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Abstract

The respiratory muscles play a role in respiratory failure when the efficient performance
of the work of ventilation and/or their supply of metabolic substrates is disrupted. In this report
a model of inspiratory muscle action is presented. The inflationary pressure applied to the lungs
and the lung apposed rib cage is partitioned into two parts. One compcnent is attributable to
the action of rib cage muscles and the other is due to the interaction between upper and lower
rib cage compartments. These contributions were found to be equal.

The role of afferent impulses travelling in the phrenic nerve in the control of respiratory
muscle activity was investigated by electrical stimulation of its central cut end. Activation of
these fibres exerts a non-uniform effect on the activities of the upper airway, rib cage and
abdominal muscles and may influence respiratory muscle recruitment.

The roles of blood flow and oxygen delivery in determining diaphragm function was
investigated. The rate at which diaphragmatic fatigue develops is diminished at high rates of
blood flow and this effect is not related to the associated increase in oxygen delivery. The
critical oxygen delivery at which oxygen consumption becomes supply dependent is the same for
the resting diaphragm as for the rest of the body tissues. Activation of the diaphragin results
in a higher critical oxygen delivery, however, this effect is mitigated by an increase in the
critical oxygen extraction ratio.

The role of nitric oxide in regulating diaphragmatic blood flow and oxygen uptake was
investigated by infusion of N%-nitro-L-arginine. This treatment increased diaphragmatic vascular
resistance, reduced the duration and magnitude of reactive vasodilation and increased the oxygen

consumption and critical extraction ratio in the contracting diaphragm.
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Résumé

Les muscles respiratoires jouent un r6le dans I'insuffisance respiratoire lorsque la
performance du travail de ventilation et(ou) I’approvisionnement en substrats métaboliques sont
perturbés. Ce rapport présente un modéle d’action du muscle inspiratoire. La pression
dilatatrice appliquée aux poumons et au gril costal apposé aux poumons est divisée en deux
parties. Un composant est attribuable a ’action des muscles du gril costal et 1’autre i
1’interaction entre les compartiments inférieurs et supérieurs du gril costal. Leurs contributions
sont apparemment égales.

Le role des impulsions afférentes traversant le nerf phrénique dans le contréle de
’activité des muscles respiratoires a été étudié par stimulation électrique de son extrémité
centrale. L’activation de ces fibres exerce un effet non uniforme sur les activités de voies
respiratoires supérieures, du gril costal et des muscles abdominaux et semble influencer
mobilisation des muscles respiratoires.

Les roles du débit sanguin et de I’apport en oxygéne dans la détermination de la fonction
diaphragmatique ont été étudies. Le seuil d’apparition de la fatigue diaphragmatique diminue
lorsque le débit sanguin est élevé, phénomene qui n’a aucun rapport avec 1’augmentation connexe
des apports en oxygéne devient dépendante de |’apport est comparable pour le diaphragm au
repos et le reste des tissus organiques. L’activation du diaphragme entraine un apport critique
d’oxygéne supérieur, phénoméne néanmoins mitigé par une augmentation du quotient
d’extraction d’oxygéne critique.

Le role de I’oxyge nitrique dans la régulation du débit sanguin diaphragmatique et de la
fixation d’oxygéne a été étudié par infusion de N%nitro-L-arginine. Ce trainement augmente la
résistance vasculaire diaphragmatique, réduit la durée et I’ampleur de ia vasodilation réactive

et augmente la consommation d’oxygéne et le quotient d’extraction critique dans le diaphragme

contracteé.



Preface

The McGill Faculty of Graduate Studies and Research permits the choice of two options
in the submission of a thesis. Option A is the conventional format known to all universities
whereas option B is in the form of published or publishable papers. This work is submitted in
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"Candidates have the option, subject to the approval of their Department, of
including as part of their thesis, copies of the text of a paper(s) submitted for
publication, or the clearly duplicated text of a published paper(s), provided that
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connecting texts, providing logical bridges between the different papers are
mandatory. The thesis must still conform to all other requirements of the
"Guidelines Concerning Thesis Preparation” and should be in a literary form that
is more than a mere collection of manuscripts published or to be published. The
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the rationale and objectives of the study, 4) a comprehensive general review of
the background literature to the subject of the thesis, when this review is
appropriate, and 5) a final overall conclusion and/or summary. Additional
material (procedural and design data as weli as descriptions of equipment used)
must be provided in sufficient detail (e.g. in appendices) to allow a clear and
precise judgement to be made of the importance and originality of the research
reported in the thesis. In the case of manuscripts co-authored by the candidate
and others the candidate is required to make an explicit statement on who
contributed to such work and to what extent; supervisors must attest to the
accuracy of the claims at the Ph.D. Oral Defense. Since the task of the
examiners is made more difficult in these cases, it is in the candidates interest to
make perfectly clear the responsibilities of the different authors of the co-authored

papers.”
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CHAPTER 1: Introduction
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INTRODUCTION

Spontaneous ventilation depends on the continued action of the respiratory musculature.
It follows that failure of these muscles must play an important role in the pathophysiology of
respiratory failure. ATP production for the continuance of muscle contraction is largely
dependent on O, availability (23,78). The respiratory muscles in particular are limited in their
ability to function anaerobically (107). The ability of their contractile apparatus to continue to
generate the force required to sustain ventilation, therefore, is even more highly dependent on
oxidative phosphorylation than other skeletal muscles. This means that imbalance between
oxygen availability and the metabolic requirements of these muscles will eventually lead to their
dysfunction, manifested clinically by respiratory insufficiency and death. This situation may
arise if the metabolic demand of the respiratory muscles exceeds their capacity to augment
oxygen availability by decreasing the resistance to blood flow or by increasing the capillary
surface for oxygen diffusion. Alternatively, systemic oxygen delivery may be limited or the
ability of the muscle to extract the available oxygen may be impaired.

These precepts are intuitively attractive, and are supported by some experimental
evidence. During the application of inspiratory resistive loads in humans, McCool et al. (115)
found that the time to failure of a breathing task is closely related to the increase in respiratory
muscle oxygen consumption (VO,resp) and suggested that a critical rate of energy utilization
determines the endurance of the inspiratory pump. In normal humans, breathing hypoxic gas
mixtures shoriens the time for which breathing against high inspiratory resistances may be
voluntarily sustained and hastens the development of electromyographic features predictive of

diaphragmatic fatigue (34,158). In addition, Watchco et al. (194) and others (5) have reported
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that diaphragm strength and endurance are reduced when arterial oxygen tension falls below 45
mmHg.

It is welt known, however, that hypoxia tonically increases end-expiratory lung volume
and alters the distribution of respiratory muscle activation (18,166,200). It is possible that the
reported reductions in diaphragm strength during hypoxia reflect changes in diaphragm length
and mechanical advantage rather than an effect of hypoxia on diaphragm contractility per se.
In preparations in which this variable is eliminated, the effect of hypoxia is much less
pronounced. Bark et al. (9) found that in perfused canine diaphragm strips, even severe levels
of hypoxia produgcd no adverse effect on the contractility of the resting diaphragm or following
a period of rhythmic contraction at low levels of tension. At high levels of tension development,
hypoxemia accelerated the development of fatigue, but this required arterial oxygen tensions less
than 35 mmHg.

Direct evidence supporting a role for tissue hypoxia in the development of diaphragm
fatigue has also been elusive, Bazzy et al. (13) found no decrease in phrenic venous PO, during
the application of fatiguing inspiratory resistive loads in non-anesthetized sheep. Pope et al.
(137) found that during diaphragmatic fatigue induced by supramaximal phrenic nerve
stimulation in dogs, phrenic venous PO, remained above 30 mmHg and biochemical evidence
of anaerobic metabolism was absent. Similarly, Manchar (164,191) found that, in ponies, the
phrenic arterio-venous O, content difference remained unchanged during exhaustive exercise.

Biochemical evidence of failure of aerobic metabolism to meet the energy requirements
of the respiratory muscles (lactate accumulation, glycogen depletion and depletion of high energy

phosphate stores) during the application of inspiratory loads is similarly lacking. In intact
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spontaneously breathing dogs, moderate increases in work of breathing are not consistently
associated with increased lactate release by the diaphragm (149,155). Bazzy et al. (13)
demonstrated that inspiratory flow resistive loads did not result in increased lactate production
even though respiratory failure was present by usual criteria (decreased minute ventilation and
elevated arterial PCO, > 70 mmHg). In spontaneously breathing rabbits whose respiratory
pattern was unrestricted, Ferguson et al. (44) found that progressive inspiratory threshold loading
to the point of respiratory failure resulted in no increase in diaphragmatic lactate concentration.
In rats, Fregosi and Dempsey (49) found exhaustive exercise to produce an increase in
diaphragmatic lactate concentration which is similar to the increase in arterial blood and plantaris
muscle lactate concentrations except at maximum VO,tot when the increase in respiratory muscle
lactate concentration is less than that in blood or non-respiratory skeletal muscle. In ponies,
Manohar et al. (106,107) demonstrated that extreme exertion was not associated with lactate
evolution by the diaphragm.

