.95

.95
.006

6L1
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Figure 38 Comparison of Poes with Pnp. Each value

represents the mean of 10 makimal sniffs in each of the
10 normal subjects. Poes = 4.57 + 1.05 Pnp. (R2z = 98.9%,

SEE = 2.42)
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120
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Pes
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Figure 37 Comparison of Poes with Pmo. Each value

represents the mean of 10 maximal sniffs in each of the

normal subjects Poes = 0.741 + 1.05 Pmo (R2 = 98.7%, SEE

= 2.7).
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coefficient of the sniff Poes and sniff Pnp was r = '

0.995; p<0.001, and of Poes and Pmo r = 0.994; p<0.001.
Regression analysis showed that Poes = 4.57 + 1.05 Pnp
(R2 = 98.9%, standard error of the estimate (SEE) = 2.42)
and Poes = 0.74 + 1.05 Pmo, (R2 = 98.7%, SEE = 2.7).

Within day mean coefficient of variation as
assessed in the 10 subjects for the three study sessions
was 5.2% for Poes (range 4.1 - 8.4), 5.0% for Pnp (range
3.4 - 8.2), and 5.0% for Pmo (range 3.2 - 8.1) (Table
14). The day to day coefficient of variation studied in
three subjects on three different days was 4.5% for Poes
(range 2.4 - 5.1), 3.3% for Pnp (range 1.8 - 4.8), and
3.9% for Pmo (range 2.1 - 5.2) (Table 15).

Analysis of 30 sub-maximal sniffs from each
normal subject showed that the mean ratio Pnp/Pes was
0.90 + 0.002 and Pmo/Pes was 0.92 + 0.002. Poes
correlated with Pnp (r = 0.995, p<0.001) andPmo (r=0.995,
p<0.001) (figures 38, 39). Regression analysis for éub—

maximal sniffs showed that Poes = 2.47 + 1.07 Pnp, (R2 =

98.9%, SEE = 2.81) and Poes = 2.62 + 1.04 Pmo (Rz =
99.0%, SEE = 2.67).
5.5.2 Patients

Descriptive data for the patients are given in
table 16 lung function data in table 17 and respiratory
muscle function in tables 18, 19. Predicted static mouth
pressures were calculated from the data of Wilson (Wilson

et al, 1984) as a flanged mouthpiece had been used to
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Table 14
Within day coefficient of variation for maximal
sniffs in 10 normal subjects (%)

Subject Poes Pnp Pmo
1 5.56 5.58 4.94
2 8.40 8.19 8.11
3 5.12 5.07 5.26
4 4.69 4.02 4.73
5 4.10 4.43 5.46
é 5.79 6.62 5.82
7 413 - 3.42 3.84
8 4.80 5.04 4.15
9 4.71 4,40 5.09

10 4.48 3.95 3.16
Mean 5.178 5.072 5.056

Range (4.10-8.40) (3.43-8.19) (3.16-8.11)
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Table 15

Day to day coefficient of variation for
maximal sniffs in 3 normal subjects at
3 different days (%)

Subject

1
2
3

Mean
- Range

Poes

NN &
]
N

UIN —
"
=)
(e ]

NN
N
—_

4.5

Day 1
Pnp

NN &=
. . .

O\~
O~

Day 3
1.82

3.44

4.28

3.34

Pmo

AN

NN

NN

3

.89
221

.08
.80
.66

85

184

(2.40-5.14) (1.82-4.77) (2.08-5.21)
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Figure 38 Comparison of Poes with Pnp for

185

"submaximal Sniffs. For clarity 30 sniffs from 6 of the

10 normal subjects are shown.
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150
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Figure 39 Comparison of Poes with Pmo for
submaximal sniffs. For clarity, 30 sniffs from 6 of the

10 normal subjecitis are shown.
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Table 16
Descriptive data for 12 patients
* Data unavailable

PT DIAGNOSIS SEX AGE HT WT
(yrs) (cm) (Kg)
1 BUA M 57 187 54.5
2 Lambert-Eaton M 71 154 64.5
3 BDE M 59 173 82
4 CMT M 59 183 73
5 Steroid myopathy M 63 175 59
6 CFA/UDE M 55 174 73
7 SLE F 28 172 79.5
8 MCTD F 25 161 59
9 Myopathy/Asthma F 49 155 81
10 Tetraplegia M 20 * *
11 BUA F 59 165 74
12 UDE M 72 180 98.5
Mean 51.4 171 72.6
+ SE 5.1 3.3 3.9
Abbreviations - BUA - Breathlessness of unknown aetiology
' - BOE - Bilateral diaphragm elevation
- UDE - Unilateral diaphragm elevation
- CFA - Cryptogenic fibrosing alveolitis

SLE - Systemic lupus erythematosus
MCTD —-Mixed connective tissue disease
CMT - Charcot Marie Tooth Disease



Table 17 - Lung Function Data for 12 patlients

. Data unavalilable

2420 3210 : 15 5020 1670 6.37

pT FEVI FVC EEVI TLe RV DLCO KCO
(ml) (ml) FVC (ml) (ml) (SI) (sI)
%
1 1250 1460 86 . : . .
2 1280 1930 66 3720 1620 4.96 - 1.6
3 1350 2660 51 5380 2680 5.69 - 1.43
4 1280 1790 72 £060 2210 G.42 1.98
5 2360 3550 66 5430 2130 3.99 0.89
6 2260 2920 77 4890 1890 5.42 1.47
7 1870 2100 89 3270 1170 5.36 1.94
8 2640 2730 97 3920 1420 5.88 1.86
9 1610 2120 76 4070 2020 4.75 1.47
10 1550 1950 79 . . . . -
1 2800 3650 | 77 4970 1350 8.19 1.78
12 1.47

881
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make the measurements (Chapter 4). All patients had weak

inspiratory muscles as judged by these criteria, and 7 of

the 12 had weak expiratofy muscles (table 18). For the

muscle and diaphragm weakness was confirmed by the
measurement of sniff Poes»and sniff Pdi respectively
(Miller, Moxham and Green, 1985). For the 12 patients
sniff Poes was 50.7 + 4.3% predicted, and sniff Pdi 42.3
+ 5.1% predicted. 1In the patient group, sniff Poes
ranged from 25.1 - 63.4 cm H20, sniff Pnp from 20.9 -
59.6, and Pmo from 16.2 - 59.0 {(table 19). The meén
ratio Pnp/Poes was 0.9 + 0.02 {mean + SE), and Pmo/Poes
was 0.87 + 0.03. The correlation coefficient of sniff

Poes and Pnp was r = 0.949; p<0.001, and of Poes and Pmo

0.936; p<0.001. Regression analysis showed that Poes

r
= 5.12 + 1.0 Pnp, (R?2 = 89.1%, SEE = 3.96) and Poes =

11.2 + 0.882 Pmo (R?2 = 86.1%, SEE 4.8) {Fig 40, 41).

Combined data for all the 22 subjects are presented

graphically in figures 42 and 43.

5.6 DISCUSSION

The results of the presentlstudy indicate that
sniff Poes may be predicted from sniff Pnp and sniff Pmo
in both normal subjects and in patients with inspiratory
muscle weakness. The measurement of sniff Pnp and Pmo
does not require‘the passage of an oesophageal balloon,

.the principal disadvantage of the sniff Poes measurement.

o
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Respiralory Muscle Strenglh: Results In 12 patlenls

TABLE 18

*data unavallable

Patlent Sex PI max PE _max Sniff Pdi
cmll20 L pred. cmliz20 T pred. cml20 X pred.
| Y 6.0 15.1 .0 16.2 . .
2 M 35.0 33.0 100.0 61.6 48.75 33.0
3 M 42.5 40.1 160.0 108.1 36.5 - 25.0
4 M 25.0 23.6 52.5 35.5 15.4 10.0
5 M 35.0 33.0 45.0 30.4 52.5 35.0
6 M 37.5 35.4 80.0 54.1 57.8 39.0
7 F 50.0 68.5 80.0 86.0 712.03 59.0
8 F 52.5 71.9 52.5 56.5 714.53  61.0
9 F - 22.5 30.8 87.5 94 .1 67.50 56.0
10 M 85.0 80.2 85.0 57.5 12.50 49.0
11 F 30.0 411 80.0 86.0 71.66 59.0
12 M 45.0 52.1 80.0 58.5 52.25  35.2
Mean - 39.61 03,72 171.21  62.54 56.49  41.93
+ SE 5.20 5.85 9.79 71.91 5.93 4 .94
Normal values mean (SD)
M 148(34) 106(31) 148(24)
[ 93(17) 13(22) 121(25)

PE max, PI max - Statlc maximum explralory and Insplralory pressures measured

at Lhe moulh; Sniff Pd]
shorl, sharp maximal sniff.

[ransdiaphragmatlc

pressure

measured durlng a

061



TABLE 19
RESULTS FOR 12 PATIENTS

Mean Sniff Pressures cmii20 *data unavailable

PT Pnp Pes Pnp/Pes Pmo Pes Pmo/Pes
1 39.02 40.32 0.97 34.5 40.32 0.86
2 42.22 47.72 0.88 38.26 46.21 0.83
3 40.5 55.25 0.73 35.17 53.1 0.67
4 20.88 25.1 0.83 16.23 21.21 0.77
5 41.87 45.47 0.92 * * o*
6 51.38 54.00 0.95 . 55.24 - 58.8 0.94
1 59.64 63.4 0.94 59.06 63.28 0.93
8 60.00 62.66 0.96 51.96 53.21 0.98
9 52.25 61.00 0.86 43.12 53.59 0.80
10 54.83 63.33 0.87 58.0 60.0 0.97
11 33.05 37.15 0.89 32.71 36.36 0.90
12 45.57 48.07 0.94 * * *
Mean 0.896 Mean 0.864
+ SE 0.02 + SE 0.03
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Figure 40 Comparison of Poes Qith Pnp in patients
with respiratory muscle weakness (Poes = 5.12 + 1.0 Pnp,

Rz = 89.1%, SEE = 3.96, n = 12)
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Figure 41 Comparison of Poes with Pmo in patients
with respiratory muscle weakness (Poes = 11.2 + 0.882

Pmo, Rz = 86.1%, SEE = 4.8, n = 10).
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o0 - Normal subjects
o Weak patients
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Pnp (cm II2
S

1=0.995

0 20 L0 80 80 W 20 w0 180
Pes (cm H20)

Figure 42 Comparison of Poes with Pnp. Values for
normél subjects (closed circles) and for weak patients
(open circles). Regression analysis for the pooled data
showed: Poes = 3.37 + 1.06 Pnp (R2 = 99.0%, SEE = 4.06,

n = 22).
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Figure 43 Comparison of Poes with Pmo. Values for

normal subjects (closed circles) and for weak patients
(open circles). Regression analysis for the pooled data
showed: Poes = 6.11 + 1.00 Pmo (R2 = 99.1%, SEE = 3.93,

n = 20)
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This makes the sniff test more acceptable to patients,

and circumvents the occasional problem with oesophageal
pathology or a patient who has difficulty in swallowing
an oesophageal balloon. |

The similarity of upper airway and oesophageal
pressures during respiratory manoeuvres has previously
been described by Milner in neonates (Milner, Saunders
and Hopkin, 1978) and by Baydur (Baydur et al, 1982) and
Marazzini in normal adult subjects. All groups showed a
high degree of correlation between Poes and Pmo during
occluded inspiratory efforts. In these three studies,
airflow at the time of pressure measurement was
negligible, with the result that minimal pressure
gradient existed betweeﬁ the mouth and pleural space.
" Our results also show a high degree of correlation
between Poes and both Pnp andAPmo during a sniff. The
reason for the similarity of upper and lower airway
pressures during a dynamic manoeuvre may be deduced from
previous studies. There is good evidence that during the
sniff manoeuvre the nostrils behave as a Starling
resistor, rapidly collapsing under the influence of
negative nasal pressures (Bridger, 1970; Bridger and
Proctor, 1970;'Haight and Cole, 1983). Bridger and
Proctor (1970) used fine catheters to explore intranasal
pressure gradients during vigourous inspiratory efforts.
They ﬁere able to identify a point of occlusion in the
region lying between the junction of the pyriform

aperture, and the'upﬁer and lower lateral cartilages.

{
ad
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When a critical pressure gradient (estimated at 10-12 cm

H20) exists across this region, occlusion occurs. Beyond
the boint of océlusion the upper and intrathoracic
.airways can be regarded as being in continui£y with

' litfle pressure gradient between them. Rhinologists are
aware of the narrowing which occurs at the site of thé
"nasal valve" during deep inspiration (Fig 44). Bridger
and Proctor in 1970 noticed that on deep inspiration
through one nostril, nasal airflow increases as the
pressure drop across the nose (AP) increases until a
critical transnasal pressure is reached (AP; at which
point nasal airflow becomes constant. Greater
inspiratory effort (increasing AP beyond the point wheré
ap =AP’) does not increase nasal airflow. These
findings are compatible with the nose having a
collapsible or flow limiting segment (FLS) acting as a
Starling resistor. Such a situation has already been
described in the tracheobronchial tree on expiration
(Jordandglou and Pride, 1968). In a more detailed
analysis Bridger (1970) reported that during rapid
inspiration (and by analogy in the sniff manoeuvre) a
pressure difference is established between the
nasopharynx (Pnp) and the atmosphere, and the pressure in
-the nasal airway decreases towards the nasopharynx.‘ The
nasal airway is subjected to a negative, lateral

intraluminal pressure which will cause deformation except

where the anatomy is sufficiently rigid to withstand this

SO ISV PO
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THE NASAL MODEL Bridger GP Arch Otolaryng -
] 1970,92-:543-553
COLLAPSIBLE
SEQ.
Palm " Pu Pd Pnp
e 8EQ. U >l<—8EQ. D —>
Figure 44 Nasal model of a flow limiting segment
({FLS). A collapsible segment is shown. As the FLS is

elastic and has a tendency to stay open, it re quires a
negative pressure to produce collapse. On vigorous
inspiration a pressure difference is established between
the atmosphere (Patm) and the nasopharynx (Pnp) causing
the FLS to flutter as negative pressﬁre exceeds critical

pressure. (Pu = pressure upstream, Pd = pressure

downstream) .
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negative pressure. The nasal oavity:may be considered in
two parts: a rigid main osseous nasal cavity and a less
rigid ventral‘cartilaginous vault, the vestibule. The
vestibule is designed to withstand the range of negative
pressures encountered during normal breathing. When
subjected to the increased negative pressure of rapid
inspiration (e.g. a sniff) the upper lateral cartilages
are sucked onto the septum and the aperture of the nasal
valve is reduced to a small orifice. This narrowing can
be observed in most people on vigorous and rapid
inspiration. Bridger was able to demonstrate this by x-
rays of nasal passages during rapid inspiration through
one nostril after outlining the vestibule with radio
opaque tantalum dust. Almost total obliteration of the
nasal lumen occurred. The critical transnasal pressure
gradient is approximately 10-12 cm water, at which point
airflow becomes constant. During a maximum sniff, even
in the weakest of patients, Pnp is greater than the
critical transnasal pressure and Pnp therefore reflects
Poes, both pressures depending on the contractility of
the inspiratory muscles. The presence of this flow
limiting mechanism explains both the close agreement
between sniff ?oes, Pnp and Pmo, and the high pleural
pressures develoed during a sniff (Miller, Moxham and
Green, 1985).. The sniff could be considered a less
isometric technique than PImax because a volume change
occurs. Pertuze (Pertuze et al, 1987) has shown that the

mean volume change occurring during a maximal sniff

SOV O
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is 500 mls, similar to the likely volume change

accompanying a PImax effort due to gas expansion and the
permitted air leak preventing glottic closure (Ringqvist,
1966). The flow during a sniff is greater, é factor that
would reduce peak pressure due to the force-velocity
relationship of respiratory muscle (Rochester, 1982).
However Miller, Moxham and Green (1985) demonstrated that
sniff Poes was greater and more reproducible than Poes
'meaéured during a static manoeuvre. Although PImax is
the most widely applied technique for the assessment of
inspiratory muscle strentth, it does have certain
limitations. The manoeuvre is not difficult for
cooperative subjects who perform the test reproducibly
after suitable training. However, Mead and co-workers
(Mead, Milic-Emili and Turner, 1963; Mills, 1950) have
reported that the antagonistic contraction of the
abdominal muscles may limit the development of high
inspiratory mouth pressures in untrained subjects.
Patients, particularly the elderly or those with
coexisting weakness of the mouth and cheek muscles, can
have particular difficulties with this static technique
(Green, 1984). The reference ranges for PImax in normal
subjects (Chapter 4; table 6) are wide with -very low
lower limits in some age groups. The limitations of
PImax are such that Leech (Leech et al, 1983) concluded
"..in the clinical context, some caution is reduired
before low inspiratory pressures are attributed to muscle

weakness" .



Predicting sniff Poes from Pnp and/or Pmo
simplifies the application of the sniff technique which
has the advantage of being familiar to nearly all
subjects as a natural manéeuvre. It has beeﬁ reported
that the firing rates to a given muscle decrease more
rapidly under strict isometric conditions than during
movement, suggesting that inhibitofy impulses from
tension receptors play a role (Grimby, 1986). Pmo is a
better predictor of Poes than Pnp in normal subjects, but
either could be used to measure inspiratory muscle
strength in physiological studies. The converse was true
for the patients, Pnp being the better predictor of Poes.
This may have been due to the inability of the upper
airway muscles to resist collapse of the walls of the
oral cavity under application of negative airway
pressures (Suratt, 1987). The nasopharynx being a semi-
rigid structure resists such collapse better in the erect
posture with the result that Pnp is closer to Poes during
the sniff.

Two of the twelve patients did not produce
satisfactory sniff Pmo waveforms due to sucking on the
balloon, and therefofe the traces obtained were
discarded. It is possible that sniff Pnp will be the
more universally applicable test in patients.

The lung function data shows that only one of
our 22 subjects (patient no 3) had moderate obstructive

airways disease and this patient had the lowest upper



airway/oesophageal ratios. Similarly none of the

subjects had a significant.restfictive pulmonary defect.
Alterafions of lung mechanics are known to reduce the
transmission of alveolar pressure to the uppér airways
({Marazzini et al, 1978; Murciano et al, 1982; Gibson
1983), as would functional obstruction of the upper air
passages {Stauffer et al, 1987; Suratt, Wilhot and
Cooper,.1984). Further studies are required to quantify
the effect of these factors on Pnp/Poes and Pmo/Poes
ratios.

We conclude that in both normal subjects and
patients with pure respiratory muscle weaskness, Pnp and
Pmo reliably predict Poes during the sniff manoeuvre.
Measurement of sniff Pnp and Pmo is simple, minimally
‘invasive, reproducible, well tolerated by all subjects
and may provide a clinically useful technique for the

assessment of inspiratory muscle strength.

Sniff oeséphageal pressure (Poés) is a useful
measurement of global inspiratory muscle strength
although it does require passage of an oesophageal
balloon. I investigated the relationship between
nasopharyngeal pressure (Pnp) or pressure within the
mouth (Pmo) and Poes during the maximal sniff from FRC
without a noseclip. I measured Poes, Pnp and Pmo

simultaneously in 10 normal volunteers, and in 12
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patients with inspiratory muscle weakness. In both

groups Pnp and Pmo were slightly less but very close to
Poes. In normal volunteers the mean ratio Pnp/Poes was
0.92 + 0.006 {(mean + SE) and Pmo/Poes was 0.55 + 0.006.
Regression ahalysis showed Poes = 4.57 + 1.05 Pnp (r =
0.995, p<0.001) and Poes = 0.74 + 1.05 Pmo (r = 0.9914,
p<0.001). Similar relationships between Pnp, Pmo and
Poés were found over a wide range of pressures generated
b& submaximal sniffs in normal subjects. In patients the
mean ratio Pnp/Poes was 0.90 + 0.02 and Pmo/Poes 0.87.i
0.03. Regression analysis showed Poes = 5.12 + 1.0 Pnp
(r = 0.949, p <0.001) and Poes = 11.2 + 0.882 Pmo (r ;
0.936, p<0.001). It is concluded that Pnp and Pmo
predict Poes during a maximal sniff in both normal
subjects and patients with inspiratory muscle weakness.
Sniff Pnp and/or Pmo may provide a useful and less
invasive method of measuring maximum inspiratory

pressures during a sniff.
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MAXIMUM RELAXATION RATES OF OESOPHAGEAL, NOSE AND MOUTH
PRESSURES DURING A SNIFF REFLECT INSPIRATORY MUSCLE
FATIGUE