Depletion of glycogen in the diaphragm is correlated with the development of fatigue
during direct nerve stimulation, as it is in peripheral skeletai muscles (44). The role which
glycolytic depletion of intramuscular carbohydrate stores contributes to respiratory muscle
fatigue in vivo, however, is disputed. In rats, glycogen concentration in the diaphragm falls
after prolonged exhaustive swimming (60) and treadmill running (121) and slowly returns to
normal over the subsequent 12 hours. This suggests that endogenous glycogen is needed by the
respiratory muscles during physiologic tasks and that depletion of these stores may contribute
to their failure. Evidence corflicting with this view, however, has been presented by Fregosi

and Dempsey (49). These investigators reported a lack of significant glycogen utilization in rat
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respiratory muscles during normoxic exercise. Only under conditions of extreme metabolic
demand coupled with reduced O, transport did glycogen utilization increase in the diaphragm and
intercostal muscles. In contrast to this report, Ianuzzo et al. (77) carried out studies in which
rats were exposed to a similar normoxic exercise regimen and found a significant reduction (43 %
of control values) in glycogen content m the diaphragm and intercostal muscles. The reduction
occurred in both Type I and II fibres. The reason for the discrepancy in the results of these two
studies remains unclear. Ferguson et al. (44) studied the effects of incremental inspiratory
threshold loads on the biochemistry and function of the diaphragm in ketamine anaesthetized
rabbits. They found no evidence of either glycogen depletion nor of contractile failure despite
inability of the animals to continue to initiate inspiratory airflow.

No direct evidence is available, furthermore, which supports failure to maintain
intramuscular high energy phosphate concentrations in the respiratory muscles during the
development of respiratory failure induced by inspiratory loading. In the dog diaphragm, ATP
and phosphocreatine concentrations were found to average 3.8umol/g and 10.2umol/g
respectively during quiet breathing and 3.3 pmol/g and 12.2 umol/g respectively during resistive
loading (153). Similarly, Fregosi and Dempsey (49) found that ATP concentration in rat
diaphragm and intercostal muscles was maintained at rest levels during exhaustive exercise under
both normoxic and hypoxic conditions.

These results suggest that common assumptions about the processes leading to failure of
the respiratory muscles to maintain ventilation are oversimplifications. The cause of respiratory
failure is muitifactorial. Although exhaustion of biochemical substrate may contribute to loss

of force under some conditions (44), other factors, particularly impairment of muscle activation
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(15) may account for failure to generate an adequate inflation pressure. Neural inputs arising
at the cerebral (199) cerebellar (198) or spinal (48) level may influence respiratory motor output,
as may failure of transmission at the neuromuscular junction (12,83,177). Furthermore, the
respiratory system adapts as a whole to being loaded so as to avoid supply-critical conditions
developing in any given respiratory muscle. Thus, although a pump perfused diaphragm will
exhibit the biochemical and electromechanical derangements associated with fatigue when
stimulated to near maximum contraction for a prolonged period, similar changes do not occur
- when the normal adaptive mechanisms are available to protect this muscle (44).

The process of adaptation occurs at a number of levels. Mechanically, the ventilatory
load is borne not by a single muscle but by several groups of muscles interacting in a complex
and changing m:uner to inflate the lungs and chest wall. Therefore, the load placed on a given
muscle group is determined by the linkage between it and all other elements in the system.
Reflex and voluntary adjustments of the pattern of activation of the respiratory muscles
(192,200,201) alter the distribution of the load so that groups most able to produce the necessary
pressures may be recruited to unioad those in which metabolic demands are about to exceed the
capacity for oxidative energy production. The effect of such a change in neural activation on
the contribution of a specific muscle depends on the nature of the mechanical linkage among
muscle groups. The arteriolar network responsible for delivery of oxygen and plasma born
substrates to the respiratory muscles responds to increased metabolic demand by vasodilation,
thereby increasing the available blood flow. This improves both the extracellular milieu by
removing metabolic byproducts detrimental to the contractile apparatus as well as bulk oxygen

delivery. Even before these changes can be detected, the capacity of the muscles to extract the
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available oxygen is enhanced, presumably by redistribution of intramuscular blood flow so as

to maximize the capillary surface for oxygen diffusion (188).

Respiratory Muscle Actions and Interactions

The normal mechanisms which protect the diaphragm from exposure to loads which
exceed its capacity to endure may be defeated by directly activating the pleenic nerve or by
mechanically altering the chest wall (44). Under these conditions, electromechanical and
biochemical chinges associated with fatigue occur and are well correlated with each other in
their severity (44). In the absence of such measures, however, respiratory failure may develop,
during the application of ventilatory loads, without impinging on the limits of diaphragmatic
oxygen extraction, accumulation of lactate, depletion of glycogen stores or alteration of the
diaphragmatic force-frequency relationship (176, 155). The efficacy of the compensatory
mechanisms responsible for distribution of the ventilatory load among respiratory muscle groups,
therefore, determine the extent to which failure of diaphragmatic contractility contributes to the
development of respiratory failure.

Of particular importance to the process of adaptation is the manner in which the
respiratory muscle groups are linked mechanically. For example, using a hydraulic analogue,
two pumps of different capacity linked mechanically in series will experience equal volume
translations but may contribute in vastly differing proportions to the total pressure change across
the system. Conversely, the same pumps coupled in parallel will experience the same pressure
change from upstream to downstream locations while contributing different amounts to the total

rate at which volume is exchanged. Any process which modifies the nature of these mechanical
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interactions will, impact on the role any one component plays in the overall ability of the system
to sustain the load imposed. In the respiratory system, the respiratory muscles are linked
through their attachments to the bony and cartilaginous elements of the chest wall. A change
in chest wall configuration during inspiration alters the energy required for respiratory system
inflation (2,59) and the manner in which the ventilatory muscles interact with each other (202).
The chest wall, therefore, plays a central role in conversion of respiratory muscle shortening to
ventilation of the lungs. The importance this concept is illustrated by the fact that failure of the
chest wall to efficiently perform its function, due to trauma or skeletal disease, may result in
ventilatory failure even if the lungs and respiratory muscles are completely normal.

In patients with pulmonary disease, the derangement afflicting the respiratory system is
far more complex than is represented by the simple addition of added inspiratory resistive or
elastic loads. Morphologic and biochemical changes in the respiratory muscles may result from
systemic effects of the underlying disease (25,55) or from its treatment (45). In addition,
changes in the length and orientation of these muscles (eg: as a result of changes in end-
expiratory lung volume) may place these muscles at a mechanical disadvantage and alter their
mechanical linkage. It is generally recognized that alterations in chest wall function contribute
to the impairment of ventilation in patients with respiratory disease (390). A complete
understanding of the role these factors play and how they may be corrected has been impeded,
however, by the inability to quantify the contributions of the diaphragm and rib cage muscles
to the inspiratory pressures generated and the degree to which these muscle groups are linked
by the chest wall. In order to address this problem, a progressive series of models has been

developed, which allow the char.cieti-*ics of the system to be analyzed in a stepwise fashion.
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The simplest model, and the first exploited. is a two compartment system, whereby,
volume changes must involve expansion of the rib cage compartment or of the abdominal
compartment. The rib cage and abdomen are assumed to move with only a single degree of
freedom (ie: to conform to their relaxation characteristic). Although this appears to be gross
oversimplification, if the ribs are constrained to conform to the path which results in the
minimum degree of misfit at the costovertebral joints, the abdomen remzins relaxed and the
spinal attitude is fixed, the use of this model is not unreasonable. Konno and Mead (93)
demonstrated that, in fact, these conditions are met over a limited range of voiume changes
during spontaneous breathing. This observation allowed the measurement of the elastic
properties of rib cage and abdomen, and has formed the basis of most models proposed to
explain the actions of the respiratory muscles and their contributions to changes in lung volume.

The limitations of this approach, however, have long been recognized. Crawford et al.
(29) found the cross-sectional areas of the upper (axilla) and lower (lower costal margin) rib
cages to move during quiet breathing in close, but not exact, approximation to their to their
relaxation relationship. McCool et. al.(114) used linearized magnetometers to monitor the
relative anterior-posterior displacements of the upper (angle of Louis) and lower (5th rib) rib
cages. They found that, although the relationship between these two diameters described a curve
close to the relaxation characteristic during quiet breathing, the system was easily distorted by
changing the muscle groups recruited during inspiration. Isolated contraction of the diaphragm
during diaphragm pacing does not drive the rib cage on its passive characteristic (30,31).
Recently, electromyographic studies have confirmed that the parasternal intercostal muscles

become active during all but the smallest volume changes and that the absence of rib cage
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muscle activation alters the inspiratory configuration of the rib cage (35,36,43,57,161). Iadogs,

Jiang etal. (81) demonstrated that during isolated diaphragm contraction the relationship between
the motion of the upper (lung apposed) rib cage and esophageal pressure fell close to its
relaxation line. This finding indicates that in dogs there is little resistance to bending between
upper and lower (abdomen apposed) rib cage compartments. The loose mechanical coupling
between pulmonary and abdominal rib cage compartments in dogs was confirmed by Krayer et.
al. (94) using dynamic spatial reconstruction of computed tomographic images. Such evidence
suggests that unitary behaviour of the rib cage is the result of the highly coordinated action of
the inspiratory muscles rather than inherent rigidity.

Primiano (139) developed a model of the chest wall which incorporated a factor to
account for changes in the action of the diaphragm on the rib cage due to varying degrees of rib
cage flexibility. Although this permitted description of normal and paradoxical breathing
patterns, no estimates of the flexibility of the rib cage or any method of determining it was
proposed.  The concept of a two compartment rib cage was also incorporated into a
mathematical model by Ben-Haim and Saidel (102) in order to account for the flexibility of the
rib cage observed in infants. Their analysis of chest wall mechanics in adult humans, however,
assumed a rigid linkage between rib cage compartments.

In chapter 2 the characteristics of a model of chest wall function which incorporates a
two compartment rib cage are explored. This model is then expioited in order to quantify the
degree to which motion of one part of the rib cage may influence the action of the respiratory
muscles on the other components. In this way the pressures generated by the costal and crural

parts of the diaphragm and the rib cage muscles are calculated.
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Phrenic Afferent Modulation of Respiratory Muscle Activation

The distribution of a ventilatory load among respiratory muscle groups may aiso be
influenced by voluntary and reflex changes in their level of activation. The importance of this
mechanism as an adaptive response is illustrated by the fact that if it is defeated during resistive
loading, either by directly stimulating the phrenic nerves (44) or by requiring target
transdiaphragmatic pressures to be achieved (192), biochemical and electromechanical changes
characteristic of muscle fatigue occur in the diaphragm. If the level of respiratory muscle
activation is not artificially constrained these changes are not observed (12,44).