P Y
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6.1 - INTRODUCTION

Clinical observations supports the view that
patients can become exhausted and their reépiratory
- muscles fatigued (Roussos and Macklem, 1982). However,
the great difficulty is in déciding how important
respiratory muécle fatigue is as a clinical problem and
how commonly it occurs (Moxham, 1984). The answer to
these questions will only be known when we have methods
that can reliably detect muscle fatigue in patients with
ventilatory failure. In recent years, the problem of
respiratory muscle fatigue has been investigated using
three separate techniques (Moxham, 1984). (i)
Electromyogram (EMG). When skeletal muscle is subjected
to a load that cannot be sustained indefinitely, there is
a change in the EMG signal with a reduction in the amount
of power at higher frequencies and a relative increase in
the power at lower frequencies (Lindstrom, Magnusson and
Petersen, 1974). 1If a high frequency and a low frequency
band are analysed, the shift towards lower frequencies in
the EMG power spectrum is reflected by a fall in the EMG
high/low ratio. Although this technique has been used
extensively to study fatigue in the respiratory muscles
{Bryan, 1979; Gross et al, 1979), it has its limitations
as an indicator of muscle fatigue. The relationship of
the change in the EMG to the decline of force generation

is complex. Thus during a sustained maximum voluntary
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contraction of a limb muscle, force generation falls

slowly. The EMG high/low ratio falls very rapidly in
advance of any detectable loss of force, whereas later in
the sustained contraction when force is still gradually
falling there is no further change in the EMG high/low
ratio. The time constant of decay pf H/L varies widely
among subjects when Poes or Pgas predominate whereas is
consistent among subjects only when Poes = Pgas. Such a
situation is very rare in clinical séttings {Bradley et
al, 1988). It is of interest that low frequency fatigue
can persist for many hours at which time the
electromyogram has returned to normal. Thus at a time
that is obvious low frequency fatigue and very small
twitch responses the EMG including the EMG power spectrum
and EMG high/low ratio is normal (Moxham et al, 1982).
(ii) Frequency-fatigue relationship. The measurement of
muscle force following electrical stimulation is
particularly useful. Such techniques clearly demonstrate
that following exhaustive muscular exercise, twitch
tension can be greatly reduced (Merton, Mill and Mortén,
1981). For the diaphragm, contraction force is measured
in terms of transdiaphraghatic pressure measured by
oesophageal and gastric balloons. The diaphragm is
activated by stimulating the phrenic nerve in the neck
using surface electrodes. ,With stimulation, the pressure
Iorcuned 15 very siwu 40 the forre TespPorle
responseJTs?‘;;y skeletal muscle (Moxham et al, 1981).
Force-curve is characteristic with a rapid increase in

force up to a stimulation frequency of approximately 40



- S 207
Hz, after which a plateau is reached. With fatigue the

shape of the curve can be altered, so that repeated high
load muscle contraction may lead to a reduction in the
forces génerated at high stimulation frequenéies (i.e.
high frequency fatiéue) and/or a reduction in the forces
generated at low stimulation frequencies (i.e. low
frequency fatigue), shifting the frequency force curve to
the right. High frequency fatigue which is assocaited
with a defect of neuromuscular transmission and
depolarisation of the muscle cell causes a reduction of
the muscle EMG, and recovers rapidly. With low frequency
fatigue depolarisation of the muscle cell is normal and
the EMG is not affected, but the force generated for each
action potential is reduced reflecting ah impaired
response of the muscle fibre itself. Low ffequency
fatigue can last a long time, sometimes persisting for
many hours (Edwérds et al, 1977). Low frequency fatigue
is believed to be of particular importance as the firing
frequency of motor neurones during everyday activities if
low (5-30 Hz) and therefore on the steep part of the
frequency force curve. Even for a sustained maximum
voluntary contraction the firing frequency of motor
neurones falls-to below 30 Hz within a few seconds. Low
frequency fatigue has been documented for the
sternomastoid and diaphragm in normal subjects following
inspiratory loading and also in the sternomastoid of
patients with stable airways obstruction who have been

stressed with sustained maximum voluntary ventilation
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(Moxham et al, 1981; Wilson et al, 1984). However the

observations of this type of fatigue in patients with
ventilatory failure in whom fatigue has occurred
spontaneously are very few (Moxham et al, 1981). In
severely ill patients it is difficult to use the invasive
techniques that are necessary to detect low frequency
fatigue. ThisAproblem greatly limits the usefulness of
stimulation techniques and as yet it is not known how
frequently low frequency fatigue is an important problem
in clinical practice.

{iii) Relaxation rate. The most recent
technique used to study the importance of muscle fatigue
is the measurement of the relaxation rate of the
respiratory muscles (Esau et al, 1983; Esau, Bye and
Pardy, 1983; Levy et al, 1984). During fatigue a
universal finding is that skeletal muscle becomes slower
(Edﬁards, Hill and Jones, 1972). It is likely that the
measurement of relaxation rate will provide useful
information about the development of respiratory muscle
fatigue and it may establish its importance iﬂ V
respiratory failure (Moxham, 1984). Relaxation rate can
be described in tefms of the half time and time constant
of the pressure decay curve following voluntary or
stimulated contraction of muscle (Edwards, Hill and
Jones, 1972; Edwards et al, 1977; Edwar&s, 1982). A
third measurement of relaxation rate is the slope of the
tangent to the early part of the pressure decay curve.
Maximum relaxation rate (MRR) is the ratio of slope/peak

pressure and is expressed as % during pressure fall/10



msec (Wiles, 1981). The measurement of MRR during 208
_occludéd inspiratory efforts is not always suécessful.v
Recently an attempt has been made to measure MRR of ‘the
respiratory muscles non-invasively at the mouth following
brief inspiratofy efforts against an occluded'airWay
(Levy et al, 1984). However 25% of norhal subjects could
not perform the manoeuvre satisfactorily and were
excluded from the study. By contrast a sniff (Miller,
Moxham and Green, 1985; Laroche et al, 1988; Koulouris et
al, 1988) is a naturél manoeuvre, easily performed by
both normal subjects and patients. The aim of this study
was to investigate MRR of oesophagéal pressure (Poes)
generated by voluntary sniffs, and to determine if MRR
decreases with inspiratbry muscle‘fatigue. We algo

investigated whether the MRR of sniff nasopharyngeal

(Php) and mouth pressure (Pmo) reflect MRR o%vsniff Poes.

6.2 METHODS

The study had approval of the local ethical
cpmmiftee and subjects gave informéd consent. In this
study a ’'sniff’ was characterised by a brief voluntary
inspiratory effort with the lipsvclosed, through the
nostrils without a nﬁseclip, from functional residual
bapacity (FRC) (Miller, Moxham and Green, 1985; Chapter
5). Body movement was not restricted and no special
instructions were given regarding thoraco?abdominal
movements.

Oeéophageal pressure was measured using

commercially available balloons,.lO cm long and 3.5 cm in
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circumference attached to 100 cm long fine polythene

catheters (PK Morgan, Rainham, Kent) and filled with 0.5
ml of air (Milic-Emili et al, 1964; Milic-Emili, 1984;
Beardsmore et al, 1980). Nose and mouth pressures were
measured using similar balloons reduced in length by
taping the proximal 5 cm. The optimum volume of air for
the small balloon was 0.7 ml determined from its
pressure-volume characteristics measured both in-vitro
and in-vivo. (Chapter 5; Appendix 3).

The oesophageal balloon was passed through one
nostril after topical anaesthesia of the nasal mucosa
(lidocaine spray 2%), and lubrication of the catheter
{lidocaine gel 2%), and was swallowed by the subject with
iced water. The oesophageal balloon was passed into the
stomach and then withdrawn whilst observing the pressure
signal until it was in the middle third of the
oesophagus. Nasopharyngeal pressure (Pnp) was measured
with a 5 cm balloon, advanced through the anaesthetised
nose into the nasopharynx. When the subject could just:
feel the balloon at the back of the throat during
swallowing, it was withdrawn 1 cm so that the tip of the
balloon was approximately 10 cm from the anterior nares.

Prﬁsﬁre in the mouth (Pmo) was aléo measured
with a 5 cm balloon, held in the oral cavity with the
lips closed; subjects were instructed not to bite the
catheter, or compress, or apply suction to the balloon
with the tongue during the sniff. (Fig 45).

Each balloon catheter was connected to a

Validyhe MP-45 pressure transducer (range + 350 cm Hs 0,



Measured during

SNIFE

Poesophagus (Poes)
Pnasopharynx(Pnp)
Pmouth (Pmo)

Figure 45 Dia.g ragm showing the simultaneous
measurement of Poes, Pnp and Pmo pressures during a sniff

manoeuvre.
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Validyne Co, Northridge, CA). Transducers were

calibrated before each study using U-tube water and
mercury manometers as pressure standards. Uncalibrated
pressure traces were displayéd on a Tektronik 5013N
storage oscilliscope screen (Tektronix Inc, Oregon) and
calibrated signals were recorded onto paper using a
Mingograf 800 ink-jet recorder (Siemens-Elema, Sweden) at
a paper speed of 100 mm/sec. The response time of each
balloon catheter-recorder system was measured by placing
the balloon catheter in a second larger pressurised
balloon and bursting the latter with-a hot needle to
create a square wave fall in pressure ("pop test"). The
pressure signal waé recorded at a paper speed of 1000
mm/sec. The 10-90% rise time (Tr) was found to be 0.017
‘'sec. The maximum frequency response (f3db) was
determined from the equation f3db = 1/3Tr for the
critically damped signal and was 20 Hz (Sykes, Vickers
and Hull, 1981; Clayton, 1979).

Magnetometers (Mead et al, 1967) were used fo
monitor anteroposterior diameters of the thoracic and
abdominal cavities to ensure that the subjects performed
sniffs from FRC. 1In addition the pre-sniff oesophageal

pressure was examined to confirm the subject was at FRC.

6.3 PROTOCOL
6.3.1 Normal subjects
MRR was determined in 10 normal healthy

~ caucasian subjects (6 male, 4 female, aged 27-44), all
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members of the laboratory staff. Within day

reproducibility was assessed by the subjects performing 3
sets of 10 maximal and 10 sub-maximal sniffs at 0, 20 and
40 minutes. Control sub-maximal sniffs were performed to
confirm that any reduction in the post-fatigue sniff
amplitude could not cause a change in MRR (Wiles et al,
1979). Day to day reprodgcibility was determined by
repeating these measurements in 3 subjects on three
separate days.

The slope of the pressure decay curve was
determined from a tangent drawn to the steepest portion
of the curve (Figure 46). MRR is the ratio slope/peak
pressure and is expressed as % pressure loss in 10 msec
(Wiles et al, 1979; Edwards, Hill and Jones, 1975; Jewell
and Wilkie, 1960). 1In this way sniffs of varying peak
pressures can be compared. Criteria used to select those
sniffs suitable for analysis were (a) peak pressure
maintained for less than 50 msecs (b) total sniff
duration'less than 500 msec (c) sniff presssure wave had
smooth decay curve (d) sniffs were performed from FRC,
since MRé may change with lung volume (Levy et al, 1984)
(e) when sub-maximal sniffs were analysed, a peak
pressure of at ‘least 60% of maximum, since MRR slows when
skeletal muscle is only partly activated during voluntary
contractions (Wiles et‘al, 1979). By these criteria 94%

of the sniffs were available for analysis.

6.3.2 Inspiratory loading

We investigated the change of MRR of sniff
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Figure 46 Measurement of maximum relaxation rate

(MRR) expressed as % pressure fall in 10 msec
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Poes, Pnp and Pmo with the development of inspiratory

muscle fatigue. Four Qf the ten nprmal subjects (3 male,"
1 female, aged 31-44) participated in the fatiguing
protocol. All were respiratory physiologists familiar
with the techniques used.

| These subjects fatigued their inspiratory
muscles by breathing through a partially occluded 2-way
valve of high alinear inspiratory resistance, expiration
being unloaded. Arterialised venous blood (Forster et
al, 1972) samples were drawn from a warmed hand vein
throughout the study. The oesophageal and nasopharyngeal
balloons were placed in position before the fatigue run.
Maximum Poes was determined ffom a static inspiratory
effort maintained for one second against an occluded
mouthpiece. Target Poes was set at 80% of this value,
marked on an oscilloscope screen in front of the subject,
and each subject then generated the target pressure with
each breath for as long aé possible (3-6 mins). Fatigue
was defined as thé point at which the subject could no
longer reach and maintain the target for six consecutive
breaths. At this point subjects came quickly off the
mouthpiece, placed the small balloon in their mouth and
performed a sefies of maximal and submaximai sniffs from
FRC. Sniffs were performed at 5-10 sec intervals for the

first 5 minutes, and then at 10 minutes after fatigue.

Mean values, correlation coefficients,

O U,
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regression analyses and paired t-tests were obtained
using the "Minitab" statistical computer (Minitab Inc,

State College, PA)
6.5 RESULTS

6.5.1 Normal subjects

Maximal sniff Poes, Pnp and Pmo MRR were
closely related (table 20). Correlation coefficients
were; Poes and Pnp MRR r = 0.977, p<0.001, Poes and Pmo
r = 0.947, p<0.001. Regression analyses showed that Poes
MRR = -1.19 + 1.09 Pnp MRR (R?z = 94.9%, SEE = 0.299), and
Poes MRR = -0.62 + 1.03 Pmo MRR (R®* = 88.4%, SEE = 0.451)
(Fig 47, 48). Paired t-tests revealed no statistically
significant difference between the results for maximal
and sub-maximal sniff MRR in the ten subjects (table 21).

Within day coefficients of variation (CV) for
maximal sniffs as assessed in ten subjects for three
study sessions were 5.7% (range 1.8 - 8.5) for Poes, 5.4%
(range 1.4 - 8.0) for Pnp, and 5.5% {(range 3.2 - 7.7) for
Pmo (table 22). Day to day CV’s as assessed in three
squects on thrée different days, were 6.1% (range 5.6 -
8.5) for Poes, 6.9% (range 4.6 - 8.5) for Pnp and 6.8%
{range 6.6 - 7.3) for Pmo (table 23). For sub-maximal
sniffs in 10 subjects, within day CV's were 5.6% trange
3.2 - 10.1) for Poes, 5.2% (range 1.9 - 7.6) for Pnp, and
5.7% (range 1.9-- 9.8) for Pmo (table 24). Day to day

CV's were 9.2% (range 7.9 - 10.1) for Poes, 8.1% (range



Table 20

Normzl VYalues (mean+SE) for Maximal Sniff MRR
(% pressure loss/10 msec)

Subject

—

O NV 0O N OoON U & W -

Mean

~] o oo Vv ON O VWV VOV VWV O

Poes

.587+0.15
.07+0.27

.200+0.23
.89+0.17

.010+0.22
.730+0.20
.890+0.17
.000+0.17
.150+0.18
.060+0.16

0.421

Pnp Pmo
11.028+0.70 11.072+0.26
10.096+0.28 10.335+0.28

9.660+0.28 9.470+0.18
9.792+0.15 9.663+0.14
9.837+0.20 9.730+0.18
7.290+0.18 7.010+0.20
10.400+0.16 10.490+0.17
8.210+0.16 8.030+0.19
8.750+0.22 8.730+0.20
7.910+0.20 8.280+0.20
9.297 9.287
0.379 0.397
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SNIFF Ppes MRR

Figure 47. Comparison between Poes and Pnp MRR in
ten normal subjects obtained during maximal sniffs
(Poes MRR = -1.19 + 1.09 Pnp MRR, Rz = 94.9%, SEE = 0.299

n = 10)
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Figure 48 Comparison between Poes and Pmo MRR in
ten normal subjects obtained during maximal sniffs (Poes
MRR = -0.62 + 1.03) Pmo MRR (R2 = 88.4%, SEE = 0.451, n =

10).
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Normal values for Submaximal Sniff MRR

Table 21

(y60% sniff Poes)

-—
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Pmo

.98+0.42
.92+0.43
.73+0.60
.47+0.08
.79+0.11
. 9010 .28
.07+0.21
.83+0.12
.64+0.19
.12+0.16

Poes Pnp
10.18+0.31 10.06+0.42
9.40+0.42 9.89+0.33
10.09:0.49’ 10.72+0.45
8.76+0.19 8.59+0.11
9.65+0.21 9.85+0.13
7.48+0.21 8.13+0.07
9.12+0.14 9.93+0.33
7.95+0.15 7.86+0.22
7.74+0.16 8.28+0.19
6.75+0.21 7.17+0.17

8.710 9.043

0.370 0.371

8.945

0.343
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Table 22

Within day coefficient of variation for
Maximal Sniffs MRR in 10 normal subjects

Poes

WNE PN O0 N

5.
(1.79-8.49)

69

Pnp Pmo

6.60 7.70
5.44 6.22
6.66 4. 41
1.40 4 .95
8.05 5.98
6.27 7.07
3.16 3.21
4 .51 5.31
5.19 4.70
5.75 5.47
5.35 5.50

(1.4-8.05) (3.21-7.70)



Table 23
Day to day coefficient of variation for maximal
sniff MRR in 3 normal subjects

Subject Poes Pnp Pmo
1 5.58 k.64 6. 64
2 7.08 7.33 6.63
3 8.48 8.53 7.25

Mean 6.09 .85 6.84

Range (5.6-8.5) (4.6-8.5) (6.6-7.3)
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Table 24
Within day coefficient of variation for Submaximal
Sniff MRR ( Y 60% of Sniff Poes) in 10 normal subjects

Subject Poes Pnp Pmo
1 5.41 7.07 6.56
2 10.11 7.55 9.82
3 5.09 5.92 9.54
4 4 .45 2.67 1.89
5 5.38 3.30 2.90
6 5.70 1.93 7.11
7 3.20 6.76 4 .30
8 3.80 5.73 3.09
9 5.57 6.16 6.03
10 7.05 5.10 5.27
Mean 5.576 5.249 5.651

Range (3.20-10.11) (1.93-7.55)  (1.98-9.82)
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7.0 - 8.9) for Pnp, and 9.5% (range 8.1 - 11.2) for Pmo

(table 25).

6.5.2 Inspiratory loading

Maximum relaxation rates (% pressure loss )10
msec) for pre-fatigue maximal sniffs in 4 subjects were
10.0 + 0.2 {mean *+ SE) for Poes, 10.2 + 0.3 for Pnp, and
10.1 +0.3 for Pmo. All subjects showed a substantial
decrease in MRR after fatigue (figures 49, 50, 51) at 30
seconds sniff Poes MRR decreased by 34% (range 20-41);
Pnp MRR by 31% (range 18-43); and Pmo MRR by 32% (range
21 - 42) (table 26, 27, 28, 29). Recovery of MRR was
rapid an}exponential (figure 51); MRR and the natural
logarithm of time showed a straight line relationship
(sniff Poes MRR r = 0.985, Pnp r = 0.961, Pmo r = 0.954,
p<0.01) (figures 51, 52). The decrease in MRR was no
longer statistically significant by the third minute of
recovery. Repeated studies in the four subjects showed
closely similar results. |

Arterialised blood samples showed no change in
pH, Pcoz abd Po: between control and fatigue values

(table 30).