Phrenic motoneuron activity is controlied by efferent drive emanating from pontine and
medullary respiratory controllers. The activity of these controllers is influenced by inputs from
higher centres as well as by afferent inputs from various peripheral effectors. This peripheral
afferent input provides the respiratory controllers with essential feedback concerning the
functional status of these effectors to aid the respiratory controllers in modulating their output
in accordance with the metabolic needs of the peripheral organs. Although several of these
inputs such as vagal and skeletal muscle afferent sources had received considerable attention in
the past, the functional significance of afferent inputs originating from the respiratory muscles
in the modulation of central respiratory output has received much less attention. Moreover, the
available data on physiological and morphological properties of phrenic afferents have been a
source of considerable debate,

Early studies dismissed reflex feedback from the diaphragm as an important factor in
determining respiratory motor output. Sant’Ambrogio and Widdicombe (162) investigated the

role of phrenic afferent in anaesthetized rabbits and found that, after sectioning the cervical vagi,



12

phrenic motor activity was not affected by lung inflation or deflation or in response to airway
occlusion. Corda and coworkers (28) in a subsequent study showed that phrenic motor activity
was not augmented when phrenic afferents were activated by airway conclusion. In accordance
with these findings, morphological studies have documenting the paucity of proprioceptors in
the diaphragm (39).

In contrast, Green et al (64) have proposed a role for activation of phrenic afferents in
the decline in diaphragmatic activation in response to positive-pressure breathing. In addition,
there is increasing evidence that phrenic afferents are involved in respiratory load compensation.
Banzett et al. (8), demonstrated that negative pressure applied te ihe lower body was associated
with augmentation of diaphragmatic activation in paraplegic patients and Fryman and Frazier
(52) found that the ventilatory response to lower-body negative pressure application was
eliminated by sectioning of the cervical dorsal roots in cats. Recently, Teitelbaum et al. (182)
showed that selective paralysis of the diaphragm enhances respiratory motor output and that this
reflex is lost when the phrenic nerve is sectioned. The responses to changes in diaphragm length
result primarily from activation of large fibre (fast conducting myelinated, group I and II)
afferents serving golgi tendon organ and to a lesser extent muscle spindle type receptors
(26,142,144). These appear to play an important role in the modulation of ventilatory drive
during eupnoeic breathing.

Small diameter myelinated and unmyelinated group III and IV afferent fibres (40) are
even more abundant in the phrenic nerve, although their importance in the control of breathing
has been more difficult to establish. In striated mammalian muscles, the majority of such fibres

end as free nerve endings (82,173) which may be activated by a variety of stimuli. Low-
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threshold units (ergoreceptors) are activated by non-noxious touch, pressure and routine muscle
contraction. High-threshold units (nociceptors) are sensitive to chemical stimuli, noxious agents
and ischemia. Sustained muscle contraction is usually associated with activation of about one
third of group III and 40% of group IV fibres in limb muscles (88). Small fibre phrenic
afferents have been shown to become active in response to similar stimuli in the diaphragm.
Jammes and coworkers (79), for example, studied 44 group IV afferent fibres from the cervical
branches of phrenic nerves in cats. These fibres were strongly activated in response to intra-
arterial injections of lactic acid, hypertonic saline or phenyl diguanide. In a similar experiment,
Graham and colleagues (62) recorded spontaneous phrenic afferent activities from 50 fibres in
the phrenic nerves of cats. Half of these units were thin-fibres with slow and tonic activity. A
sigaificant increase in the activity of these fibres was evident when lactic acid and hypertonic
saline were injected intra-arterially and in response to a reduction of diaphragmatic blood flow
induced by aortic occlusion.

Most thin fibre afferents enter the spinal cord through the dorsal roots. The ventral roots
may be the pathway of spinal cord entry for some thin-fibre phrenic afferents, however, since
residual ventilatory responses to selective activation of thin-fibre phrenic afferents with capsaicin
have been noted in dogs following dorsal rhizotomy (143). The majority of evidence points to
an inhibitory influence on ventilatory motor output at the spinal level. Goshgarian (61) reported
ipsilateral diaphragm paralysis in rats following spinal cord hemisection at C2. When the dorsal
roots of contralateral C6 to C8 were then sectioned, the paralysed diaphragm recovered partially
indicating that phrenic afferents exert an inhibitory effect on the contralateral phrenic

motoneurons. Subsequent physiological recordings of Gill and Kuno (56) and Rijlant (145) have
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documented segmental phrenic motoneuron inhibition by electrical stimulation of phrenic nerve
afferents. More recently, Speck and Revelette (172) described a short-latency inhibition of
ipsilateral motor discharge combined with a relatively long-latency inhibition of contralateral
phrenic motoneurons in response to electrical stimulation of upper cervical roots of the phrenic
nerve in cats. Marlot and coworkers (112} also recorded phrenic motor activity in response to
ipsilateral and contralateral phrenic nerve stimulation and found that the duration of inhibition
was shorter in response to contralateral than ipsilateral afferent stimulation.

Supraspinal projections from phrenic afferents travelling through the dorsal spinal column
extend to the external cuneate nucleus (99), lateral reticular nucleus (104) and dorsal and ventral
respiratory neurons (6,103). The types of afferent fibres involved in these projections were not
clearly identified in these studies. Based on the latencies of dorsal and ventral neuron and
reticular formation activation in response to electrical stimulation of the phrenic nerve, however,
it is probable that group IH afferents are involved. In cats, potentials may be evoked in the
sensorimotor cortex in an area located medial to forelimb and lateral to hindlimb afferent
projections by activation of phrenic afferents (32). Marlot and colleagues (110) reported that
phrenic afferent activation elicits evoked potentials on the cerebellar cortex as well.

The contribution of supraspinal structures to the inhibitory phrenic-to-phrenic reflex is
still debatable. Jammes et al. (79) selectively stimulated group IV phrenic afferents in
vagotomized cats and noticed a moderate inhibition of contralateral phrenic motor discharge
associated with a 17% reduction in the inspiratory time. These authors argue that the observed
changes in respiratory timing favour a supraspinal component. This is also supported by the

report of Duron and coworkers in which the transient inhibition of phrenic motoneuron by
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phrenic afferent activation was elimi_r!ated by decerebration (38). Contradicting these findings
is the observation of Speck and Revelette (172) who showed that the short-latency inhibition of
phrenic motor discharge by group III phrenic afferent activation persists after decerebration and
decerebellation. These findings were reconciled by Speck (171) in a later study which confirmed
the existence of two separate reflexes, a short-latency ipsilateral inhibition mediated by a
segmental circuits, whereas the long-latency contralateral inhibition of phrenic motor discharge
requires the presence of intact supraspinal pathways.

A significant number of investigators have reported that stimulation of phrenic afferents,
in intact animals, elicits augmentation rather than inhibition of ventilatory drive. Kohrman and
colleagues (148), found an increase in tidal volume and breathing frequency during stimulation
of the central end of the cut phrenic nerve in dogs and Marlot et al. (111) reported increased
breathing frequency and tidal volume in response to prolonged repetitive stimulation of group
III phrenic afferents in vagotomized cats. In addition, Road and coworkers (148) showed that
the increase in ventilation during electrical stimulation of the central cut end of the phrenic nerve
required stimulation intensities greater than those required to activate large fibre afferents. Since
sectioning C5 to C7 dorsal roots abolished the response whereas cold blockade of group I and
II fibres did not, these authors concluded that the ventilatory response is mediated by groups III
and IV afferents. In support of this contention Revelette and coworkers (143) observed an
increase in the phasic activity of diaphragm and hypoglossal muscles combined with an increase
in breathing frequency during selective small fibre affer nt activation elicited by injection of
capsaicin into the phrenic artery of vagotomized dogs. Hussain et al. (74) subsequently

confirmed this finding in a vascularly isolated diaphragm preparation in which stimulation of
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afferents in other vascular beds by contamination of the systemic circulation was avoided.

Establishment of the function of these reflex pathways is further complicated by the
observation of biphasic ventilatory responses during phrenic afferent activation in some
preparations. Marlot and colleagues (111) showed that a biphasic ventilatory response (a short

1
inhibition followed by prolonged excitation) was observed when phrenic afferents are activated
in vagotomized cats. Moreover, roughly 25% of dorsal respiratory group neurons have been
found to be activated at the same time that phrenic motor discharge is inhibited by ipsilateral
stimulation of group III phrenic afferents (103). A biphasic ventilatory response has also been
to shown to occur in response to limb muscle afferents stimulation (42).

To reconcile these apparently contradictory findings, Speck and Revelette (172) have
proposed the existence of two separate reflexes mediated by smail fibre afferents. A short-
latency inhibitory phrenic-to-phrenic reflex is transient in nature (initial one or two breaths
following stimulus onset) and may be manifested as ipsilateral and contralateral inhibition of
phrenic motor discharge. As discussed above, this reflex is likely to be mediated mainly through
segmental networks. The second reflex is a more prolonged, longer-latency, supraspinal reflex
which resuits in increased inspiratory motor drive to the diaphragm and other respiratory
muscles. Since the process of respiratory load compensation, at least as it applies to patients
with respiratory disease generally occurs over a relatively long time frame (hours to days), it
is this second stimulatory reflex which is of greatest relevance to the pathophysiology of
respiratory failure.