6.6 DISCUSSION

The results of the present study show that the
MRR of sniff oesophageal pressure is reduced with
fatigue, and could therefore be a valuable technique for

the detection of inspiratory muscle fatigue although
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- Table 25
Day to day coefficient of variation for Submaximal
Sniff MRR () 60% of Sniff Poes) in 3 normal subjects

Subject Poes Pnp Pmo
1 10.069 8.355 8.090
2 9.479 8.863 9.282
3. ‘ 7.929 6.961 11.202
Mean 9.159 8.058 9.464

Range (7.92-10.06) (6.96-8.86)  (8.09-11.20)



- o 226

Figure 49 Sniff wave forms before and after fatigue

in one subject
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Figure 50 MRR values before and after fatigue for

sniff Poes, Pnp and Pmo in one subject (JIM)



Table 26
MRR of Sniff Poes before and after fatigue, and
during recovery (mean+SE)

Suh-

8 " t ’ 1 ! L] '
jects Before 30 1 2 3 4 5 10
LV 9.79+0.17 7.87+0.19 8.15+0.10 8.74+0.24 9.31+0.25 9.40+0.13 10.37+0.24 10.18+0.22
NK 10.58+0.15 6.20+0.15 7.36+0.30 8.49+0.16 9.55+0.33 9.204+0.33 10.06+0.08 9.86+0.21
MG 10.01+0.22 5.99+0.23 6.17+0.35 7.07+0.30 8.05:0.30 9.39+0.35 8.11+0.17 10.68+0.21
~JIM 9.57+40.17 6.47+0.35 6.38+0.29 8.25+0.29 9.37+0.339 9.5110.27 9.8710.14 10.45+0.32
Mean 10.013 6.632 71.019 8.142 9.072 9.128 9.606 10.297
+SE 0.219 0.424 0.459 0.369 0.343 0.254 0.506 0.178

6¢2



Table 27

MRR of Sniff Pnp before and after fatigue, and
during IECOVery (mean+SE)
Sub- " 1 ' ' ' ' '
jects Before 30 1 2 3 4 5 10
LV 9.79+0.15 7.98+0.27 8.18+0.008 8.74+0.25 9.26+0.25 9.20+0.13 10.24+0.27 10.2010.24
NK 11.02+0.20 6.25+0.14 7.47+0.33 8.75+0.23 9.91+0.33 9.34+0.07 9.94+0.16 9.92+0.29
MG 9.83+0.20 6.50+0.23 6£.61+0.30 7.80+0.28 8.96+0.25 8.32+0.30 8.35+0.19 10.84+0.17"
M 9.99+0.24 6.96+0.33 6.69+0.30 8.48+0.25 9.65+0.30 9.91+0.14 10.05+0.11 10.73+0.31
~ Mean 10.157 6.922 1.237 8.442 9.445 9.192 9.695 10.422
+SE 0.290 0.381 0.369 0.223 0.7209 0.328 0.436 0.218

oee



Sub-

MRR of

Table 28

Sniff Pmo before and after fatigue, and
during recovery (mean+SE)

jects Before 30" 1! 2' 3! 4 5! 10’
LV 9.66+0.14 7.62+0.25 7.79+0.16 8.61+0.23 8.78+0.28 9.09+0.09 9.97+0.24 10.20+0.24
NK 11.07+0.26 6.46+0.16 7.58+0.27 8.73+0.19 10.01+0.37 9.43+0.09 10.09+0.11 }10.1410.23
MG 9.73+0.18 6.30+G.35 6.78+0.22 7.08+G.22 8.08+0.28 8.31+0.35 8.04+0.19 10.56+0.20
M 9.85+0.18 6.97+0.33 6.58+0.36 8.66+0.28 9.84+0.42 9.84+0.27 10.15+0.14 10.57+0.29
Mean 10.081 6.837 71.186 8.275 9.183 9.112 9.559 10.276
+SE 0.332 0.297 0.296 0.397 0.455 0.324 0.507 - 0.180

1€¢



Table 29
Sniff MRR: mean (+SE) (n=4)
* pL0.02, ** p<0.01, *** p<0.001

Time in min Pes Pnp Pmo
Control 10.0+0.2  10.2:0.2 10.2+0.3
0-1 mins  7.0+0.4%%  6.9+0.2%%*  7.240.3%**
1-2 mins 8.1+0.4%%  8.3:0.2%  B8.3+0.4%
2-3 mins 9.1+0.3 9.4+0.3 9.2+0.5
3-4 mins 9.1+0.3  9.2+0.3  9.2:0.3
4-5 mins 9.6+0.5 9.3+0.4 10.3+0.2
9-10 mins 10.3+0.2  10.440.4 10.3+0.2
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Figure 51 MRR of sniff pressures before and after
fatigue and during recovery. Each circle represents mean

+ SE data for 4 normal subjects
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Table 30
Arterialised Venous Blood

(mean + SE, n=4)

At rest At point of fatigue
pH 7.43+0.01 7.41+0.01 N.S.
PC02 (mm Hg) 37.3+1.23 35.9+1.97 N.S.

PO, (mm Hg) 78.9+3.28 73.5+5.55 N.S.
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requiring the passage of an oesophageal balloon. The MRR

of sniff Pnp and Pmo accurately reflect the decrease in
Poes MRR with fatigue, and the rapid return to contfol
values in a exponential fashion by 3-4 mins..

The absolute values and rate of recovery
following fatigue of sniff Poes, Pnp and Pmo MRR were
similar to those documented for transdiaphragmatic and
mouth pressures during occluded inspiratory efforts (Esau
et al, 1983; Esau, Bye and Pardy, 1983; Levy et al, 1984)
and for other non-respiratory skeletal muscles {(Wiles,
1981; Wiles et al, 1979a; Wiles et al, 1979b). The
conclusion that MRR can be measured from sniff pressures
is based on the assumption that the decay part of the
sniff pressure wave corresponds to the relaxation phase
of respiratory muscle contraction. The diaphragm and
intercostals are relaxing as judged by the EMG recordings
(figure 52). The A-P diameter of the upper chest, as
recorded by magnetometers, returns more slowly to FRC
values, suggesting that the chest wall and lung
relaxation rate was much slower and that the pressure
curve is most likely toveflect relaxation of the
respiratory muscles. This view is suppqrted by data
available in the literature (Lorino et al, 1982; Sharp et
al, 1967) indicating that the constant of stress
adaptation of the lungs and chest wall is several orders
of magnitude geater than the time constant of relaxation
of skeletal muscle. The reason for the similarity of

upper and lower airway pressures and MRR’s during a



Figure 52 Simultaneous recording of changes in
nasall airflow (flow) oesophageal (Poes), thoracic
anteroposterior diameter (Chest AP) intercostal (I - EMG)
and diaphragmatic (D - EMG) integriated electromyograms

during a sniff
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dynamic manoeuvre such as a sniff may be deduced from
previous studies as described in the previous chapter.
There is good evidence that during the sniff_manoeu?re
the nostrils behave as a Starling resistor, rapidly
collapsing under the influence of negative nasal
pressures. Bridger and Proctor (Bridger and Proctor,
1970) used fine catheters to explore intranasal pressure
gradients during vigorous inspiratory efforts. They were
able to identify a point of occlusion in the region lying
between the junction of the pyriform aperture and the
upper and lower lateral cartilages. When a critical
pressure gradient (estimated at 10-12 cm H20) exists
across this region, occlusion occurs. Beyond the point of
occlusion the upper and intrathoracic airways can be
regarded as being in continuity Qith little pressure
gradient betwen them. The presence of this flow limiting
mechanism explains both the close agreement between sniff
pressures and relaxation rates measured in the three
sités, and the high pleural pressures developed during a
sniff. These features of the Starling mechanism during a
sniff are seen in figure 52.

The normal values of MRR for the respiratory
muscles vary considerably between subjects and there can
be marked overlap between fresh and fatigued values.
Although the absolute values of MRR were very similar in.
our small group of subjects (table. 20) it is probable
that in some circumstances single values or MRR will not

be sufficient to demonstrate the presence or absence of
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fatigue. Serial measurements of MRR would then be needed

to detect the onset of fatigue 6r the recovery from it.
Technique may also affect MRR; when the MRR for
unobstructed sniffs is compared with the values for
inspiratory gasps, the latter are slower, such that the
relaxation rate of the diaphraém is at the lower limit of
normal for skeletal muscle (Levy et al, 1984). The lung
volume at which MRR is determined may also be of
importance (Levy et al, 1884); our normal subjects
performed sniffs from FRC as judged by the megnetometer
trace and pre-sniff values of Poes. 1In patients any
alteration in lung volume must be taken into account when
performing serial measurements.

Inspiratory muscle fatigue may precipitate or
intensify ventilatory failure (Roussos and Macklem,
1982). Hypoxia and hypercapnic acidosis consequent to
ventilatory failure may slow muscle relaxation directly
and offset the value of MRR as an index of fatigue in
this clinical context. However, the data to éupport this
view has been obtained from in-vitro studies (Dawson,
Gadian and Wilkié, 1980; Esau, 1987). A recent in-vivo
study (Vianna et al, 1988) has shown no direct effect of
acute hypoxia and hypercapnia/acidosis on MRR in human
subjects. It is therefore concluded that sniff Poes MRR
could be used in respiratory failure as an index of
muscle fatigue.

Other metabolic influences on MRR of skeletal

muscle include thyroid (Wiles et al, 1979b; Laroche et
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al, 1988) and nutritional (Chan et al, 1986) status. The
measurement of upper airways pressure and relaxation
rates is simple and rélatively non-invasive and may
provide a quantitative index of response to tﬁerapeutic
interventions.

Assessments of inspiratory muscle fatigue is
difficult with the currently available techniques. Power
spectral analysis of the diaphraghmatic electromyogram
(EMG) (Lindstrom, Magnuson and Peterson, 1974) reveals
the frequency composition. With fatigue, there is an
early.alternation of the EMG such that high frequency
activity is reduced and there is an increase in power at
low frequencies, referred to as a reduction in the
high/low ratio. This change in diaphragmatic EMG has
been used as a marker of muscle fatigue, and the fall in
relaxation rate of ocpluded inspirator& efforts shows a
similar time course during the onset of fatigue (Esau et
al, 1987). However, the ﬁime constant of decay of H/L.
varies widely among subjects when Poes or Pgas
predominates, whereas is consistent among subjects only
when Poes = Pgas. Such a situation is very rare in
clinical environment (Bradley et‘al, 1988). Similarly
our results for the recovery of sniff MRR agree with the
data for high/low ratio recovery (Bellemare and Grassino,
1982). However, the cause of the shift in power spectrum
or slowing of MRR is not kqewn, nor is the relationship
between these changes and force failure understood.

Attempts have been made to document the contractile
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properties of muscle by recording the force respdnse as a
function of the frequenby of electrical stimulation
(frequency/force curve) (Aubier et al, 1981; Moxham et
al, 1981; Moxham, Wiles and Edwards, 1980). With fatigue
the shape of the curve can be altered with a reduction in
the forces generated at high stimulation frequencies
{high frequency fatigue) and/or at low frequencies (low
frequency fatigue). However it is difficult to apply
high frequency stimulation techniques in sick patients.
By contrast the measurement of upper airways sniff MRR
provides a simple and minimally invasive technique
(Chapter 3).

It may be concluded that {a) a fatiguing
pattern of contraction causes a recduction in MRR of sniff
oesophageal pressure, (b) these changes in Poes MRR are
reflected in nasopharyngeal and mouth pressures during
the sniff, (¢) these measurements may prove to be useful
for detecting and monitoring inspiratory muscle fatigue

in both physiological and clinical settings.