During inspiratory resistive loading in normal human volunteers, the development of

diaphragmatic fatigue is associated with a progressive increase in activation not only of the
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diaphragm but also of the rib cage and accessory muscles (192). Reflex compensation for
diaphragmatic failure was proposed to explain this finding, although voluntarily activation of
other muscle groups in order to comply with the constraints imposed on the ventilatory pattern
cannot be excluded. In chapter 3, direct evidence of the reflex effects of phrenic afferent
activation on the ventilatory drive and its distribution among the respiratory muscles is
presented. This study demonstrates that activation of thin-fibre afferents in the phrenic nerve
not only elicits an increase in respiratory motor output but also alters the pattern of muscle
activation and the timing of the respiratory cycle. The influence of these changes, both positive
and negative, for the respiratory muscles as a group in overcoming ventilatory loads is

considered.

Respiratory Muscle Oxygen Delivery and Extraction

In normal subjects at rest the respiratory muscles use little (~1.5%) of the total oxygen
consumption (VO,tot) or cardiac output (149) and, during exercise, VO,resp increases it
proportion to the increased power output by the respiratory muscles (27,150) to as much as 15%
of VO,tot in some subjects (1). Since the cardiac output may reach 25 to 30 [/min in normal
individuals, however, even when the blood flow and oxygen requirements of the respiratory
muscles are high, no threat is posed to the body as a whole.

In patients with pulmonary disease, in contrast, VO,resp at rest may account for 25% of
VO,tot (27,46). As minute ventilation increases in these patients, chest wall deformation,
increased end-expiratory lung volume, expiratory muscle pressure development beyond

maximum effective pressure, changes in resting muscle length and recruitment of postural and
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synergistic accessory muscles which do not directly contribute to ventilation, all contribute to
a progressive decrease in respiratory muscle efficiency (work of breathing/VO,resp)
(19,27,50,154). Based on this observation, Otis (109), Margaria (128) and others
(147,169,193) have argued that as efficiency deteriorates, the rate of increase of VO,resp
eventually equals the rate of increase in VO,tot. Further increases in ventilation will not render
more energy available for work other than for the work of breathing. The ventilatory value
corresponding to this point, therefore, represents the maximum ventilation available for useful
external work assuming that the respiratory muscles possess a limited capacity to function
anaerobically. This concept of "energy stealing” by the respiratory muscles has been advanced
in support of the early institution of mechanical ventilation in patients with respiratory failure,
particularly when systemic oxygen delivery may be impaired (193). In patients with co-existent
cardiovascular impairment (often as a result of chronic pulmonary disease) or abnormalities of
oXygen carrying capacity the situation may be further exacerbated. Viires (189) has shown that
during a low cardiac output state, the respiratory muscles of spontaneously breathing dogs
commanded 20% of the cardiac output, compared to 3% during mechanical ventilation.

In addition its mechanical arrangement, the maximum efficiency with which a muscle
performs a certain type of work is determined, in part, by the intrinsic rate of ATP hydrolysis
by the contractile proteins. A fast white (glycolytic) muscle performs more economically when
shortening quickly against a light load than slowly against a heavy load, whereas, the opposite
holds for a slow red (oxidative) muscle (97,122,183). The mammalian diaphragm is composed
of three types of muscle fibre characterized histochemically as slow-twitch oxidative (SO), fast-

twitch oxidative-glycolytic (FOG), and fast-twitch glycolytic (FG) (101,146). Corresponding
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roughly to these categories is the classification developed by Dubowitz and Brooke (37) which
divides fibres into Type I, which stain lightly for myofibrillar ATPase with alkaline
preincubation, and all other types which are labelled Type II. Type II fibres are further
subdivided, on the basis of their reactions with ATPase following acid preincubation, into IIa,
IIb and Ilc. IIb are "mirror image" to type I, Ila and Hc demonstrate intermediate staining
characteristics. Ilc fibres are rare in adults and likely represent an intermediate fetal fibre type
of high oxidative capacity (113). In other skeletal muscles, these histochemical distinctions
correlate respectively with the physiological characterization of motor units into three types 1)
slow-twitch (S) with low recruitment thresholds, high level of fatigue resistance and low force
production when activated; 2) fast-twitch fatigue-resistant (FR) units with higher recruitment
thresholds, relative resistance to fatigue and higher levels of force production; and 3) fast-twitch
fatiguable (FF) which produce the highest levels of force, have the highest thresholds for
recruitment, and are highly susceptible to fatigue (22). Large differences in diaphragmatic fibre
composition and oxidative enzyme activities have been observed between species (65). Of
significance, since much data concerning diaphragmatic metabolism comes from canine studies,
Green et al. (65) could identify no classical type IIB fibres in the dog diaphragm. In adult
humans, type I fibres constitute approximately 50-55% of the total in the diaphragm, 65% in the
intercostal muscles (33,117} and 40% in the vastus lateralis (33). As would be predicted from
| this fibre type composition, the respiratory muscles in general, and the diaphragm specifically,

are quite limited in their ability to function anaerobically (106-108,195).
Since the diaphragm satisfies almost all of its energy requirements by oxidative

metabolism over a large range of work output, its energy expenditures can be closely
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approximated by the measuremeat of its oxygen consumption. During mechanical ventilation
the O, uptake of the resting canine diaphragm is between 0.2 and 0.8 ml/min/100g (150,152)
which is similar to the values for other resting skeletal muscles. During unobstructed
hyperventilation, diaphragmatic O, consumption increases to 1.7-3.0 ml/min/100g (150,152).
The highest values for diaphragmatic O, uptake occur with resistive loading. During the
application of the highest resistance tested by Robertson et al. (151) the diaphragm consumed
24 ml/min/100g. No similar direct measurements are available for the other respiratory
muscles, however, during the application of inspiratory resistances total body O, consumption
increased to 200 ml/min/100g from a control value of 150 ml/min/100g (151). If all of this
increase is attributed to increased extraction by the respiratory muscles, it would appear that the
diaphragm and the other respiratory muscles contribute approximately equally to the energy cost
of overcoming resistive loads.

To meet these high levels of energy expenditure, oxygen availability to metabolicatly
active regions of the diaphragm must be enhanced. The most well known mechanism by which
this is achieved is a decrease in vascular resistance which increases delivery and ameliorates the
supply critical conditions. The capacity to increase diaphragmatic blood flow is large. Reid and
Johnson (141) determined the maximal conductance of the diaphragm using work, pharmacologic
agents and hypoxia to produce vasodilation. These investigators assumed that the driving
pressure for blood flow was the difference between arterial pressure and right atrial pressure,
ignoring the existence of zero flow pressure. As a result they obtained a polynomial relationship
between Qdi and perfusion pressure. The dependence of conductance on driving pressure was

felt to reflect autoregulation, (the tendency to maintain constant flow in the face of changes in



21

perfusion pressure) in their preparation. Magder (105) subsequently fit their pressure flow data
to a linear relationship, however, and obtained a slope (conductance) of 3.41-10 ml/min/g with
a predicted zero-flow pressure of 43 mmHg. This value for maximum conductance is
comparable to that reported by Magder (105) during maximum vasodilation produced by
nitroprusside and electrophrenic stimulation (3.13-Pa-10?%) although the zero flow pressure
intercept was lower in this study (17 mmHg) than that calculated from the data reported by Reid
and Johnson (141). Therefore, although higher maximum flows are predicted from the data
during combined pharmacologic and metabolic vasodilation, this difference appears to reflect a
difference in critical closing pressure rather than failure to achieve maximum conductance with
physiologic stimuli. The relationship between pressure and flow reported by Magder (105)
predicts a flow of 3.65 ml/min/g at a mean arterial pressure of 100 mmHg and 2.09 ml/min/g
at 50 mmHg. Sharf et al. (164) measured the changes in diaphragmatic blood flow over a
pressure range of 60 to 100 mmHg using an electromagnetic flow meter on the left inferior
phrenic artery in dogs during haemorrhage. They found the pressure-flow relationship to be
linear during spontaneous breathing and 60 to 90 mmHg during loaded breathing. This range
of pressures may have been to narrow to observe autoregulation in this circulation, however,
since, in a subsequent study in spontaneously breathing dogs, Hussain et al. (364) found that
the relationship between inferior phrenic artery flow and pressure remained relatively constant
until perfusion pressure fell below 80 mmHg and then declined more rapidly.

In addition to perfusion pressure, blood flow to the respiratory muscles is determined by
their level of activity. When the inspiratory muscles are at rest their blood flow averages 55%

of the level measured during quiet spontaneous breathing (25,118,150,152,189). Unobstructed
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hyperventilation is associated with moderate increases in diaphragm blood flow, with the average
reported increase Dbeing about 45% per 100% increase in ventilation
(7,25,118,150,152,154,156). Far higher levels are seen when resistance to inspiratory airflow
is increased. Rochester and Bettini (80) reported a linear increase in diaphragmatic blood flow
with resistive loading to about 0.6 to 1.1 ml/min/g. Robertson et al. (149), on the other hand,
reported an exponential increase in diaphragm blood flow, up to 2.1 mi/min/g, as inspiratory
airflow resistance increased. Reid and Johnson (141) also measured diaphragmatic blood flow
during high resistive loads and found a linear increase in blood flow with increasing
diaphragmatic O, consumption up to levels obtained with maximum pharmacologic vasodilation.

The timing and intensity of muscle contraction also influence the blood flow available to
the diaphragm. Anrep et al. (4) and Bellemare et al. (16) demonstrated that at maximal work
loads, diaphragmatic blood flow may be inhibited. Buchler et al. (20) studied diaphragmatic
blood flow, using radioactive microspheres, during sustained and intermittent diaphragmatic
contractions in anaesthetized dogs. During sustained contractions with the abdomen bound,
blood flow increased up to transdiaphragmatic pressure (Pdi) of 40 cmH,0 (max Pdi = 80-90
¢mH,0) and then declined. At a given Pdi, diaphragmatic blood flow was higher with the chest
closed and the abdomen left unrestrained than with the chest open and the abdomen bound during
both sustained and intermittent contraction. These authors reasoned that raising the
intra-abdominal pressure influences flow by raising both the downstream pressure and the
resistance of the intramuscular vasculature. Lowering pleural pressure, however, should have
the opposite effect. During supramaximal stimulation (which produces a higher Pdi with the

abdomen bound), however, maximum blood flow was no different between the two conditions.
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They, therefore, concluded that the distribution of pressure between pleural and abdominal
surfaces is of less importance during intermittent contractions since inhibition of flow during
contraction is compensated by an increase in flow during the relaxation phase. Increasing the
duty cycle of contraction (ratio of contraction duration to total cycle time) at maximum Pdi
resulted in a progressive decrease blood flow in this stady. In a subsequent paper (21) these
same authors studied the effect of changing the frequency of intermittent contraction on
diaphragm blood flow during supramaximal phrenic nerve stimulation with the abdomen bound.
Keeping duty cycle constant at either 0.25 or 0.75, increasing contraction frequency up to 70-80
per minute resulted in an increase in blood flow. After this point, however, further increases in
frequency produced no further increment in blood flow. In a diaphragmatic muscle strip
preparation, Bark et al. (10) studied the effect of isometric contraction on diaphragmatic blood
flow. They quantified muscle activity by the tension-time index (TTI) which was calculated as
the product of tension (as a fraction of maximum tension) and duty cycle. Blood flow increased
with increases in TTI, peaked when TTI reached 0.2-0.3 and then fell. When the TTI exceeded
0.3, increasing the duty cycle, keeping TTI constant by adjusting tension, was associated with
a linear decrease in Qdi. The effect of changes in the timing of contraction on diaphragmatic
blood flow was progressively greater at higher values of TTI. The most consistently offered
explanation for the effects of contraction intensity and timing on diaphragm biocod flow is that
diaphragmatic vascular resistance is influenced by intramuscular pressure. Using a catheter-
balloon system, Supinski et al. (180) found a linear relationship between force and intramuscular
pressure and also concluded that this pressure is a major determinant of diaphragmatic blood

flow. Muscle shortening, a major determinant of intramuscular pressure because of its effect
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on muscle thickness (170), however, was prevented in their study. In a subsequent study,
Hussain et al. (75) measured intramuscular pressure using a Millar microtransducer in the
hemidiaphragm during intermittent contractions (duty cycle = 0.5, rate = 15/min) associated
with shortening comparable to that observed during spontaneous breathing. They found that
intramuscular pressure increased linearly with tension (and shortening) to an average maximum
value of 113.5 mmHg. Blood flow to the preparation initially increased as temsion and
intramuscular pressure increased, however, when intramuscular pressure exceeded 20 mmHg,
(tension approximately 30% of maximum) total blood flow increased no further. Flow during
the contraction phase decreased progressively above this level while relaxation phase flow
increased in compensation.

During reductions in muscle oxygenation, enhancement of oxygen extraction occurs long
before compensatory changes diaphragmatic vascular resistance may be recorded (119,140,178).
This provides an additional mechanism by which cellular oxygen availability may be maintained
in proportion to the metabolic requirements of the contracring muscle. In the diaphragm,
maximum oxygen extraction has been reported to be greater than 90% (141). Based on this
observation and estimates of maximum blood flow, calculations of maximum oxygen availability,
and hence maximum aerobic output of the respiratory muscles have been presented (157).
Maximum levels of oxygen extraction do not generally occur, however, until after dependence
of oxygen consumption on oxygen delivery has developed (24,89,90,125,127,130,165,167,190).
That is, as oxygen delivery is reduced, a critical level of delivery, and a corresponding critical
level of oxygen extraction, is reached beyond which further reductions in oxygen delivery result

in a fall in oxygen consumption. Oxygen extraction, under these conditions, continues to
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increase and is not independent of oxygen delivery as this calculation implies.

In the model of tissue oxygenation originally proposed by August Krogh (95), the amount
of oxygen available to a tissue is dependent on the oxygen tension gradient between the capillary
lumen and the mitochondria, and the diffusive conductance for oxygen through the tissue. The
oxygen tension gradient for diffusion in this model may be influenced by the level of convective
oxygen flow, the affinity of the haemoglobin molecule for oxygen and the rate of tissue
metabolism. The critical oxygen extraction ratio, does not appear to depend on haemoglobin
affinity, however, since altering the oxyhemoglobin dissociation relationship by exposure of the
perfusing blood to carbon monoxide has no effect on the critical level of oxygen delivery or
extraction (165). Furthermore, Stein and Ellsworth (175,176) found that lowering haemoglobin
Py, (PO, at haemoglobin saturation = 50%) by chronic cyanate treatment does not measurably
alter the decrease in oxygen saturation across the capillary network in striated muscle until
oxygen supply is severely compromised. The absence of an effect of carbon monoxide treatment
on critical oxygen delivery also argues against the driving pressure for oxygen diffusion being
the factor limiting extraction at this point, since at a given oxygen delivery capillary PO, would
vary markedly between the two conditions. A similar conclusion is obtained from studies
comparing methods of reduction in oxygen delivery. Theoretically, the driving pressure for
oxygen diffusion should be greater during anemia than during hypoxia at equal O, deliveries
(71). Cain (24), however, found that whether oxygen delivery was reduced by hypoxia or by
anemia the critical oxygen delivery was the same, despite a higher mixed venous PO, at the
critical point during anemia. This finding alone, however, does not eliminate diffusion as a

factor limiting oxygen extractidn, since Hogan et al. (70) have presented evidence that the
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diffusive conductance for oxygen may be reduced in maximally contracting muscle when the
haemoglobin of the perfusing blood is lowered.

Convective oxygen delivery to a given capillary network unit may not correlate with bulk
blood flow or oxygen delivery. Rapaport et al. (419) suggested that the opening of shunt vessels
not participating in nutrient exchange accounted for the lack of increase in tracer clearance from
leg muscle despite increased total muscle blood flow following lumbar sympathetic blockade.
Similarly, Covino et al. (420) found increased femoral blood flow in hypothermic dogs not
associated with increased in nutrient vessel flow and Hyman et al. (421) demonstrated that
electrical stimulation of the hypothalamus resulted in increased total muscle blood flow, without
changing radioiodide clearance in the cat hindlmb. Bolme and Edwall (422) found directionally
opposite changes in tracer transport and limb muscle blood flow during partial arterial occlusion
and Renkin et al. (423) reported dissociation between capillary permeability-surface area and
total vascular resistance with increasing metabolic rate. More recently, increased capillary red
cell content, has been demonstrated in the earliest phases of tissue hypoxia (72,73,87) before
increases in vascular conductance have a measurable effect on bulk flow. These findings suggest
that optimization of oxygen uptake at a given oxygen delivery requires the active redistribution
of flow between nutritive and non-nutritive capillary channels. Direct evidence in support of
this notion has been accumulating. In rat limb muscle, Potter and Groom (28) found capillary
diameters to conform to a bimodal distribution with a large population (87%) clustered around
5.5 pm and a smaller population (13%) with a modal diameter of 7.5 um. Harrison (29) has,
subsequently, measured capillary flow in skeletal muscle and documented a comparable bimodal

distribution. Calculations based on these measurements suggest that despite their smaller
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numbers, the large diameter (high flow) capillaries which contribute little to gas exchange may
carry up to 71% of the total flow. Thus, a large margin for compensation exists through
redistribution of flow before an increase in bulk flow is necessary. In hamster cremaster
muscle, Sarelius (163) recently studied the heterogeneity in red blood cell and oxygen flow in
the arterioles that control perfusion into adjacent capillary network units arising consecutively
from a single transverse arteriole. Under control conditions, oxygen flows were not different
between branches, whereas, during maximal vasodilation with adenosine both cell and oxygen
flow into these arterioles varied in a systematic way dependent upon their relative branch
position. The maintenance of uniform oxygen delivery, therefore, requires active regulation of
precapillary arteriolar tone in order to ovarcome architectural and hemodynamic variables within
the microcirculation which tend to produce flow patterns unrelated to metabolic need. A
determinant of the critical oxygen extraction ratio, therefore, may be the capacity of local
mechanisms regulating arteriolar tone to accomplish this task.

It is of interest that although increased O, extraction is the earliest response to hypoxia,
maximum extraction is not achieved until levels of tissue hypoxia sufficient to impair oxygen
consumption are reached. The mechanisms regulating the distribution of capillary perfusion
may, therefore, vary in their sénsitiviiy to hypoxic and metabolic stimuli. Alternatively,
Granger (63) has suggested that, since the arteriolar network represents as a series of progressive
resistances, maximum perfusion of the nutritive capillary surface may not be possible unti! the
upstream resistance and conductance vessels are recruited. The implication of this finding for
the adaptation to a ventilatory load is that the oxygen consumption of the respiratory muscles,

is limited not only by the maximum available blood flow but also by the capacity for oxygen
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extraction at a particular level of oxygen delivery and muscle activity, This information has not
previously been available for the diaphragm or other respiratory muscles.

In chapter 4 two studies are presented. In the first of these the effect of changing
diaphragm blood flow independent of oxygen delivery on diaphragmatic fatiguability is explored.
In the second the relationships between systemic and diaphragmatic oxygen delivery and

diaphragmatic oxygen uptake are determined and the critical diaphragmatic oxygen extraction

is calculated.