6.7 SUMMARY

-Maximum relaxation rate (MRR, % pressure
fall/10 msec) of the inspiratecry muscles is reduced with
fatigue. I have investigated whether MRR of oesophageal
pressure (Poes) generated by voluntary sniffs is
decreased by fatigue, and whether sniff nasopharyngeal

(Pnp) and mouth (Pmo) MRR reflect these changes. In 10

normal subjects, control MRR of sniff Poes correlated
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closely to Pnp MRR (r = 0.977, p<0.001) and Pmo MRR (r =
0.947, p<0.001). To produce inspiratory muscle fatigue,
4 highly motivated subjects breathed to exhaustion (3 - 6
minutes) through a high inspiratory resistance. MRR was
determined from 10 sniffs for Poes, Pnp and Pmo beforg
fatigue, and at intervals up to 10 minutes after fatigue.
The subjects showed a mean decrease in sniff Poes MRR of
34% (range 20 - 41) immediately following fatigue which
returned exponentially tb control values within 3-4
minutes. The mean changes in Poes MRR were reflected by
similar changes in Pnp MRR, 31% (range 18-43) and Pmo
MRR, 32% (range 21 - 42). Studies were repeated in the 4
subjects with closely similar resuits. It may be
concluded that fatigue of the inspiratory muscles reduces
-MRR of sniff Poes, and that this is reflectédvin Pnp and
Pmo. Sniff Poes, Pnp and Pmo MRR measurements may
provide a useful method for detecting and monitoring

fatigue; Pnp and Pmo have the advantage of being less

invasive.
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CONCLUSIONS
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The primary function the respiratory muscles

have to accomplish together in a coordinated manner is to
displaée fhe rib cage and the abdomen to pump gas into
and out of the lungs. |

The mechanics.of breathing is a problem
requiring on one hand the detailed knowledge of a
classical anatomist and on the other hand the analytic
uhderstanding of an engineer (W O Fenn). Therefore for
the sake of better understanding the function of this
vital pump,lsome of the most relevant féatures are
stressed in the chapter one. A brief description of the
techniques and equipment currently available to test the
respiratory muscles is given in chapter two.

In the last ten years tﬁere has been
considerable increase in interest and research in
respiratory muscle physiology and pathophysiology. This
implies the necessity of refinement of old and invention
of new techniques to investigate various aspects of
respiratory muscle function.

Muscle configuration and length are majpr
determinants of diaphragmatic contractility; the length
of the diaphragm is increased in the supine posture with
a theoretical improvement in mechanical advantage. The
transition from supine to upright posture shortens the
diaphragmatic fibres compromising force generation.
Little is known about the effect of posture on the
generation of maximal respirateYy pressures. The aim of

the study in Chapter three was to quantify the effect of
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body position on the following indices of respiratory
muscle strength (i) transdiaphragmatic pressure (Pdi)
generated at FRC during percutaneous bilateral phrenic
nerve stimulation at 1Hz, (ii) maximal sniffs and (iii)
maximal static mouth pressures (PImax and PEmax).

Studies performed in six highly trained normal subjects.
Sniffs and twitches were performed with abdomen bound and
unbound. Three postures were examined: seated (Se),
semi-supine (30s) and supine (Su). Binding the abdomen
significantly increased twitch Pdi in all postures by 40%
in Se, 29% in SS and 21% in Su but any advantage in
producing higher pressures is offset by patients
discomfort and increased breathléssness. Changes of
posture did not significantly alter twitch Pdi. 1In the
clinical setting, I observed that subjects are most
comfortable when phrenic nerve stimulation is performed
in the 3OSvaSit0n. It is also easier to locate the
phrenic nerves and maintain stimulus maximality in this
positon. By contrast sniff Pdi and static mouth
pressures were significantly reduced in Su posture.
Therefore voluntary manoeuvres give higher pressures in
seated positbn than supine despite a theoretical
reduction in mechanical advantage of the diaphragm. This
improvement is not seen in involuntary manoceuvres. It
may be that in voluntary manoeuvres a better recruitment,
activation and coordination of the respiratory muscles
can be achieved. From a practical viewpoint serial

measurements of respiratory pressures during voluntary
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manoeuvres should be carried out in a standard posture.

Important differences exist between feference
ranges for the normal values of PImax and PEmax. This
variation may reflect differences in the cohorts used to
establish a normal range, the criteria of measurement,
the design of the apparatatus and the way it is used.

The latter hypotheéis therefore was investigated in
Chapter 4 i.e. differences reported for normal ranges
reflect the use of different mouthpieces. I compared two
mouthpieces, a rigid plastic flanged type fitting inside
ﬁhe lips (flange) and a rubber tube held against the lips
(tube). It was concluded that for subjects able to use
the tube, pressures may be higher. A rubber tube
mouthpiece would seem appropriate in physiological
studies when truly maximal pressures are needed. The
flange is more widely applicable as pressures can be
obtained by the assistance of the investigator in
patients who are unable to use the tube owing to
neruomuscular disease, hand deformity or quadriplegia.
The choice of the mouthpiece does contribute to the
variability in the reported nqrmal ranges for PEmax and
PIma*. The differences are unlikely to be important
clinically, provided the appropriaﬂe range is used. It
may‘be preferable for a laboratory wishing to measure
mouth pressures to choose one technique applicable to the
study population and to establish a local referance
range.

Oesophageal pressure measured during a maximal

sniff from FRC without a nose clip discriminates patients

<
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with suspected weakness of the respiratory muscles who

‘have a low PImax due to poor technique or lack of
motivation from those with total inspiratory muscle
weakness. However the usefulness of sniff Poes in
detecting inspirat®fYy muscle weakness can be offset in
éome subjects by the need to pass an oesophageal balloon.
The aim of the studies in chapter 5 was to establish
whether pressures in the mouth (Pmo) or nasopharynx (Pnp)
reflect Poes during a maximum sniff and if their
measurement provides a minimally invasive technique for
the discrimination assessment of inspiratory muscle
weakness. It was found that in both normal subjects and
patients with pure inspiratory muscle weakness, Pnp and
_Pmo accurately predict Poes during the sniff manoeuvre.
Measurement of sniff Pnp and Pmo is therefore a Simple
mihimally invasive, reproducible, well tolerated by all
subjects and may provide a clinically useful technique
for the assessment of inspiratory muscle strength.

The most recent technique used to detect
fatigue of the respiratory muscles has been slowing of
Maximum Relaxation Rate (MRR). It has been shown
(chapter 5) that Pnp and Pmo accurately reflects Poes
during a sniff; The aim of the studies in chapter 6 was
to investigate MRR of sniff oesophageal pressure, to
determine if MRR decreases with inspiratory muscle
fatigue and whether MRR of éniff Pnp and Pmo reflect MRR
of sniff Poes. It was found that a fatiguing pattérn of

contraction causes a significant reduction in MRR of
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sniff Poes and these changes are reflected in sniff Pnp

and Pmo MRR. All changes in MRR returned exponentially
to control values within 3-4 minutes.A These measurements
i.e. sniff Poes, Pnp and Pmo MRR may prove useful for

detecting and monitoring respiratory muscle fatigue; Pnp

and Pmo have the advantage of being minimally invasive.



e e




L T

(¢}
<3




]
[9}]
—

CHAPTER_1

Affeldt J.E. )
Neuromotor paralysis In: Handbook at Physiology, Section
3. Respiration, Volume 2. Ed by Fenn W.O0. and Rahn H.
Washington D.C. American Physiological Society pp 1509-1518

Affeldt J.E., Whittenberger J.L., Mead J., Ferris B.G. Jr
Pulmonary function in convalescent poliomyelitis

patients., II. The pressure-volume relations of the thorax
and lungs of chronic respiratory patients.

N. Engl. J. Med. 1952;247:43-47

Agostoni E., Sant’ Ambrogio G.,

The diaphragm, In: The respiratory muscles, mechanics and
neural control. 2nd eds.

Lloyd-Luke, 1970; pp 145-160

Alexander J.
Multiple intercostal neurectomy of pulmonary tuberculosis
Am Rev. Tuberc. 1929;20:637-684

Arnold D.L., Bore P.J., Radda G.K., Styles P., Taylor D.J.
Excessive intracellular acidosis of skeletal muscle on
exercise in a patient with post-VlLal exhaustion/fatigue

syndrome
Lancet 1984;i:1367-1369

Aubier M., Farkas G., De Troyer A., Mozes R., Roussos C.
Detection of diaphragmatic fatigue in man by phrenic

stimulation.
J. Appl. Physiol. 1981;50:538-5441

Barker D.
The structure and distribution of muscle receptors
In: Symposium on Muscle Receptors; 1962

Beck F. and Baxter J.S.
Some observations on diaphragmatic blood supply
J. Anat. 1980; 94:224-230

Begin R., Bureau M.A., Lupien, Lemieux B.
Control and modulation of respiration in Steiner’s myotonic
dystrophy.

Am. Rev. Respir. Dis. 1980;121:281-280

Bellamy D., Newsom-Davis J.M., Hickey B.D., Benatar S.R.,

Clark T.J.H.
A case of primary alveolar hypoventllatlon associated with

mild proximal myopathy. -
Am. Rev. Respir. Dis. 1975;112:867-873



Bergstrom J., Hermansen L., Hultman E., Saltin B.
Diet, muscle glycogen and physical performance
Acta. Physiol. Scand. 1967;71:140-150

Bigland-Ritchie B., Cafarelli E., Vollestad N.
Fatigue of submaximal static contractions.
Acta. Physiol. Scand. 1986;128(Suppl 556)137-148

BraunrN.M.T., Arora N.S., Rochester D.F.
Force length relationship of the normal human diaphragm
J. Appl. Physiol. 1982;53:405-412

Brook M.H., Kaiser K.K.

Threz myosin adenosine triphosphatase systems the nature
of their PH liability and sulphydryl dependence

J Histochem Cytachem. 1970;18:670 - 672

Bryce T.H.
In Quain’'s Elements of Anatomy 11th edit.
'1923;4 (pt 2) London: Longmans

Cambell E.J.M.
The muscular control of breathing in man
({PhD Thesis, Univ of London), 1954

Cambell E.J.M.

In: The respiratory muscles: Mechanics and neural control
2nd edition :
Lloyd-Luke, London, 1970

Cambell E.J.M. and Green J.H.

The variations in intra-abdominal pressure and the activity
of the abdominal muscles during breathing and increased
pulmonary ventilation.

J. Physiol. . {Lond.) 1953;122:282-290

Cambell E.J.M., Green J.H.

The behaviour of the abdominal muscles and the intra-
abdominal pressure during quiet breathing and increased
pulmonary ventilation. A study in man.