Role of Nitric Oxide

Recently, modulation of endothelial release of nitric oxide (NO) or a related nitroso
compound has emerged as one of the most important mechanisms by which vascular tone is
regulated. NO is synthesized in the endothelium from the guanido nitrogen of L-arginine and
molecular oxygen by the NADPH and calmodulin dependent action of a constitutive NO
synthase. Citrulline is a coproduct of this reaction. FMN, FAD, heme and tetrahydrobiopterin
are co-factors (126). Substrate levels adequate to supyort ongoing NO synthesis are maintained
by the uptake of extracellular L-arginine and through the synthesis of L-arginine from the
peptidyl L-arginine pool by a process linked to the release of NO (116,184) and through
recycling of accumulated L-citrulline to L-arginine (68,168). In large conduit vessels evidence
suggests that NO synthesis and release is stimulated in response to shear stress, endothelial
deformation, acetylcholine, bradykinin, histamine, 5-HT, thrombin, substance P, ATP and ADP
(120). The role of nitric oxide in regulation of tone in smaller arterioles appears to vary with

the size of the vessel. In near-resistance arterioles (~ 100u), Sun et al. (179) found that N°-
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nitro-L-arginine (LNA), an L-arginine analogue which inhibits synthesis of NO from L-

arginine, reduces baseline diameter and inhibits L-arginine induced vasodilation. In cat skeletal
muscle, Ekelund and Mellander (41) found that monomethyl-L-arginine (LNMMA), another L-
arginine analogue, increases resistance preferentially in arterioles with baseline diameters >
25u. Persson (131) found that superfusion of rat cremaster muscle with LNMMA reduced
terminal arteriolar diameter, but did not influence the post contraction change in diameter of
these vessels.

The nitric oxide pathway is likely involved in the regulation of diaphragmatic oxygen
availability at several levels. It may play an effector role in the regulation of baseline vascalar
tone, in the local response to decreased luminal PO, (hypoxic vasodilation), as a final common
pathway in the dilation which accompanies accumulation of metabolic byproducts (active and
reactive hyperaemia), and in modulating the changes in flow during perturbations in perfusion
pressure (autoregulation).

Basal release of NO has been detected by bioassay from isolated vessels (85,159). In
vivo studies have demonstrated increased baseline arterial pressure following systemic infusion
of L-arginine analogues in rats (54), guinea pigs (3), cats (14) and dogs (86). Regional
treatment with analogues of L-arginine have been found to increase baseline vascular resistance
in isolated rabbit hearts (98), rabbit hindlimb (123} dog hindlimb (196) and human forearm
(186). In rat cremaster muscle, arteriolar vasoconstriction has been demonstrated following

.light-dye injury to the endothelium (91) and following topical application of L-arginine analogues
(84). Similarly, Persson et al. (131) have shown LNMMA to reduce baseline microvascular

diameters in rabbit tenuissimus muscle. Although these findings represent the majority of
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studies, a few investigators have also described intact endothelium-dependent dilation or non-
selective inhibition of agonist-induced dilatic.t following the infusion of L-arginine analogues
(123,183). The source of L-arginine on which the endothelial cell depends for substrate in the
synthesis of NO also varies. In some isolated vessel preparations (58,84) and in the pial
circulation in vive (122) availability of extracellular L-arginine appears to limit basal NO
formation. In other preparations (47,53,97,183) administration of exogenous L-arginine has no
effect on vascular tone. These vessels presu ibly depend on intracellular synthesis of L-
arginine and on the recycling of L-citrulline formed in the process of NO synthesis (68,168).
Such discrepant results indicate that conclusions drawn from these studies, must be restricted to
the vascular bed under study. The results obtained from previous studies, therefore, cannot be
extrapolated to the diaphragm and the role of the nitric oxide pathway in this circulation must
be specifically determined.

The role of the NO pathway in hypoxic vasodilation is also controversial. The activity
of endothelial nitric oxide synthase is dependent on its oxygenated heme moiety, therefore, its
role under hypoxic conditions would be expected to be minimal. Consistent with this prediction,
a pressor response is elicited by hypoxia in some large vessel preparations and inhibition of basal
NO release by hypoxia has been proposed as the underlying mechanism (124). Recently,
Hashimoto et al. (67) have shown that endothelium dependent dilation of porcine coronary
arteries is inhibited by hypoxic perfusate. In contrast, however, Pohl and Busse (134) have
shown that vasodilation in rabbit aortic and femoral arterial rings in response to luminal hypoxia

is inhibited by the NO inhibitors haemoglobin and dithiothreitol. In the isolated guinea pig

heart(51,129) the coronary vasodilator response to perfusion with hypoxic buffer is also at least
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in part mediated by the NO pathway since it is attenuated by L-arginine analogues. These
observations are compatible with a variable role for the NO pathway, depending on the severity
of hypoxia. Accordingly, NO release may be enhanced during mild hypoxia facilitating an
increase in perfusion through conductance vessel dilation. During more severe hypoxia,
however, NO synthase may be inhibited, whereas other vasodilators of metabolic origin become
increasingly important. In the early stages of reductions in diaphragmatic oxygen availability,
therefore, NO may play a role in maintaining tissue oxygenation, eventually losing effectiveness
and being supplanted by other vasodilatory mediators as the hypoxic stimulus increases in
intensity.

Increased muscular activity (active hyperaemia) and transient vascular occlusion (reactive
hyperaemia) are the most well known stimuli to vasodilation in which a major role for mediato-;
of metabolic origin has been proposed. Many of the chemicals which have previously been
proposed to mediate metabolic control of vascular tone are now known influence endothelial
release of NO (120). It is not surprising, therefore, that modulation of NO release has been
proposed as a contributor to the vascular response to these stimuli (17,160,197). Most studies
have demonstrated some effect of inhibition of NO synthesis on the active response. In the rat
cremaster muscle, however, Persson (131) failed to show a change in the degree of microvessel
dilation during muscle activation following treatment with LNMMA. In the hamster cremaster
muscle, in contrast, Hester et al. (69) found NO inhibition with N%-nitro-L-arginine methyl ester
(LNAME), to decrease both resting diameter and functional dilation (active hyperaemia) of first
order (65u) arterioles, resting diameter but not active dilation in 2nd order (45) arterioles, and

neither resting diameter nor active dilation in 3rd order (30y) arterioles. A longitudinal gradient
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in role for NO in the vasodilatory response to increased O, demand, therefore, appears to exist.
In the canine diaphragm Hussain et al. (76) found that infusion of the L-arginine analogue
arginino-succinic acid attenuated by approximately 20% the reduction in vascular resistance
during phrenic nerve stimulation. Swdies of the role of NO in reactive hyperaemia, have also
yielded conflicting results. Chemical de-endothelialization (saponin) in dog hindlimb (160) and
light-dye injury of arteriolar endothelium (92) in rat cremasteric muscle have been reported to
reduce peak post occlusive vasodilation. Inhibition of EDRF synthesis by N°-monomethyl-L-
arginine infusion, in contrast, has not been found to alter peak post-occlusive changes in
microvascular resistance in cat hindlimb muscle (17) nor to affect the increase in arteriolar
diameter following a 15 second occlusion in rat cremaster muscle (197). The finding of an
effect of NO inhibition on the active hyperaemic response in the diaphragm (76) suggests that
the NO pathway may also play a role in the response to transient vascular occlusion, to the
extent that it is dependent on metabolic mediation. This response is of greater physiologic
significance in the diaphragm than in most organs, since, during the application of heavy loads,
diaphragmatic blood flow is characterized by intermittent interruption and augmentation of
relaxation phase flow is important to the preservation of its nutrient supply.

Autoregulation is the tendency to maintain blood flow constant despite changes in arterial
perfusion pressure. This tendency is most strongly expressed in tissues with high levels of basal
metabolic activity. It is felt to reflect the effects of vasoactive chemical and reflex neural
influences superimposed on the intrinsic myogenic response to changes in vascular transmural
pressure. The net effect of these influences is to impose a sigmoid shape on the relationship

between perfusion pressure and blood flow (11,174,187). Accordingly, as perfusion pressure
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is raised above the working range, increments in flow are resisted by myogenic enhancement
of vascular smooth muscle tone. Eventually, a point is reached where this increase in resistance
is overcome and flow increases in proportion to perfusion pressure. Conversely, as perfusion
pressure is reduced below the working range, vascular tone and resistance to flow decrease
because of myogenic relaxation triggered by decreasing vascular transmural pressure and because
of the accumulation of vasodilator substances of metabolic origin. Eventually, a state of
maximum vasodilation is achieved and blood flow falls linearly with further decreases in
perfusion pressure. Nitric oxide has been shown to play a role in the process of autoregulation
in several preparations. In the rabbit ear, inhibition of NO release converts a normally linear
pressure-flow relationship to one conforming to a sigmoid shaped curve (66) indicating that the
autoregulatory capacity of this circulation is normatly suppressed by endothelial release of NO.
In the renal and coronary circulations L-arginine analogues have been shown to reduce baseline
blood flow without altering the range over which flow is maintained independent of changes in
perfusion pressure (11,187). Reduction of the slope of the upper part of the pressure-flow
relationship (above the autoregulated range of perfusion pressures) has also been observed in the
isolated guinea pig heart following treatment with LNA (185). As with other aspects of vascular
regulation, therefore, the importance of NO pathway appears to vary among the preparations in
which it has been investigated.