J. Physiol. {l.ond.) 1955;127:423-426

Cambell E.J.M., Newsom-Davis J.

The intercostal muscles and other muscles of rib cage
In: The respiratory muscles: mechanics and neural
control. 2nd edition.

Cambell E.J.M., Agostoni E., Newsom-Davis J. Eds.
Lloyd-Luke Ltd, 1970; pp 161-174

Carroll J.E., Zwillich C., Weil J.V., Brooke M.H.
Depressed ventilatory response in occulocraniosomatic.

neuromuscular disease.
Neurology 1976;26:140-146



Comtois A., Gorczyca N., Grassino A,
Anatomy of diaphragmatic circulation
J. Appl. Physiol. 1987; 62:238-244

Cook R., Pate E.
The effects of ADP and phosphate on the contraction of

muscle fibres
Biophysical J. 1985;48:789-798

Corda M., Von Euler C., Lennerstand G.
Proprioreceptive innervation of the diaphragm
Journal of Physiology (London), 1965;178:161-177

D’'Angelo E., Sant’Ambrogio G.

Direct action of contracting diaphragm on the rib cage in
rabbits and dogs.

J. Appl. Physiol. 1974;36:715-719

Danon J., Druz W.S., Goldberg N.B., Sharp J.T.

Function of the isolated paced diaphragm and the cervical
accessory muscles in C; quadirplegics

Am. Rev. Respir. Dis. 1979;119:909-919

Davies F., Gladstone R.J. and Stibbe E.P.
The anatomy of the intercostal ner-cs
J. Anat. {(London) 1932;66:323-333

De Troyer A.
Mechanical role of the abdominal muscles in relation to

posture
Respir. Physiol. 1983;53:341-353

De Troyer A.

Actions of the respiratory muscles or how the chest wall
moves in upright man

Bull. Eur. Physiopathol. Respir. 1984;20:409-413

De Troyer A., Borenstein S.

Acute changes in respiratory mechanics after pyridostigmine
injection in patients with myasthemia gravis

Am. Rev. Respir. Dis. 1980;121:629-638

De Troyer A., Borenstein S., Cordier R.
Analysis of lung volume restriction in patients with
respiratory muscle weakness

Thorax 19390;35:603-610

De Troyer A., Deisser P,

The effects of intermittent positive pressure breathing on
patients with respiratory muscle weakness.

Am. Rev. Respir. Dis. 1981;124:132-137

De Troyer A., Estenne M.
Functional Anatomy of the Respiratory Muscles. )
In: Respiratory Muscles: Function in health and disease.

<l



[w
S}

Belman M.J. (ed).
Clinics in Chest Medicine, 1988;9:175-193

-De Troyer A., Estenne M.

Coordination between rib cage muscles and diaphragm during
quiet breathing in humans

J. Appl. Physiol. 1984;57:899-906

De Troyer A., Ninane V., Gilmartin J.J.

Triangularis Sterni muscle use during eupnea in humans:
effect of posture

Respir. Physiol., 1988;74:151-162

De Troyer A., Pride N.B.

The respiratory system in neuromuscular disorders
In: Thorax. Roussos C. and Macklem P.T. eds
Marcel Dekker Inc. N.York, 1985;2:1089-1121.

De Troyer A., Sampson M., Sigrist, S., Kelly S.
How the abdominal muscles act on the rib cage-
J. Appl. Physiol. 1983;54:465-469

De Troyer A., Sampson M., Singrist S. and Macklem P.T.
Action of the costal and crural parts of the diaphragm on
the rib cage in dog

J. Appl. Physiol 1982;53:30-39

Delhez L., Petit J.M.

Donnees actuelles de 1’Electromyographie respiratoire chez
1’Homme normal

Electromyography 1966;6:101-146

Derenne J.P.H, Macklem P.T. and Roussos C.H.
The respiratory muscles: Mechanics, Control and
Pathophysiology - State of the Art - Part 1

Am. Rev. Respir. Dis. 1978;118:119 - 133

Duchenne G.B.

Physiology of Motion

Translated by E.B. Kaplan

N B Saunders, London, 1959 pp 443-503

Edwards R.H.T.

New techniques- for studying human muscle function
metabolism and fatigue

Muscle Nerve 1984;7:599-609

Edwards R.H.T., Faulkner J.A.

Structure and function of the Respiratory Muscles
In Thorax: Roussos C. and Macklem P.T. ed _
Marcell Dekker Inc. New York, 1985;1:297-326

Edwards R.H.T., Jones D.A.
Disease of Skeletal muscle.
In: Peachey D., Adrian R.H., Greiger S.R. eds.

T IV



(3]
[$}}
S]]

Handbook of physiology: Skeletal muscle.
Baltimore: Williams and Wilkins, 1983;633-672

Eisele J., Trenchard D., Bruki N., Guz A.
The effect of chest wall block on respiratory sensation and

control in man.
Clin. Sci. 1968;35:23-33

Evanich M.J., Franco .J, Lourenco R.V.

Force output of the dlahpragm as a functlon of phrenic
nerve firing rate and lung volume.

J. Appl. Physiol. 1973;35(2):208-212

Farkas G.A., Roussos C.H.
Acute diaphragmatic shortening: In vitro Mechanics and
Fatigue :

Am. Rev. Respir. Dis. 1984;130:434-438

Ferris B.G., Mead J., Whittenberger J.L., Saxton G.A.
Pulmonary function in convalescent poliamyelitic patients.
III. Compliance of the lungs and thorax

N. Engl. J. Med. 1952;247:390-393

Fitch S., McComas A.
Influence of human muscle length on fatigue.
J.Physiol. 1985;363:205—213

Fluck D.C.
Chest movements in hemiplegia
Clin.Sci. 1966;31:383-388

Foster M.
Lectures on the history of physiology
London: Cambridge Univ. Press, 1901

Franklin, K J.
A short history of Physiology (an ed).
London: Staples, 1949

Gal T.J., Arora N.S.

Respiratory mechanics in supine subJects during progressive
partial curarization

J. Appl. Physiol. 1982;52:57-63.

Gamnet R.A.F., O0’'’Donovan M.J, Stephens J.A. Taylor A.
Motor unit organisation of human medial gastrocnemious
J. Physiol. {Lond), 1979;287:33-43

Gibson G.J., Pride N.B., Newsom-Davis J., Loh L.C.
Pulmonary mechanics in patients with respiratory muscle

weakness
Am. Rev. Respir. Dis. 1977;115:389-395

Goldman M.D., Grassino A., Mead J., Sears T.A.
Mechanics of the human diaphragm during voluntary



contraction dynamics
J. Appl. Physiol. 1978;44(6):840-848

Green M., Mead J., Sears T.A.
Muscle activity during chest wall restriction and positive

pressure breathing in man
Respir. Physiol. 1978;35:283-300

Green M., Moxham J. _
Respiratory muscles: In recent advances in Respiratory

Medicine. ed Churchill - Livingstone
London, 1983; pp 1-20 :

Green M., Moxham J.
The respiratory muscles
Clin. Sci. 1985;68:1-10

Green H.J.
Neuromuscular aspects of fatigue
Gan. J. Sports Sci. 1987;12:175-185

Hamberger, G.E.

Respirationis Mechanismo et Usu Genuino
Dissertatio, Jena,

Germany: Groeker, 1748

Hamilton W.S., Boyd J.D., Mossman H.W.
Human embryology, 3rd edit.
Cambridge; Heffer; 1962

Hapke E.J., Meek J.C., Jacobs J.
Pulmonary functlon in progre581ve muscular dystrophy
Chest 1972;61:41-47

Harrison B.D.N., Collins J.V., Brown K.G.E., Clark T.J.H.
Respiratory failure in neuromuscular diseases
Thorax 1971;26:579-584

Hermansen L.

Effect of metabolic changes on force generation in skeletal
muscle during exercise :

In: Porter R., Whelan J. eds. Human muscle fatigue
physiological mechanics. Ciba Foundation symposium 82.
London Pitman, .1981:75-88

Hill A.V.
The heat of shortenlng and the dynamic constants of muscle

Proceedings of Royal Society, London, B, 1938;126:136-195

Hultman E., Shjoholm H.

Biochemical causes of fatigue.

In: Jones N.L., McCarthy N., McLomas A.J., eds
Human muscle power. Campaign.

Human Kinetics Publishers. 1986;215-238



Johnston T.B. and Whillis
Gray’'s Anatomy, 30th edit.
1949; pp557-564. London: Longmans

Jones D.A.

Muscle fatigue due to changes beyond the neuromuscular
junction In: Porter R., Whelan J. eds. Human muscle
fatigue: physiological mechanisms. Ciba Foundation

symposium 82.
London Pitman, 1981,;178-196

Jones D,A., Bigland-Ritchie B.

Electrical and contractile changes in muscle fatigue

In: Saltin B. ed. Biochemistry of exercise
International series on sport sciences. 1986;16:377-392

Jordanoglou J.
Vector analysis of rib movement
Respir. Physiol. 1970;10:109-120

Jordanoglou J.

Rib Movement in health,kyphoscoliosis and ankylosing
spondylitis

Thorax, 1967;24:407-414

Kentish J. _

The effects of inorganic phosphate and creatine phosphate
on force production in skinned muscles from rat ventricle.
J. Physiol. 1986;370:585-6041

Kilburn K.H., Eagan J.T., Sieker H.O0., Heyman A.
Cardiopulmonary insufficiency in myotonic and progressive

muscular dystrophy
N. Engl. J. Med. 1959;261:1089-1096

Kim M.J., Druz w.S., Danon J., Machnach N., Sharp J.T.

Mechanics of the canine diaphragm
J. Appl. Physiol 1976;41:369-382

Knuttgen H.G., Bonde-Peterson F., Klausen K.

02 uptake and heart rates responses to exercise performed
with concentric and eccentric muscle contractions.

Med. Sci. Sports 1971;3:1-5

Kreitzer S.M., Feldman N.T., Sunders N.A., Ingram R.H. Jr
Bilateral diaphragmatic paralysis with hypercopnic
respiratory failure: A physiological assessment.

Am, J. Med. 1978,;65:89-95

Leek L.V. and Rahil K.

Permeability of the diaphragmatic mesothelium: The
ultrastructural basis for "stomata"

Am. J. Anat. 1978;151:557

B



8]
wn
w

Lockhart A.
A layman’s view on respiratory muscles
Bull. Eur. Physiopathol Respir. 1984;20:395 - 397

Loring S.H., Mead J., Griscom N.T.