The intraarterial infusion of NO inhibitors has been shown to reduce tissue oxygenation
in several preparations (133,135,136). This reduction is due, in part, to inhibition of resistance
vessel dilation in response to increased metabolic activity (76). In pump perfused preparations

(136), however, this variable is obviated and an effect independent of bulk oxygen flow must
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be hypothesized. As discussed above, oxygen uptake is determined by the driving pressure for
oxygen diffusion and the diffusive conductance for oxygen. An effect of abluminally released
nitric oxide on the tissue permeability to oxygen diffusion remains speculative. In fact,
agreement on a normal value of this parameter cannot even be achieved. Kuo and Pittman (96)
and Swain and Pittman (181), used a microspectrophotometric technique for determining O,
transport in the arteriolar network of hamster retractor mwuscle. When the data on the
precapillary longitudinal gradient in O, saturation was analyzed using an in-vitro value for the
- diffusion coefficient, the predicted O, flux from the arterioles turned out to be an order of
magnitude smaller than the experimental values (138). The error in available estimates of O,
diffusivity may, therefore, be up to an order of magnitude. Longmuir et al. (100) have suggested
the existence of rapid diffusion O, channels within striated muscle cells. Such an inhomogeneity
in tissue oxygen diffusion could reconcile these findings and the possibility of a regulatory role
for NO at this site remains to be investigated. NO is avidly bound to haemoglobin, however,
it seems unlikely that an effect on oxyhemoglobin dissociation could account for changes in
oxygen extraction given the low levels of luminal NO release (85) and the relative insensitivity
of O, extraction to changes in haemoglobin oxygen affinity (175). Inhibition of NO release has
been shown to influence terminal arteriolar diameter in the resting rabbit tenuissimus muscle
(131,132). It is attractive, therefore, to speculate that NO release by the microvascular
endothelium may play a role in the local regulation of convective oxygen flow.

In chapter 5, the role of NO in regulation of the delivery of blood and oxygen to the
diaphragm is investigated. This includes evaluation the importance of this regulatory mechanism

in the maintenance of baseline blood flow and the vascular response to transient vascular
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occlusion. In addition, the effect of inhibiting NO synthesis on the diaphragmatic oxygen

delivery-consumption relationship is determined.

Summary

Failure of the chest wall to efficiently convert muscle contraction into ventilation of the
lungs both increases the load placed on the respiratory muscles as a group and reduces the
capacity of the individual muscles to generate the required output because of changes in their
resting length, orientation and mechanical linkage to other components of the system. The
capacity of the respiratory muscles to sustain ventilation is also reduced if the mechanisms by
which they adapt to the demand for increased mechanical output are impaired. These adaptive
responses are extensive, They include reflex changes in the timing and intensity of their
contraction resulting from consciously and unconsciously perceived sensory input, changes in
conductance of their vasculature, augmentation of their capacity for oxygen and substrate
exchange and the metabolic adaptations by which they optimize energy production from the
available substrates. This thesis presents a series of studies which explore the nature of some
of these adaptive mechanisms and evaluate the manner in which they contribute to the function

of the respiratory system.
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Foreword to Chapter 2

Analysis of the integrated movement of chest wall is infinitely more complex than a
description of the motion of its component parts. The chest wall contains 46 bones (24 ribs, 19
vertebrae, sternum, manubrium and pelvis). If all could move independently, each would posess
6 degrees of freedom, corresponding to 3 directions of translation and 3 axes of rotation. In
addition, the soft tissue elements (right and left costal and crural diaphragm, abdominal free
wall) may undergo distortion in three dimensions. Fortunately, the geometry of the joints and
~ the muscular attachments place additional constraints on the way in which each element can
move, thereby reducing the degrees of mechanical freedom. These constraints allow simplified
models to be developed, which allow motion of the respiratory system to be described in terms
of a few simple varibles. As long as the assumptions concerning the constraints are valid, these
models allow predictions concerning the mechanical behavior of the system to be made which
then may be tested experimentally.  The goal of developing such models, therefore, is not to
precisely duplicate the behaviour of the chest wall under all conditions but to understand, in a
stepwise fashion, progressively more complex aspects of its function.

In this chapter a model of the chest wall is described which incorporates a two
compartment rib cage. The actions of the diaphragm are exerted primarily on the abdominal rib
cage, whereas the rib cage muscles exert their force primarily on the pulmonary rib cage. The
crucial determinant of the interaction between the diaphragm and rib cage muscles, therefore,
is the strength of the mechanical linkage between the two compartments. The experiments
described, performed in normal individuals, illustrate use of the model to quantify the linkage
between rib cage components and several other aspects of respiratory muscle interaction which
were previously unmeasurable. This work opens the way for characterization of the mechanical

abnormalities which contribute to respiratory system dysfunction in disease states.



Analysis of Human Chest Wall Motion Using a Two Compartment Rib
Cage Model

Michael E. Ward, Joel W. Ward, and Peter T. Macklem
Journal of Applied Physiology 72: 1338-1347, 1992

70



7
Abstract

We present a model of rib cage mechanics which extends that described previously by Macklem
et. al. (J. Appl. Physiol. 55:547-557, 1983) and incorporates a two compartment rib cage. We
divide the rib cage into that apposed to the lung (RCpul) and that apposed to the diaphragm
(RCuab). We apply this model to determine rib cage distoriability, the mechanical coupling
between RCpul and RCab, the contribution of the rib cage muscles (RCM) to the pressure
change during spontaneous inspiration (Prcm) and the insertional component of
transdiaphragmatic pressure (Pdi,ins) in humans. Distortion is defined as the perpendicular
displacement of the relationship between the cross-sectional areas of RCpul and RCab off of
their relaxation line, distortability as the relationship between distortion and transdiaphragmatic
pressure (Pdi) and mechanical coupling as the relationship between distortion and the pressure
acting to restore the rib cage to its relaxed configuration (Plink), all assessed during bilateral
transcutaneous phrenic nerve stimulation. Plink was significant even during quiet breathing.
Prcm was calculated at end inspiration as the component of the pressure displacing RCpul not
accounted for by Plink or pleural pressure. Prem and Plink were approximately equal during
quiet breathing. Pdi,ins was measured as the pressure acting on RCab not accounted for by the
change in abdominal pressure during an inspiration without rib cage distortion and was 33% +

10%(SEM) of total Pdi.



Introduction

Previously proposed models of chest wall motion have considered the rib cage as a single
compartment with a single degree of freedom (25,27,28). Available evidence suggests, however,
that such unitary behaviour is the result of the highly coordinated action of the inspiratory
muscles (18) rather than inberent rigidity of the -ib cage. In this paper we present a model which
incorporates a two compartment rib cage as originally proposed by Agostini and D’ Angelo (1).
The rib cage is separated into that part apposed on its inner surface to the lung (RCpul) and that
part apposed to the diaphragm (RCab). We show that using this approach it is possible to
determine the following parameters: 1) the strength of the mechanical linkage between the two
rib cage compartments; 2) The relationship between the pressure producing the rib cage
distortions a;nd the magnitude of distortion. 3) The contribution of the pressures resulting from
distortion to inspiration; 4) the inspiratory pressure developed by the rib cage muscles (RCM);
and 5) the contribution of the insertional action of the diaphragm to inflation of RCab.

The model represents an extension of that proposed by Macklem et. al. (28). The major
differences ensue from treating the chest wall as three compartments which results in a different

mechanical arrangement of the diaphragm and RCM,
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Theory: _Analysis of Pressures aplied to RCpul and RCab:

We assume that the important inspiratory RCM are the scalenes and parasternal msucles
(15,20). The former are inserted into ribs 1 and 2; the latter into ribs 2 - 6 inclusive. The 6th
rib attaches to the sternum at its ventral end. Thus the direct actions of the major RCM are
almost exclusively on RCpul. The costal part of the diaphragm originates from the lower end
of the sternum and from ribs 7 - 12 inclusive. The area of diaphragmatic apposition to the rib
cage (Aap) at functional residual capacity (FRC) extends cranially to about the level of the
xiphisternum. Thus the action of the diaphragm is almost exclusively on RCab.

Because the two parts of the rib cage are anatomically distinct and the pressures acting
on them are different, it is reasonable to treat them as separate compartments. The pressures
acting to displace RCpul are therefore: 1) The pleural pressure over the surface of the lung
(Ppl,L); 2) the pressure developed by the rib cage muscles (Prcm) and 3) the pressure acting on
RCpul resulting from mechanical coupling between the 2 rib cage compartments and any
distortion that is present (Plink). Under equilibrium conditions, the pressures acting to displace
RCpul are counterbalanced by its elastic recoil pressure, (Prc,pul).

Therefore:
Prc,pul = PpLL + Prcm + Plink ............. 1

The pressures acting to displace RCab are: 1) the pleural pressure in the area of
apposition (Ppl,ap) which is close to abdominal pressure (Pab) (2,29,38); 2) the pressure
resulting from the insertional action of the diaphragm on RCab independent of changes in Pab;
3) Plink when distortion is present; 4) the pressure resulting from the direct action of the

abdomigial muscles on RCab (12) independent of changes in Pab (Pmus,ab). As in the case of
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RCpul, at equilbrium the pressures acting to disg'ace RCab are counterbalanced by its elastic

recoil pressure.

Therefore:

Prc,ab = Pab + xPdi + Plink + Pmus,ab ...... 2

where Pre,ab is the elastic recoil pressure of RCab and xPdi represents the insertional action of
Pdi on RCab (1 > x > 0). The pressure producing distortion is the difference between the
pressures acting on RCab and RCpul. During pure diaphragmatic contraction when Prcm and
Pmus,ab are zero, this is the difference between equations 2 and 1 or:

Pab + xPdi + Plink - Ppl,L-Plink = (x + 1)Pdi

In this paper we deal only with inspiration and assume that expiratory Prcm is zero. We
ignore flow-resistive pressure losses.
The Mechanical Model: Figure 1 is a mechanical diagram of the model in lateral projection.
The structure shaped like an inverted hockey-stick with a detached handle represents the rib
cage. RCpul extends to the upper level of the costal fibers and is apposed to the lung. The
pressure at its inner surface is Ppl,L. With contraction of the rib cage muscles it is displaced
upward and anteriorly, rotating around the hinge at its attachment to the rest of the bony
skeleton. It is connected to RCab by a spring which resists deformation. In agreement with
equation 1, the pressures acting on RCpul are Ppl,L, Prcm and any pressure resulting from
displacement of the spring (Plink). RCab is represented by the "handle" of the heckey stick and
is directly apposed to the costal fibers. The pressure at its inner surface is Ppl,ap. The
diaphragm, as in the previous model (28) is depicted as two muscles, the costal and crural parts,

arranged mechanically in parallel so that Pdi is the sum of the pressure developed by the costal
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part (Pdi,cos) and that developed by the crural part (Pdi,cru). Pdi is also the sum of xPdi and

(1 - x)Pdi where (1 - x)Pdi is the non-insertional component of Pdi. Note that unlike in the
previous model (28) xPdi and Pdi,cos are not necessarily equal.

When the diaphragm contracts in isolation, Pab increases displacing the abdominal wall
anteriorly. Pab is transmitted (with or without some gain change) to the inner surface of RCab
as Ppl,ap and results in displacement of RCab anteriorly and cranially. At the same time Ppl,L
falls tending to displace RCpul inward and altering the position of RCpul relative to RCab
thereby distorting the rib cage. The spring exerts a pressure, Plink, on both compartments which
acts to minimize the distortion. Thus, in the model, the pressures acting on RCab are Ppl,ap,
which we assume to be closz to Pab, the pressure resulting from the insertional action of Pdi,cos
which we equate with xPdi and Plink in agreement with equation 2.

If one assumes that Ppl,ap = Pab, then the pressure producing the distortion is Pab +
xPdi - Ppl,L. or (x + 1)Pdi in agreement with equation 3. Thus Pdi is directly proportional to
the pressure producing distortion and can be used as an index of it. Note that the pressure
producing distortion is distinct from the restoring force or Plink resulting from the distortion.

In the model depicted in figure 1 the spring above RCpul represents the elastic properties
of the rib cage; the springs between RCpul, the rest of the skeleton and the central tendon
represent the elastic properties of the lung; the springs between the central tendon, the skeleton
and the anterior abdominal wall represent the elastic properties of the abdomen.

The Hydraulic or Electrical Analogue: Figure 2 gives the hydraulic or electrical analogue of
the mechanical model] presented in figure 1. Structures which are dislaced and which consist of

elastic, frictional and inertial elements are represented by rectangles, namely the lung, RCpul,
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RCab and the abdomen. Muscles, modeled as generators or pumps are represented as circles.
The spring, S, linking RCpul and RCab which gives rise to Plink is also represented as a pump
or generator. According to equations 1 and 2 the pressures (or voltages in the electrical
analogue) acting on RCpul and RCab are the sum of 2 or more different pressures. In the
analogue model this is accomplished by summing junctions.

In this model, in contrast to that previously described by Macklem et. al. (28), RCM and
the diaphragm are hydraulically and electrically in parallel (mechanically in series).

As in the previous model, the costal and crural parts of the diaphragm are arranged
hydrautically and electrically in series (mechanically in parailel) so that Pdi is the sum of Pdi,cos
and Pdi,cru.

The pressure balance equation across the lung and RCpui pathway in figure 2 is given
by:

PB - Ppl, L + Ppl,.L - Py + Py - (Py+Plink) + (Py+Plink) - PB = 0

where Py is the pressure between RCM and the summing junction and PB is the ambient
pressure. Since Py - Ppl,L = Prcm and since

(Py + Plink) - PB = Prc,pul, substituting and taking PB to be 0, simplifies this equation to:
- PpL,L - Prcm - Plink + Prc,pul = 0

This is identical to equation 1.

The pressure balance equation across the lung and RCab pathway is given by:

PB - Ppl,L + PplL,L - Px + Px - (Px - Ppl,.L + Pab + Plink) + (Px - Ppl,L + Pab + Plink) -
PB=20

where PX is an imaginary pressure between the costal and crural daphragms (*28). Since Pdi,cos
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= Px - Ppl and since
Prc,ab = (Px - Ppl,L + Pab + Plink) - PB, substituting and taking PB to be 0, simplifies this
equation to:
-Pdi,cos - Pab - Plink + Prc,ab = 0
Assuming Pmus,ab to be 0 and Pdi,cos equal to xPdi this is identical to equation 2.

The pressure balance equation across the lung and abdomen pathway is given by:
PB - Ppl,L + Ppl,L - Px + Px-Pab + Pab-PB =0 |
which simplifies to:
-PPpLL - Pdi + Pab = 0 ..cooviiniiriiiinie e, 4

During relaxation when all pressures developed by the muscles are zero and assuming
no passive diaphragmatic tension, equations 1, 2 and 4 simplify to:
Prc,pul = Ppl,L. + Plink
Prc,ab = Pab + Plink
Pab = Ppl,L

Because the pressures acting on both parts of the rib cage are equal there is no rib cage
distortion and Plink = 0. Therefore the relationship between the cross-sectional areas of RCpul
and RCab (Arc,pul and Arc,ab respectively) during relaxation represents the configuration
existing when the pressures acting on both compartments are identical and defines the undistorted
configuration of the rib cage. During relaxation, therefore, equation 1 simplifies to:
Prc,pul = Ppl,L
By measuring Ppl,L one can then determine Prc,pul as a function of Arc,pul. If we assume that

the relationship between Arc,pul and Prc,pul is constant and is not influenced by muscle
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contraction or rib cage distortion, Prc,pul may be determined if Arc,pul is known.

When the diaphragm is the only muscie contracting, equation 1 becomes:
Prc,pul = Ppl,L + Plink.
If Arc,pul is known, Prc,pul can be estimated, Ppl,L. measured and thus Plink determined. The
distortion can be quantified by the displacement of Arc,pul and Arc,ab away from the
undistorted relaxation configuration, therefore, the relationship between Plink and distortion may
be defined. Thus, during spontaneous breathing, if Arc,pul and the magnitude of the distortion
are known, the only unknown in equation 1 is Prcm.

Similarly, during spontaneous breathing with no distortion and with the abdominal
muscles relaxed, equation 2 simplifies to:
Prc,ab = Pab + xPdi.
Since Prc,ab can be estimated from the measurement of Arc,ab and its relationship with Prc,ab
during relaxation, and since Pab can be measured, the only remaining unknown in this equation
is xPdi.

Note that during undistorted active inspiration Prc,pul must equal Prc,ab or, assumiug
abdominal muscle relaxation:
Pab + xPdi = Ppl,L + Prcm
(x + 1Pdi = Prcm
Thus, in order to prevent distortion, the rib cage muscles must be recruited just sufficiently to
cancel the distorting action of (x = 1)Pdi.

Calculation of Prcm and xPdi in equations 1 and 2 are illustrated below in the Methods

section.
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Methods

Subjects and Instrumentation: Studies were performed in 5 normal male volunteers 32 to 54
years of age recruited from among laboratory personel. 5 subjects were used in each
measurement protocol. All subjects were experienced in physiologic studies and in the
performance of respiratory manoeuvres. Measurements were performed with the subjects seated
breathing through a mouthpiece attached tc a Hans-Rudolf valve. Esophageal pressure (Pes), an
index of Ppl,L and gastric pressure (Pga), an index of Pab, were measured using catheter
balloon systems. Pdi was measured by electronic subtraction of Pes from Pga. A respiratory
inductance plethysmograph (Respitrace™, Ambulatory Monitoring Inc.) operating in the DC
mode was used to obtain a signal proportional to the cross-sectional area of the rib cage at the
levels of the nipples and the xiphoid cartilage (Arc,pul and Arc,ab respectively). During
measurement of the insertional component of Pdi, the ant - rior-posterior abdominal dimension
was measured using a pair of linearized magnetometers (Peterson) with the coils positioned just
superior to the level of the umbilicus. Flow was measured using a pneumotachograph (Fleish
No. 3) and a differential pressure transducer (Validyne MP 45 + 2cm H,0). Inspired and
expired volume were obtained by electronic integration of the flow signal. An esophageal
electrode was used to record the rectified integrated diaphragmatic electromyogram (EMG) to
assist in identifying relaxation conditions. Signals were recorded on an 8 channel strip chart
recorder and through an analogue-digital converter board (Data Translations DT2821) to a
desktop computer at 1 KHz per channel. The signals were later plotted (see below) and
calculations performed graphically 25 illustrated in figures 3-5. During the experiments Pes, Pga,

Arc,pul and Arc,ab were plotted against each other as required on a storage oscilloscope
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(Techtronics 5103N) and recorded photographically for later reference. Bilateral transcutaneous
phrenic nerve stimulation was performed using a stimulating unit (TECA Co. Pleasantville,
NY.). Diaphragmatic mass action potentials were recorded during the stimulations from surface

electrodes placed on the lower costal margin and in the 5th intercostal space bilaterally.

Procedures: Relaxation Relationships: At the beginning and end of each study protocol,
subjects performed 3 to 5 relaxed expirations against a high alinear expiratory resistance after
having inspired to a lung volume near total lung capacity (TLC). To evaluate the mechanical
linkage between RCpul and RCab at lung volumes near functional residual capacity (FRC),
relaxation curves below FRC were obtained by having the subjects expire to residual volume
(RV) and passively inspire against a high alinear resistance attached to the inspiratory limb of
the Hans-Rudolf valve. Relaxation was judged adequate if Pdi remained zero above FRC, Pes
and Pga returned smoothly and reproducibly to their static equilibriumn pressures, the
relationships between Pes and Arc,pul and between Pab and Arc,ab were reproducible from
manouevre to manouevre and the diaphragmatic EMG remained silent. The relaxation
relationships among Pes, Pga, Arc,pul and Arc,ab were compared before and after each study
to ensure that no change in experimental conditions had occurred which may have altered these
rela