Dependence of diaphragmatic length on lung volume and
thoracoabdominal configuration.

J. Appl. Physiol. 1985;59(6):1961-1970

Loring S.H. and Mead J.

Action of the diaphragm on the rib cage inferred from a
force-balance analysis ' ‘

J. Appl. Physiocl. 1982b;53:756-760

Macklem P.T., Roussos C.S.
Respiratory muscle fatigue: a cause of respiratory failure
Clin. Sci. 1977;53:419-422

Marshall R. :
Relationships between stimulus and work of breathing at
different lung volumes.

J. Appl. Physiol. 1962;17(6):917-921

May M. T.

Galen on the Usefulness of the parts of the body
(De usu partium) Ithaca, N Y.

Cornell Univ. Press, 1968

Mayow J.

Medico-Physical Works (Translation of Tractatus Quiingue
Medico-Physici. 1674)

Edinburgh: Alenbic Club, 1907

McCully K.K., Faulkner J.A. A
Length~-tension relationship of mammalian diaphragm muscles.
J. Appl. Physiol. 1983;54(6):1681-1686

Mead J.

Functional significance of the area of apposition of
diaphragm to rib cage

Am. Rev. Respir. Dis. 1979: 119; 31-32

Mead J. and Loring S.

Analysis of volume displacement and length of the diaphragm
during breathing

J. Appl. Physiocl. 1982;53:750-755

Metzger J.M., Moss R.L.

Greater hydrogen ion induced depression of tension and
velocity in skinned single fibres of fast rather than slow
muscles

J. Physiol. 1987;393:727-742

Mortola J.P. and Sant’ Ambrogio G.
Motion of the rib cage and the abdomen in tetraplegic



patients :
Clin. Sci. Mol. Med. 1978;54:25-32

Moxham J.

Function and fatigue of respiratory muscles
In: Advanced medicine 18. Ed M Sarner
London Pittman 1982;18:127-137

Moxham J}, Morris A.J.R., Spiro 35.G., Edwards R.H.T.,
Green M.

Contractile properties and fatigue of the diaphragm in man
Thorax 1981;36:154-168

Moxham J., Wiles C.M., Newham D., Edwards R.H.T.
Sternomastoid function and fatigue in man
Clin. Sci. 1980;59:433-468

Newham D.J.
The consequences of eccentric contractions and their

relationship to delayed onset muscle pain
Eur. J. Appl. Physiol. 1988;57:353-359

Newsom Davis J., Goldman M., Loh L., Casson M.
Diaphragm function and alveolar hypoventilation.
Q. J. M. 1976;45:87-100

Newsom-Davies J., Loh L.
Alveolar hypoventilation and respiratory muscle weakness
Bull. Eur. Physiopathol. Respir. 19579;15:45-51

Newsom-Davies J., Stagg D., Loh L., Casson M.,

The effects of respiratory muscle weakness on some features
of the breathing pattern

Clin. Sci. 1976;50:10p-11p

Ninane V., Decramer M., De Troyer A.

Coupling between triangularis sterni and parasternals
during breathing in dogs.

J. Appl. Physiol., 1986;61(2):539-514,

Nosek T.M., Fender K.Y., Godt R.E.

It is diprotonated inorganic phosphate that depresses force
in skinned skeletal muscle fibres ’
Science 1987;236:191-193

Osmond D.G.

Functional anatomy of the chest wall

In: The Thorax edt by Roussos C.H. and Macklem P.T.
1985; part A: pp 199-233, Marcel Dekker, Inc - New York

Padikyla M.A, Herman E.

The specificity of the histochemical method of adenosine
triphosphatase

J Histochem. Cytochem, 1955;3:170 - 195



260

Plum F., Swanson A.G

Abnormalities on central regulation of respiration in acute
and convalescent poliomyelitis

Arch. Neurol. Psychiatry, 1958;80:267-285

Pride N.B.

Interactions between chest wall, respiratory muscles and
lung function in disease

Bull. Eur. Physiopathol. Respir. 19841;20:123-4128

Prys-Roberts C., Nunn J.F., Dobson R.H., Robinson R.H.
Greenbaum R., Harris R.S.

Radiologically undetectable pulmcnary collapse in the
supine position.

Lancet 1967;2:399-401

Ranvier M L.

Propiertes et structures differentes des muscles rouges et
des muscles blancs, chez les Lapins et chex les Raies

C R Acad Sci (Paris), 1873;77:1030 - 1034

Raper A.J., Thomson W.T.Jr., Shapiro N., Patterson J.L.J.
Scalene and sternomastoid muscle function
J. Appl. Physiol. 1966;21:497-502

Rasmussen A.T.
The principal nervous pathways, New York:
Macmillan 1952: pi3.

Ringqvist J., Ringqvist T.

Respiratory mechanics in untreated myasthemia dravis with
special reference to the respiratory forces

Acta. Med. Scand. 1971;190:499-508

Road J., Newman S., Derenne J.P., Grassino A.
In vivo length-force relatlonshlp of canine dlaphradm
J. Appl. Physiol. 1986;60(1):63-70

Rochester D.F., Arora N.S. and Braun N.M.T.

Maximum contractile force of human diaphragm muscle,
determined in vivo ,

Trans. Am. Clin. Climatal. Assoc. 1981;93:200-208

Rosenow E.C. and Engel A.G.
Acid-maltase deficiency in adults presenting as respiratory

. failure.,.
Am. J. Med. 1978;64:485-491

Saltin B., Gollnick P.D. Tt

Skeletal muscle adaptivity 31gn1flcance for metabolism and
performance

In Handbook of Physiology, section 10: Skeletal muscle.
L.D. Peachey et al. eds. American Physiologicol Society,
Maryland 1983, pp 556-631

Crn s bk he e



Sant’ Ambrogio .G., Saibene F. »
Contractile properties of the diahragm in some mammals
Respir. Physiol. 1970;10:349-359

Sant’Ambrogio G., Frazier D.T., Wilson M.F. and Agostoni E.
Motor innervation and pattern of activity of cat diaphragm
J. Appl. Pliysiol. 1963; 48:43-46

Schroufnagel D.E., Roussos C.H., Mackem P.T. and Wang, N.S.
The geometry of the microvascular bed of the diaphragm:
Comparison of intercostals and triceps

Microvasc. Res. 1983;26:291-306

Secher N.H., Koumi P.V,

Effect of tobularlne and dedomethonium on eleotromyographlc
activity during voluntary contraction in man

Acta Angesch. Scaud. 1984 (In press)

Secher N.H., Mizuno M,, Saltin B.
Adaptation of skeletal muscles to training.
Bull. Eur..Physiopathol. Respir. 1984;20:453-457

Serisier D.E., Mastaglia F.L., Gibson G.J.

Respiratory muscle function and ventilatory control.

I. In patients with motor neuron disease. 1II. In patients
with myotonic dystrophy

Q. J. M. 1982;51:205-226

Sjogaard G.

Water and electrolyte fluxes during exercise and their
relation to muscle fatigue

Acta. Physiol. Scand. 1986;128(Suppl 556):129-136

Skatrud J., Iber C., McHugh W., Rasmussen H., Nichols D.
Determinants of hypoventilation during wakefulness and
sleep in diaphragmatic paralysis

Am. Rev. Respir. Dis. 1980;121:587-593

Smith J., Bellemare F.
Effect of lung volume on in vivo contraction

characteristics of human diaphragm.
J.Appl. Physiol. 1987;62(5):1893-1900

Urmey W.F., Loring S.H., Mead J., Brown R., Slutsky A.S.,
Sarkarati M., Rossier A.

Rib cage mechanics in quadriplegic subjects

Physiologist 1981;24:97 (abstract)

Vyscocil F., Huik P, Rechfeldt H., Vejsada R., Ujec E.
The measurement of Ke- concentration changes in human
muscles during volitional contractions.

Pflugers Arch. 1983;399:235-237

AR |

T



Wilkie D.R. 262

The relation between force and velocity in human muscle
J. Physiol (London) 1950;110:240-280

Young S.L., Tierney D.F., Clements J.A.
Mechanism of comliance change in excised rat lungs at low

transpulmonary pressure.
J. Appl. Physiol. 1970;29:780-785

Agostoni E., Rahn H.
Abdominal and thoracic pressures at different lung volumes
J. Appl. Physiol 1960;15:1087-1092

Beardsmore C.S., Helems P., Stocks J., Hatech D.J.,
Silverman M. :

Improved oesophageal balloon technique for use in infants
J. Appl. Physiol. 1980;49(4):735-742

Black L.F., Hyatt R.E.

Maximal respiratory pressures: normal values and
relationships to age and sex

Am. Rev. Respir. Dis. 1969;99:696-702

Cherniack R.M., Farhi L.E., Armstrong B.W., Proctor D.F.
A comparison of oesophageal and intrapleural pressure in
man

J. Appl. Physiol. 1955;8:203-211

Cotes J.E.

Assessment of mechanical and bellows activities of the
lung.

In: Cotes J.E., ed. Lung function: assessment and

application in medicine 4th edition.
Blackwell Scientific Publications, London, 1979;97-130

Crane M.G., Hamilton D.A., Affeldt J.E.
A plastic balloon for recording intraoesophageal pressures
J. Appl. Physiol. 1955;8:585-586

Knowles J.H., Hong S.K., Rahn H.

Possible errors using oesophageal balloon in-
‘"determination of pressure volume characteristics
of the lung and thoracic cage.

J. Appl. Physiol. 1959;14(4):525-530

Lemen R., Benson M., Jones J.G.

Absolute pressure measurements with hand-dipped and
manufactured oesohageal balloons.

J. Appl. Physiol. 1974;37(4):600-603

Mead J., Gaensler E.A. :
Oesaphageal and pleural pressures in man, upright and

-4



supine _
J. Appl. Physiol. 1959;14(1):81-83

Mead J., McIlroy M.B., Selverstone N.J., Kriete B.C.
Measurement of intraoesophageal pressure

J. Appl. Physiol. 1954;8:203-211

Mead J., Peterson N., Grimby G., Mead J.

Pulmonary ventilation measured from body surface movements.

Science 1967;156:1383

Mier A.
Assessment of respiratory muscle weakness.
MD Thesis, University of London, 1986

Milic-Emili J., Mead J., Turner J.M.
Topography of oesophagal pressure as a function of posture

in man
J. Appl. Physiocl. 1964;19(2):212-216,

Milic-Em